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Preface

The papers included in these Proceedings were presented during the USCID Water
Management Conference, held December 2-5, 2014, in Phoenix, Arizona. The
Theme of the Conference was Planning, Operation and Automation of Irrigation
Delivery Systems. An accompanying book presents abstracts of each paper.

The focus of the Conference was to present and discuss various aspects of canal
automation. Planning and operation of irrigation delivery systems were also key
topics. The Conference provided a forum for introducing new advances in canal
automation as well as sharing ideas and experiences with others. The goal of the
Conference was to bring together water resources professionals interested in canal
automation and other new technologies as they relate to water delivery, particularly
addressing the needs of irrigated agriculture.

The Conference featured the ASCE Manual of Practice 131: Canal Automation for
Irrigation Systems, prepared by the Task Committee on Recent Advances in Canal
Automation of the Irrigation Delivery and Drainage Systems Committee of the
Irrigation and Drainage Council of the Environmental and Water Resources
Institute, American Society of Civil Engineers. More information about the Manual
is available at www.asce.org/Product.aspx?id=2147487569&productid=202963576.

The authors of papers presented in these Proceedings are a mix of professionals
from international, federal, state and local government agencies; water and
irrigation districts; the private sector; and academia.

USCID and the Conference Co-Chairs express gratitude to the authors, session
moderators and participants for their contributions. Thanks, also, to the
Environmental and Water Resources Institute, American Society of Civil Engineers,
which supported the Conference as a Cooperating Organization.

Brian T. Wahlin
Tempe, Arizona

Charles M. Burt
San Luis Obispo, California

Conference Co-Chairs
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CONTROL OF IRRIGATION AND DRAINAGE CANALS 
 

P.J. van Overloop1 
 

ABSTRACT 
 
This article discusses the theoretical background of control applied to irrigation and 
drainage canals. Sequentially, general measurement and control theory, feedback control, 
feedforward control, model predictive control and more specific control methods are 
described. The recently published ‘Canal Automation Manual’ (Wahlin & Zimbelman, 
2014) contains most of this theory and practical guidelines and should be used by 
engineers that intend to apply canal control. 
 

INTRODUCTION 
 
Control engineering is an international engineering field that is applied throughout the 
world in industry, consumer products, aerospace technology, etc. For a control engineer, 
a canal is merely another system with certain characteristics on which existing knowledge 
and control methods can be applied. In doing so, it is very important that this control 
engineer is linked with a water engineer in order to provide him/her with the appropriate 
water knowledge on canal and structures flow. 
When we want to save water, increase water supply flexibility, reduce spills and 
minimize floods, the application of control is essential. In fact, control is already present 
in the water systems all around the world. Every pump contains a control loop in which 
the water level in a canal or reservoir is measured. When this water level exceeds a 
certain level, a signal is sent that switches on the electric motor, forcing the water level to 
go down again. On a larger scale, some irrigation and drainage canals are managed based 
on multiple water level and flow measurements and possibly weather forecasts by 
controlling multiple gates and pumps in series and possibly reservoirs. This makes 
control of these multiple input, multiple output water systems a complicated task, yet the 
potential benefits are large. The application of control can be an alternative for (costly) 
expansion of the water systems infrastructure:  
 

- Instead of installing larger pumps in drainage systems to avoid inundations, the 
potential of lowering the water levels before the start of a storm event with the 
present pumps can be examined. 
- During inundation in downstream areas of a stream, often enough storage is 
available to cope with the surplus of water at the upstream side of that stream.  
- For water supply systems, the freeboard storage in the canal can be used to 
better cope with temporary moments of water shortage.  
 

The extra storage in the examples can be utilized when, henceforth, water systems are not 
designed with static dimensions and settings, but are given a certain level of flexibility. 
The application of real-time control enables the utmost employment of this flexibility. 

                                                 
1Water Management Department, Delft University of Technology, The Netherlands, +31 15 2782345, 
p.j.vanoverloop@tudelft.nl & Mobile Water Management, p.j.vanoverloop@mobilewatermanagement.com. 
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Although, design and implementation of control algorithms may be only 10% of an entire 
canal automation project, it is the most knowledge intensive part. These algorithms are 
the ’brains’ of the system and designing them requires a careful procedure that should be 
executed by engineers that know both control and water dynamics. The ‘Canal 
Automation Manual’ (Wahlin & Zimbelman, 2014) published as part of this international 
conference should serve as a standard work for these canal control engineers. The basic 
concepts of canal control presented in this article are described in this manual and are 
mostly stemming from (Schuurmans, 1997), (Malaterre et al., 1998), and (Overloop, 
2006). 
 

GENERAL MEASUREMENT AND CONTROL THEORY 
 
A control loop comprises the following standard blocks and connections (blocks shown 
with solid lines represent parts that are standard in all controlled systems): 
 

System/ 
Process

ditch, canals, river, 
lake, etc.

Sensor
pressure 

transducer,  flow 
meter, etc.

Actuator

pump, weir,   
sluice, etc.

Signal-
conditioner

Controller

computer, PLC, 
operator

Sensor

Deviation 
(error)+

-

Reference Control 
signal

Water     
flow

Actual 
variable

Measured 
variable

Conditioned measurement signal

Disturbance

 
Figure 1. Control loop represented as block diagram. 

 
Below, the subsystems are described, starting with the most important part, the water 
system itself: 
 

- System/process. This block contains the dynamic behavior of a canal. The 
dynamic behavior of canals is characterized mainly by the delay time, the storage 
area (surface area) and extent in which waves reflect on the boundaries of the 
canal pool and create standing waves (resonance waves). 
 
- The sensor samples the variables that are of interest to the canal control goals. 
These normally are the water levels, but sometimes also comprise flows or 
salinity. The most common sensors are pressure transducers and floats for water 
level measurements, acoustic flow sensors and conductivity sensors for salinity 
measurements. 
 
- Signal conditioning takes out the information from the measured data that is of 
relevance to the controller. Fault measurement values can be intercepted by 
application of minimum, maximum and maximum change checks. When a value 
overruns a certain maximum, underruns a certain minimum or there is a large 
change between the previous and new value, the measurement value is rejected 
and needs to be estimated for example by linear interpolation from adjacent 
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values. Another application of signal conditioning is filtering. Here, the frequency 
content of a signal is considered. Waves with a certain period are let through by a 
filter, while waves with another period are (partly) blocked. When the water level 
in a large water body needs to be controlled, waves with a long period (for 
example 10 minutes and more) are relevant, while waves with a shorter period 
(for example 20 seconds and less) caused by wind or navigation, are considered 
noise. An example of a common digital first order low-pass filter is presented in 
the next formula in which the present filtered value, depends on the present 
measured value and the previous filtered value: 
 

 
( ) ( ) ( ) ( )khTkhTkh ffff ⋅−+−⋅= 11

 (1) 
 
where hf represents the filtered water level, h the measured water level, k the time 
step index and Tf the filter constant. The filter constant Tf can be calculated from: 
 

 scutoff

cutoff
f TT

T
T

+
=

 (2) 
 
where Ts stands for the sample time step and Tcutoff for the period that indicates the 
partition between either letting through or not letting through the waves (cut-off 
period). When, for example, Tcutoff is selected to be 10 minutes. With a sample 
time step of 20 seconds, the value of Tf results in 600/620=0.9677. In addition, it 
is necessary to always use an anti-aliasing filter to eliminate high frequencies 
from the signal. Often, this filter is already provided in the measurement device. 
- The controller is an algorithm in a computer or Programmable Logic Controller 
(PLC) that, based on the measurements and, in certain cases, predictions, 
determines what control actions are required. In the next chapters, the various 
control methods relevant to canal control are described. In the actual practice of 
the management of irrigation and drainage canals, humans often act as the 
controller. These operators are hard to replace by an automatic control loop, 
because of their extensive experience with the system. What can be demonstrated 
though, is that these water managers determine their control actions driven by the 
same control mechanisms. 
 
- The actuators are the control valves in the water system i.e. the adjustable 
structures. Pumps can be turned on or off or can be infinitely variable from zero to 
maximum capacity. The crest level of weirs can be adjusted. The opening of an 
orifice can be changed. The doors of a sluice can be opened. All these actions 
result in a certain manipulation of the water flow in the canal pool. This water 
flow has a time-variant maximum capacity that is determined by the dimensions 
of the structure and the water levels around it. 
 

The arrows between the subsystems in the block diagram are the signals that are 
communicated in the direction of the arrow. Usually, this is accomplished through 
electricity cables, radio or by means of modems over the telephone network. Controlling 
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more sites with one controller is referred to as multi-variable control. The arrows then 
consist of several signals, for example measurement at different location in a canal 
network system. Based on these measurements, a weighted average algorithm can 
determine a representative water level. The signals come together in a central controller 
that calculates control actions for multiple structures. By definition, a higher performance 
is achieved compared to configurations consisting of distributed local controllers, simply 
because the control actions are based on more information of the total system. The 
disadvantage of central control is the fact that signals have to be sent over large distances 
and can be disturbed over this stretch. Mobile telephone communication and wireless 
networks show great promise for data communication in real-time control of canals. 
 

FEEDBACK CONTROL 
 
This section treats the application of feedback control. In all technical fields, feedback 
control is the most important control method. This is because the control actions are 
directly based on the control objective that the controlled system has to achieve. This can 
be seen in the block diagram of this controller (in the water system block, the dynamic 
behavior of the structure, the water course and the sensor are combined). 
 

ditch, canals, river, 
lake, etc.Qc=kp.e+ki.Σe

Error      
e+

-

Reference 
href

Control flow
Qc

Water level
h

Disturbance flow 
Qd

Controller Water system

 
Figure 2. Feedback control loop in block diagram 

 
The reference (setpoint) is the input of the block diagram. In this case, it is the target 
water level that has to be maintained in the canal pool. The controller uses the deviation, 
calculated from the comparison between target level and measured water level, to 
determine the required change in water flow. The water flow has a correcting influence 
on the water level, which is measured again and compared to the target level, etc. This 
control loop is repeated with a fixed control time step and, in the end, equalizes the 
measured water level to the setpoint. 
 
When the water level equalizes to the setpoint, two types of disturbances can occur that 
again cause a deviation. The setpoint can change or the disturbance flow increases or 
decreases. In the first case, the control turns the deviation back to zero by step wise 
correction of the water level until the new setpoint is reached. This is referred to as 
reference tracking. In control of irrigation canals, this type of feedback control is not very 
common (yet). In drainage canals, a simple example of reference tracking is the 
difference in summer and winter target water levels. On a more dynamic scale, day and 
night cycles can be implemented to save energy (during the day the water level are 
allowed to rise, while during the night pumps run on cheaper energy bring the water 
levels back down). Also, by applying reference tracking, extra storage in large water 
bodies, such as reservoirs, can function as a buffer for dry periods. The other type of 
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feedback control, disturbance rejection, is continuously active in each control loop. Every 
change in run-off during a storm event or turnout flow, results in a required change of the 
control flow to maintain the water level at setpoint.  
 
The location of the water level measurement relative to the structure determines whether 
water is supplied or demanded. A measurement location upstream from a structure 
registers an increase in water level when there is more supply and the controller will 
lower a crest, open an orifice or start a pump to equalize the water level to the setpoint. 
This type of feedback is referred to as upstream control and is pre-eminently suitable for 
drainage canals. The opposite type is downstream control, where the measurement 
location is installed downstream from the structure. This manner of control is practiced in 
many irrigation canals. When a water user withdraws more water from a water course, 
the water level drops and the controller will lower a crest, open an orifice or start a pump 
to supply more water. 
 
By far, the feedback controller that is most often applied worldwide is the Proportional 
Integral Derivative controller (PID). More than 80% of all controllers use this elegant 
algorithm, which, in the block diagram, is defined by the following function:  
 

 
( ) ( ) ( ) ( ) ( )( )1

0

−−⋅+⋅+⋅= 
=

kekeKleKkeKkQ d

k

l
ipc

 (3) 
 
where Qc represents the control flow, e the deviation (error), k the time step index and Kp, 
Ki and Kd the gains of the proportional, integral and derivative part, respectively. In 
words, the control flow is a function of the deviation, the integral of the deviation and the 
derivative of the deviation. The proportional part is obvious. When a deviation occurs, 
the control flow is changed by a factor Kp. In case the deviation increases, the corrective 
control flow also increases. The integral part provides an ultimate zero deviation. The 
proportional part alone does not suffice, as a deviation is required to generate a control 
flow with this algorithm. The summation (integration) of the deviation should not be 
executed when the structure is saturated at its maximum capacity to avoid wind-up. The 
derivative part is not used in canal control. This is because many waves occur in water. 
When a sine wave A.sin(ω.t) is differentiated, it frequently becomes part of the 
amplitude: A.ω.cos(ω.t). This results in a controller that strongly reacts to waves with 
high frequency, while these waves caused by wind or navigation actually are of no 
importance to the controlled system. 
 
Standard values for Kp and Ki cannot be given. Various characteristics such as delay time, 
storage area and the level in which standing waves reflect in the canal pool influence the 
proper values. Values that are too low result in a low performance (slow reaction to 
setpoint changes and in rejecting disturbances). Nevertheless, values that are too high 
may be much more problematic. These can cause instabilities, where heavily oscillating 
water levels can occur and continuously switching structure settings. A practical way of 
finding proper values is to conduct an experiment on a canal pool or, with reference to 
safety, on an (accurate) hydro-dynamic model of the pool. In the experiment, first, the Ki 
is set to zero and the value of Kp is increased until instability occurs. Next Kp is set to half 
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the value at which instability appeared and the same procedure is repeated with Ki. The 
ultimate values of Kp and Ki have a fair performance and are distant enough from the 
point of instability. 
 
Finally, another important parameter for tuning the feedback controller is the control time 
step, or the frequency at which the control loop is repeated. Inevitably, the smaller this 
value is selected, the better the controlled system functions, also when loop delay times 
are present in the system. An example of this is the (disturbance rejection) control of a 
turnout flow change that happens far away from the control structure. Let’s assume it 
takes about 10 minutes before a change in control gate setting effects this flow in order to 
correct it. Nevertheless, it is important to select a small time step, i.e. 1 minute. For when 
a change (disturbance) occurs in the turnout flow, the reaction is 10 minutes + 1 minute 
delayed at most. In case larger time steps are selected, e.g. 10 minutes, the corrective 
control action can be delayed by 10 + 10 = 20 minutes at most, at which time the flow 
has drifted off too far from target flow. Naturally, the time step cannot be selected too 
small due to physical or operational limitations, such as data transmission speed (e.g. 
when modems are used) or the frequency with which structure settings may be changed 
to avoid wear and tear. 
 

FEEDFORWARD CONTROL 
 
This section describes the second most implemented control method (after feedback 
control): feedforward control. Feedforward control does not base its control actions on 
the control objective, but on the level at which measurable disturbance, disturb the 
control objective. Evidently, the most significant property of feedforward control is that 
the input of this controller is a measurement or estimate of a disturbance. This is in 
contrast to the feedback controller in which the deviation from setpoint is the input 
signal. To determine the effect of the disturbance on the control objective, the 
feedforward controller always implements a model. This can be a table, a formula or a 
complete dynamic model. The functioning of feedforward control is presented in the 
following block diagram of a controlled reservoir. 
 

Error      
e+

-

Reference 
href

Control flow
Qc

Water level
h

Disturbance flow 
Qd

h

QcQd

As
Qc= Qd

Water systemController

 
Figure 3. Feedforward control loop in block diagram. 

 
The dynamic behavior of the reservoir is: 
 

 

( ) ( ) ( )
s

cd

A

tQtQ

dt

tdh −
=

 (4) 
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where h stands for the water level, Qc the control flow, Qd the disturbance flow and As the 
storage area. The change in water level is considered small, so the side slope is neglected 
(which means the side slope can be neglected). To avoid a deviation from setpoint, the 
derivative of the water level is set to zero. From this follows that the control flow has to 
equalize the disturbance flow: 
 

 

( ) ( ) ( )
0=

−
=

s

cd

A

tQtQ

dt

tdh

            ( ) ( )tQtQ dc =  (5) 
 
Evidently, the resulting feedforward controller has a very simple transfer function, 
namely the value of 1. Application of this trivial controller turns out to be problematic, 
though. An accurate measurement of the inflow into the reservoir is hard to accomplish 
and its inaccuracy will be up to at least 10%. Unmeasurable disturbance flows due to 
precipitation, evaporation, seepage, etc. have to be added to this. These have to be 
estimated based on meteorological variables and groundwater levels. A quick calculation 
shows that, after 24 hours, an error of 15% in a constant inflow of 1 m3/s in a reservoir 
that has a storage area of 100000 m2  (1076391 sf) (1000 m (3281 ft) times 100 m (328 
ft)) and application of the feedback controller leads to a water level deviation of: 
 

 
1.15 1.0

86400
100000

d c

s

Q Q
h T

A

− −Δ = Δ = ⋅ =  

 0.13 m (0.427 ft) (6) 
 
without a corrective mechanism reacting to it. Besides, the inaccurate inflow 
computation, the implemented control actions can also be off. Manufacturer tables or 
gauging tables become inaccurate after time, electric motors lose power, leeway will 
show in mechanical transmissions, duckweed will block the flow over a weir, etc. 
Evidently, feedforward control is a powerful control method that directly reacts to a 
disturbance, but it is definitely not an accurate method. The solution lies in combining 
feedforward with feedback control. In the given example this combination results in the 
following algorithm: 
 

 
( ) ( ) ( ) ( )

=

⋅+⋅+=
k

l
ipdc leKkeKkQkQ

0  (7) 
 
where e represents the deviation between reference and water level measurement, Σe the 
summation of this deviation, k the time step index, Kp the proportional gain and Ki the 
integral gain. The feedforward part is responsible for a fast reaction, while the feedback 
part ensures that the overall behavior does not drift from setpoint in the long run. 
 
Flow routing is a feedforward controller that is often applied to irrigation canals. It routes 
changes of flow through the canal network by adjusting the gates at the right moment. 
The required flow changes are determined based on a water demand schedule. Every day, 
this schedule is drawn up on the basis of requests from water users, e.g. farmers, which 
are ordered beforehand. When the delay times of each pool from upstream to downstream 
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are known, a schedule of all the required structures changes in time can be formulated. 
An example is given of a long canal reach with an average delay time of 1 hour. When a 
farmer wants to irrigate for 45 minutes, starting at 9:00 AM, the water has to be release at 
8:00 AM at the upstream structure. Under average circumstances, this works well. 
However, the delay time depends on many factors that vary over the year. The most 
important parameter, the bed friction, increases during the summer due to the influence of 
aquatic plants. This leads to a different delay time. Also, the delay time changes by the 
amount of flow that is running through the canal. Let us assume that, at a certain moment, 
the delay time is 45 minutes instead of 1 hour. In such a case, the water reaches the 
location of the farmer’s turnout at 8:45 AM and passes that point unused in the direction 
of the spillway for 15 minutes. From 9:00 to 9:30, the farmer can use the rest of the 
ordered water. In this example, the efficiency of the delivery is reduced to:  
 

%67
2700

1800sup =
⋅
⋅

=
turnout

turnout

ordered

plied

Q

Q

V

V

 (8) 
 
Once again, it becomes clear that feedforward control is only accurate when the model 
used (in this case the delay times) is perfect. Since, in reality, this is impossible, the 
implementation of feedback control is imperative. Contrarily, it is possible though to 
design a water supply system solely based on (downstream) feedback control. 
 

MODEL PREDICTIVE CONTROL 
 
This section discusses the control methodology ‘model based predictive control’. 
Recently, in literature, the name model predictive control (MPC) is mainly used. In fact, 
this is a general name for a family of control methods, which have in common that they 
all implement a model that is updated by measurements and allows for short term 
predictions to be made. By actualizing the model based on actual measurements of the 
water system and subsequently steering this model towards setpoint, implicitly, feedback 
control is applied. As the model computes into the future and the disturbances over this 
prediction horizon are incorporated, model predictive control also functions as 
feedforward control. Additionally, two important properties make MPC particularly 
suitable for application in control of certain water systems. 
 
The first important property is the application of an objective function that is optimized. 
The objective function is a summation of conflicting sub-goals, to which relative 
importance are assigned by means of weight factors. This is common practice in water 
systems. Take two adjacent drainage pools into consideration during a heavy storm event. 
In one pool a lot of urbanization is located, while the other is merely grass land. Both 
pools need to store water, but evidently, the water levels in the pool surrounded by grass 
land are allowed to increase more. By including the water level increase of both pools 
into the objective function, weighting them with different factors and subsequently 
minimizing the objective function, the optimal control actions take the different interests 
into account. The weight factor for the water level increase in the urban area has a higher 
value in order to achieve a higher penalty on water level increase in this area. 
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The second important property that model predictive control possesses is the ability to 
deal with structure constraints. The internal model applied in the controller is used to 
look into the near future. Over this prediction horizon, due to extreme disturbances, large 
deviation from setpoint can occur, especially when the controllability is limited (gates 
fully open, pumps fully turned on). Before the limitation is reached, model predictive 
control may decide to implement extra control actions in order to avoid problems further 
down the prediction horizon. This can be illustrated by the application of MPC on a 
drainage canal. The total pump capacity of all pumps is 60 m3/s (2119 cfs). Run-off 
during extreme precipitation is higher than this maximum capacity and the storage 
capacity in the canal is limited to 10 cm (0.328 ft) above setpoint. The model predictive 
controller looks 24 hours into the future and makes use of a rainfall run-off model fed by 
the forecasted precipitation. In case the combination of initial water levels (derived from 
measurements), high run-off flow and the pump capacity constraint causes the water 
levels over the prediction horizon to rise above the 10 cm (0.328 ft), MPC advises to start 
pumping water out of the canal sooner. This results in pumps running at full capacity, 
even before the actual storm event starts. Obviously, the water levels are not lowered 
more than is allowed based on the operational constraint of the water level decrease. The 
following graphs present the results of this example in case feedback control, 
feedforward control in combination with feedback control and model predictive control is 
applied. 
 

0

20

40

60

80

6:00 12:00 18:00 0:00 6:00

C
o

n
tr

o
l f

lo
w

 (m
3/

s)

Time (hours)

Feedback Feedforward+Feedback MPC

-0.8

-0.6

-0.4

-0.2

0.0

6:00 12:00 18:00 0:00 6:00

W
at

er
 l

ev
el

 (m
N

A
P

)

Time (hours)

Feedback Feedforward+Feedback MPC

 
Figure 4. Results of Feedback, Feedforward and Model Predictive Control on drainage 

canal subject to an extreme storm event. 
 
Feedback control reacts only after a deviation occurs. By making use of an estimate of 
the actual run-off flow, feedforward control is able to maintain the water level slightly 
longer at setpoint. By using information of the predicted disturbance flow and structure 
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limitations, model predictive control is able to keep the water levels within the allowed 
bandwidth around setpoint. 
 
The optimization executed over the prediction horizon of large canals can be a 
burdensome computational problem, which even for modern computers could takes 
seconds to minutes to solve. Since the most recent measurements from the water system 
and the most recent predictions of the boundary conditions need to be used, the 
optimization is repeated at every control step. Each optimization again looks into the 
future, hence the name receding horizon for this functionality. Consequently, the internal 
models that MPC uses need not be very accurate. At every control time step, only the 
calculated control actions for the present time are implemented. These actions are mainly 
based on the present state of the system and on short term predictions. 
 
The following figure presents the block diagram of the model predictive controller 
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Figure 5. Model Predictive Control loop in block diagram. 

 
MORE SPECIFIC CONTROL METHODS 

 
In this section, controllers are discussed that are less generally applicable compared to the 
previously described control methods. Certain control methods are suitable for only one 
specific control problem or invented for just one specific canal. 
 
Heuristic controllers are system specific controllers that are not re-usable for other canals. 
They are based on hydraulics and not on control theory. Often, the evolution of such 
controllers proceeds as follows: At first, the water system is managed by an experienced 
operator. Due to problems of knowledge transfer caused by absence or departure of the 
operators, the organization wants to formalize the operator’s task. This results in rules of 
thumb that are recorded in manuals. Over time, the organization decides to automate the 
(specific) rules of thumb. In drainage canal control, the following heuristic controller is 
often applied: Based on measurements and precipitation forecasts, a surplus volume is 
calculated. This volume represents the amount of run-off expected over the next 24 
hours. To this value, the volume disc of water above setpoint is added. This disc is 
calculated by the difference between a weighted average water level (determined from 
water level measurements in different canal pools) and the target level, multiplied by the 
surface area of all canals. Next, the discharge flow is determined by presuming that this 
total volume needs to be discharged within 24 hours. In case of perfect measurements, 
predictions and models, after 24 hours this results in an average water level exactly equal 
to setpoint. (simple forms of) Feedback (bringing back the water level to setpoint) and 
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feedforward (counteracting the effect of the run-off on the water level) can be recognized 
in this controller. For more complex control problems, simple rules of thumb do not 
suffice any longer. Decision trees of the type ‘if, then, else’ come into being: ‘If it is dry 
weather do…, if the precipitation is more than a certain amount of mm do …, unless, the 
wind is blowing from the East. But if this Eastern wind is stronger than … Beaufort, do it 
anyway’. Clearly, this soon ends up in an enormous knot of decision rules. System 
changes, such as expansion of pump stations or construction of reservoirs, require the 
decision tree to be modified. Another reason why heuristic controllers do not suffice in 
many cases is the integrated character of canal control. It is hard to translate the control 
problem into such concrete decisions and priorities. When a drainage pool that is mainly 
surrounded by grass land is considered less important compared to an urban drainage 
pool, this does not mean that, during extreme precipitation, the controller first completely 
has to inundate the grassland, while the urban pool remains at target level. In reality, 
conflicting objectives occur and the controller should strive to minimize damage to both 
areas at the end of the storm event. In this case, an optimal controller that combines 
conflicting sub-goals is recommended. The different interests of grass land and urban 
areas need to be defined by different weight factors, not by priorities. Examples of 
optimal controllers are model predictive control and controllers designed based on linear 
quadratic regulator theory. The conclusion can be drawn that heuristic controllers are fit 
for specific canals, but are not re-usable, difficult to extend and less suitable for complex 
control problems. 
 
From outside the control community, often, neural networks are suggested for application 
on complex control problems. Neural networks stem from the science of artificial 
intelligence and apply a number of neuron layers that are trained to transfer a certain 
input signal to a certain output signal. This training is executed based on large quantities 
of historical measurement data. When applied to water systems, a neural network can be 
taught what, in the past, in certain situations, such as high water levels or heavy 
precipitation, the control actions have been. After this training, the neural network can 
generate similar control actions when similar situations arise. There is no guarantee 
however, that, in case of even higher water levels or more extreme precipitation, the 
neural network takes the right decisions. Evidently, it has never ‘experienced’ that 
situation. In literature, hardly any successful applications of neural network controllers 
for canals have been reported. 
 
Finally, a controller is described that works comparable to the (average) functioning of 
various operators. The fuzzy logic controller makes use of fuzzy sets of states and 
situations, but does translate this vague information into concrete control actions in crisp 
numbers. The controller can be built based on interviews with various operators. The 
input signals operators work with, such as measured water levels or forecasted 
precipitation, can be translated into fuzzy terms such as ‘little precipitation’ or ‘a lot of 
precipitation’. As operators differ in their opinion on what is exactly ‘a lot of 
precipitation’, a membership function is formulated consisting of values that they all 
consider ‘a lot of precipitation’. These membership functions are formulated for all input 
signals. Next, membership functions for the output signals, the control actions, are drawn 
up from the information provided by the operators. The functions can be selected as 
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‘discharge a little’ and ‘discharge a lot’. Finally, a number of logical rules need to be 
formulated, for example: (1) if ‘little precipitation’ falls ‘discharge a little’, (2) if ‘a lot of 
precipitation’ falls ‘discharge a lot’. The controller uses the fuzzy sets and the logical 
rules to determine the discharge flow, given the amount of precipitation. In the figure, the 
procedure is visualized. Assume that 15 mm of precipitation is forecasted. In the 
membership functions, this comes down to 55% ‘little precipitation’ and 8% ‘a lot of 
precipitation’. For each logical rule, these values are projected on the fuzzy membership 
functions of the control actions and the area below the values is determined. The center of 
gravity of both areas results in a discharge flow of 6.64 m3/s. This controller can easily be 
extended by other input signals, such as measured water levels, the weather condition of 
the past days, etc. and other output signals, such a pump flows, opening of a undershot 
gate or the inlet flow. 
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Figure 6. Result of Fuzzy Logic Controller on drainage canal. 

 
CONCLUSION 

 
The past five sections present an overview of the application of control of irrigation and 
drainage canals. Control engineering is indissolubly connected to modern water 
management. It offers perspective as one of the directions in which solutions need to be 
found for the challenges that confront the operational management of irrigation and 
drainage canals all over the world. The ‘Canal Automation Manual’ (Wahlin & 
Zimbelman, 2014) should serve as a standard work for engineers that are designated to 
the job of canal control. 
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AUTOMATIC CANAL CONTROLLERS 
 

Albert Clemmens1 
 

ABSTRACT 
 
Members of the American Society of Civil Engineers (ASCE) have developed a number 
of task committees on canal automation over the last three decades. The most recent 
committee wrote a manual of practice on canal automation to document the state-of-the-
art. This conferenced is focused on canal automation and the presentation of ASCE 
Manual of Practice 131; Canal Automation for Irrigation Systems. This paper describes 
the chapters that discuss the development and testing of control algorithms for canal 
automation. These chapters include:  Chapter 5 Canal Hydraulic Properties, Chapter 6 
Control Methods, and Chapter 7 Verification of Controller Performance. 
 

INTRODUCTION 
 
This first task committee on canal automation developed a mini-conference on “Planning, 
Operation, Rehabilitation and Automation of Irrigation Water Delivery System”, held in 
Portland, OR (Zimbelman 1987). The second task committee was on unsteady-flow canal 
modelling of irrigation canals (Clemmens 1993). The third task committee dealt with 
development of canal control algorithms (Clemmens 1998). Canal automation was the 
major topic of a USCID conference in 2003 (Clemmens and Anderson 2003). The fourth 
task committee was formed to summarize the results of all the research and application 
on canal automation through an ASCE Manual of Practice. All of these efforts were 
international, with members from the United States, France, Spain, Portugal, The 
Netherlands, Canada, Mexico, and Australia. Canal Automation for Irrigation Systems 
(Wahlin and Zimbelman, 2014) focuses on the technical aspects of modernizing irrigation 
systems through use of automated canal control systems. Canal automation has always 
offered an opportunity to save water and improve the efficiency of irrigation water supply 
projects or irrigation district operations. 
 
In the 1980’s, the assumption was that feedback control algorithms would be capable of 
solving the downstream control problem, where changes in demand downstream would 
be quickly transmitted from upstream. As these algorithms were developed and applied in 
practice, it was quickly discovered that the capabilities of downstream control routines 
was limited by the hydraulic conditions of the canal in which it was deployed. The 
Manual of Practice (MOP), “Canal Automation for Irrigation Systems,” contains the 
following chapter that are discussed in this paper: 

• Chapter 5. Canal Hydraulic Properties (p. 135-161) 
• Chapter 6. Control Methods (p. 163-183) 
• Chapter 7. Verification of Controller Performance (p. 185-201) 

 
 

                                                 
1 WEST Consultants, 8950 South 52nd Street, Tempe, AZ 85284 bclemmens@westconsultants.com 



16 Planning, Operation and Automation of Irrigation Delivery Systems 

CHAPTER 5: CANAL HYDRAULIC PROPERTIES 
 
Chapter 5 of the MOP discusses the hydraulic properties of canal pools and structures, as 
they relate to needs for canal automation. As this manual of practice is geared toward 
modernization of existing canal networks or systems, detailed design considerations are 
not included. However, changes may be needed to the infrastructure to implement new 
technologies during modernization so that the system will allow for greater flexibility 
and, thus, potentially improve performance. 
 
Sometimes, modernization results in the replacement of canals with pipelines. Although a 
modernized system may have pipelines and canals, control of pressurized pipelines is 
outside the scope of this manual. Low-head or gravity pipelines often use the same 
control structures as canals. Canals generally are much more difficult to control because 
of time delays and wave dispersion, as discussed in this chapter. Gravity pipelines 
generally have shorter time delays and little or no wave dispersion and, thus, are simpler 
to deal with from a control perspective. 
 
The main focus of this chapter is the influence of canal and structure hydraulics on canal 
operations. This includes understanding the hydraulic properties of canal check 
structures, how flow changes propagate through a canal, and how canal water levels and 
volumes change when canal discharge changes. Additional considerations related to canal 
design may influence what can be accomplished through modernization efforts.  
 
Design Issues 
 
To provide additional background, design issues are discussed briefly first. Open-channel 
systems carry water under the action of gravity from the source to the delivery points. 
Pumps may be used to lift water between canal pools. Check structures usually are used 
to provide greater upstream water surface elevations than would otherwise be the case. 
The extent of operational improvements possible in a system can be limited by the water 
flow rate that can pass through the canal. The flow rate that can pass through the canal is 
limited by the canal cross section, longitudinal slope, and hydraulic resistance, as well as 
by hydraulic structures (check structures, siphons, etc.) and freeboard. 
 
Canal Structure Hydraulics 
 
Check structures typically have a combination of weirs and gates that restrict flow so that 
the water surface elevation remains at a level that allows a water depth sufficient to 
provide deliveries to an offtake or lower-level canal. Generally, the flow approaching a 
check structure is determined by the upstream structure setting. When the flow arrives at 
the check structure, the water level rises until the flow through the structures located 
there equals the upstream inflow. Therefore, for manually adjusted structures, the 
division of flow will depend on structure type and settings. 
 
If the check inflow and outflow are in equilibrium (that is, inflow equals outflow), a 
change in inflow will be divided among structures according to their hydraulic properties. 
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For weirs, the discharge is a function of the head on the weir to the 1.5 power. For 
orifices, the discharge is a function of the head on the orifice to the 0.5 power. Thus these 
structures respond to changes in water level differently. This section discusses the 
properties of various manual structures; the properties of automated structures are 
discussed in a later section.  
 
A common approach for the design of check structures is to include orifice gates that are 
used to adjust the flow. Offtake structures are also usually orifice gates. Check structures 
usually include overflow weirs so that excess flows will not cause the canal to overtop. In 
some cases, these overflow structures discharge into a natural stream, for example, to 
remove flood water that enters the canal. In many cases, these overflow weirs pass water 
to the canal downstream. At bifurcations, overflow weirs generally only pass water to one 
downstream canal, usually the larger one. Thus, many check structures include both weirs 
and orifices. Often, however, the crests of fixed overflow weirs are above the normal 
operating level of the canal. 
 
Canal Pool Hydraulics 
 
Each pool is unique in its response to changes in flows through structures. Physical 
parameters that influence this behavior are longitudinal bed slope, cross section size and 
shape, length, and bed material (surface roughness). The water depth and flow rate also 
have their influence, as well as the types and numbers of intermediate structures, such as 
culverts, bridge piers, and so on. This was the topic of one of the earlier automation 
efforts, and the influence of canal structures on canal response is described in Strelkoff et 
al. (1998). 
 
A model of a canal pool is needed for design of a control algorithm, whether feedforward 
control or feedback control. This section of the manual describes canal pool response and 
provides models that are often used for controller design. And important consideration in 
controller design is whether the water flowing in the canal is under backwater or is 
controlled by normal depth. For the downstream end of most canal pools, the water depth 
this is usually under backwater. The check structure “checks the water up” such that it is 
above normal depth. If the depth upstream from a check structure is at or below normal 
depth, the water level changes very quickly for a change in gate position. There is 
essentially no canal pool storage, which makes the water level extremely responsive and 
thus very hard to control. Most canal pool models for controller design assume that canal 
pools are under backwater. 
 
Delay times are an important consideration in controller design. For canal pools under 
backwater, waves travel through a canal pool at the speed of celerity (dynamic wave), 
like ripples in a pond. For canal pools flowing at normal depth, these celerity waves are 
dampened out very quickly and are not useful for describing travel times. At long times, a 
step change upstream travels at the speed of a kinematic wave. The normal depth 
condition establishes a relationship between depth and discharge. If the discharge goes 
up, the normal depth, and thus volume, goes up. This delay time is determined by the 
time required to change the water depth, and thus volume (that is, according to 
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continuity). However, canal pools are usually not long enough to exactly match this 
theoretical kinematic wave. Also, canal pools often have a transition between water 
flowing at normal depth and a horizontal pool downstream. Thus the wave travel speed 
tends to be between the dynamic and kinematic wave speeds, and it can change with flow 
rate and backwater conditions. 
 
For feedforward control, where releases upstream are timed to provide a desired change 
in flow downstream, theoretical models could be used, but these have proven to not be 
effective. There is considerable wave dispersion, as a step change in flow arrives 
gradually at points downstream. It is just not practical to try to remove this dispersion, 
but rather to just accept it and recognize that there will be a transition time between two 
steady-state flows. Experience has shown that a delay time coupled with relationships 
between canal pool volume as a function of flow rate and downstream water level 
(behind which there is backwater) are an effective method for feedforward control 
(Rogier et al. 1987). These models are not precise in the theoretical sense, in that a step 
change in flow does not occur downstream. The value of the flow changes made 
upstream are not exact. Thus it is recognized that feedback control (manual or automatic), 
is required to correct inaccuracies of feedforward actions, in both timing and amount.  
 
This chapter describes how simple volume relationships are used to determine when flow 
changes should be made upstream to provide a desired flow change downstream. Pools 
which are heavily under backwater, and thus have significant pool storage, are much less 
sensitive to errors in timing. Thus when there are multiple small changes downstream, 
these can often be combined upstream.  
 
For feedback control, the Integrator-Delay (ID) model (Schuurmans et al 1995) is often 
used to describe canal pool response. In this model, the upstream section of the pool is at 
normal depth, while the downstream portion is under backwater. In the normal depth 
portion, there is a delay time associated with the required volume change to go from one 
steady state to another. The backwater part is assumed to be a level pool, where a flow 
increase causes the water level to go up in proportion to the surface area of this pool. 
Thus the ID model includes only a delay time, τ, and a backwater surface area, As. It is 
recognized that these terms are not constant, but can vary with flow rate, downstream 
depth, channel resistance, etc. However, experience has shown that these are sufficiently 
accurate over a range of conditions. 
  
Resonance Waves 
 
Canal pools that are flat, short, or deep are likely to be sensitive to resonance waves. 
These are waves that are created when changes in gate positions cause flow rate changes, 
at either end of the pool. These change in flow rate cause waves to travel the length of the 
pool and reflect against the upstream and downstream structures a number of times 
before they settle. These waves are characterized by a persistent wave period. This period 
is dominated by the length of the pool. The ID model described above is modified to 
include the resonance characteristic of these waves, the so-called IDZ model (Litrico and 
Fromion, 2004). In the IDZ model, there is a sudden depth change when the flow rate 
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changes at a gate. This depth change is a function of the dynamic wave properties. In 
addition to ID parameters, two additional parameters are required to define the IDZ 
model. These include; the wave frequency, ω, and the wave amplitude, M. 
 
Identification 
 
The hydraulic canal pool properties that describe the IDZ model, As, τ, M, and ω, that are 
important for controller design (using the ID model), can be identified in field 
experiments or on an accurate and calibrated unsteady numerical model of the pool. More 
details are provided in the manual. 
 

CHAPTER 6: CONTROL METHODS 
 
Various concepts for the control of irrigation canals are described in previous chapters of 
the MOP: Chapter 2 discussed control with mechanical structures, and Chapter 4 
described supply-and-demand-oriented control strategies. These methods are used 
routinely by canal operators to operate canals manually. The purpose of this chapter is to 
present methods by which these control methods can be implemented automatically via 
electronic devices such as PLCs, RTUs, computers, and other devices. The intent of canal 
automation is to improve the operation of the water distribution system, which typically 
means better service to farmers; canal automation is intended to improve some aspect of 
operations by performing controls that would be difficult to do manually.  
 
An effective automatic control method must have well-defined inputs and outputs. Where 
possible, these inputs and outputs should be the same as those used by canal operators. In 
some cases, the operator has more information than is available for the automatic device. 
In such cases, operation can be a combination of manual and automatic control.  In 
addition, most successful canal automation implementations phase in automatic controls 
gradually to ensure that they function properly and provide the desired outcomes. 
 
Consider a canal with turnouts that have water measurement devices that are not 
interfaced with the control device. The operator adjusts the turnout gate to provide the 
required flow rate based on the water measurement device. The automatic control device 
controls the water level in the canal so that the outlet has a constant upstream head. By 
maintaining this water level, the automatic device essentially maintains a constant turnout 
flow (assuming no downstream influences). Thus, the overall control strategy is a mix of 
manual and automatic control features. As technology improves over time, one might 
expect less manual control and more automatic control.  
 
In determining which features to automate, one must consider how the necessary 
information will be provided to the automatic control device. A canal head gate can 
provide automatic control of inflow to a canal, but the required flow somehow must be 
sent to the control routine. A common procedure is for the operator to provide this 
information as an input. However, if demands from downstream users are entered into a 
water ordering program (i.e., from an arranged demand schedule), one might envision 
that this data could then be used to control canal inflow. Although this is feasible, there is 
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a certain amount of danger in automating data directly from a water ordering program 
(e.g., feedforward only). If demand changes are not properly updated, this could cause 
disastrous results. In addition, flow rate measurement errors and flow adjustment errors 
also have to be taken into account. Such adjustments can be made either by the canal 
operator or through feedback control, as discussed following. 
 
Throughout this chapter the word “controller” is used to refer to the control algorithms 
that calculate the control actions irrespective of the device on which these run. 
 
Implementation Options 
 
Automatic controls can be organized in a variety of ways, just as there are a variety of 
options for automatic versus manual control:  
• Local Control: Automatic control at individual structures is often called local control 

and can be classified as a single-input, single-output (SISO) control method. 
Commonly, the control instrumentation is located at the structure site, although many 
SCADA systems also have built-in automatic control functions, which can be used to 
implement local control actions. However, setting up local control in this centralized 
fashion generally is not recommended due to a history of communication timing 
issues and communication bandwidth issues.  

• Centralized Control: Control decisions made at a central location, such as at the 
SCADA node, is often called centralized control, particularly if the control decision 
for one location is based on observations from multiple locations. Often all relevant 
observations along the canal are transferred to a central control room, where the 
information is processed and control actions to all control structures are sent out over 
appropriate communication lines. One advantage of centralized control is that the 
operator/controller can observe all water levels simultaneously. As such, central 
controllers are considered multi-input, multi-output (MIMO) controllers. Application 
of SISO controllers from a central location is not considered centralized control. 

• Hierarchical Control: If the set point for a local controller is determined from a 
central controller, then the control is considered hierarchical. This is becoming the 
most common form of control for canal operations. The decoupling technique 
described in the next section is an example of hierarchical control.  

• Distributed Coordination Control: Local controllers communicating among 
themselves with neighboring local controllers are referred to as distributed 
coordination control. This might be applied to adjacent structures along a canal, 
where a controller at one site receives information from controllers immediately 
upstream and downstream. Typically this is not used on irrigation canals. 

 
Decoupling Pools and Structures  
 
In Chapter 5, canal pool properties were defined in terms of canal flow rate. Controller 
design typically uses these properties in linear models to design control constants. Yet, 
the control actions are often changes in gate position. For a given flow, the required gate 
position is a nonlinear function of upstream and downstream water level. Check 
structures often have multiple gates and weirs, with gates sometimes of different widths. 
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Yet, regardless of the check structure configuration, the canal water level response is 
based on flow rate change. To simplify the design of controllers (which are usually 
linear) and to simplify implementation, most canal controllers determine the flow rate 
change for a check structure, and the gate position change required to achieve the 
prescribed flow rate is computed separately.  
 
Routing Demand Changes through a Canal 
 
Routing water through a canal can be done by using the delay times from the head gate to 
turnouts. The simplest approach is to record the delay times suggested by the operators 
and to implement feedforward control based on those times. This does not consider how 
the delay times differ at different flow rates or with different percentage flow changes. 
For some canals, this effect is minor, whereas for others it can be significant. Bautista and 
Clemmens (2005) developed a simple scheme for routing flow changes based on the 
change in canal volume resulting from a change in canal flow. 
 
Feedback Control 
 
This section describes the mathematical procedures needed to tune controllers for the 
control of water levels, flow rates, or volumes within a canal. These methods use 
measurements of water level or flow rate to determine what control actions will bring the 
water level, flow rate, or canal pool volume to a set point value (see Chapter 4 for a 
discussion of basic control concepts). Canal pool volume generally is based on 
measurements of water level; thus, volume control can be thought of as a special version 
of water level control and not treated separately. 
 
Tuning feedback control is more straightforward when the canal pool hydraulics are 
decoupled from the structure hydraulics as described previously. Water level response 
generally is based on flow changes that occur in the pool (see Chapter 5). Therefore, to 
control a water level, the automatic control must change the flow rate into or out of the 
pool. A separate calculation in a local controller/algorithm is made to determine the 
change in gate or valve position to implement this control. 
 
Combining Feedback and Feedforward Control 
 
Often the offtake flows are known beforehand. Users have filed requests for water, and 
these orders are recorded. Now, if the delay times of all pools are known, water can be 
released in advance, and all structures can be scheduled to pass the appropriate amount of 
water at the right time. In this way, the flow is routed through the canal. Methods to 
compute those times were discussed in the Routing section of this chapter. Note that 
combining feedback and feedforward control is only possible when both use incremental 
control of flow rates or changes from the existing flow. 
 
Figures 1 and 2 represent the implementation of feedforward on top of feedback control 
for downstream control direction and upstream control direction, respectively, where QFB 
is the required feedback flow based on the deviation in the pool under control by that 



22 Planning, Operation and Automation of Irrigation Delivery Systems 

controller, QDC is the feedforward flow that decouples a pool from the feedback control 
actions of the adjacent pool, QFR is the flow imposed by the feedforward scheduler by 
which the flow is routed through the canal, and QC is the summed control flow of a 
structure. The most upstream structure is the head gate. Any offtake flows are left out of 
the figures. This means that, in this case, all feedforward routing flows are based on the 
amount and timing of the schedule of the most downstream structure. Obviously, adding 
offtake flows in the pools requires adding scheduled flows in the feedforward routing. 
 
In a perfect world where everything could be exactly measured, the controlled flow could 
be set precisely and without wave dispersion, and feedforward control actions would lead 
to absolutely no deviations from the water level target. Thus, theoretically, feedforward is 
a very powerful control mechanism, but in actual circumstances it can be rather 
inaccurate. The delay time never is known exactly and flow changes are dispersed as the 
wave moves downstream. For that reason feedforward should always be implemented in 
conjunction with feedback control. For manual control, the operator provides the 
feedback actions. 
 

Figure 1. Combined feedforward, feedback control and decoupling for downstream 
control direction. 

 

Figure 2. Combined feedforward and feedback control for upstream control direction. 
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CHAPTER 7: VERIFICATION OF CONTROLLER PERFORMANCE 
 
The users of canal automation want to be sure that the automatic control system will 
function in a way that is useful for their operations. Two essential questions must be 
answered. First, are we controlling the right processes? Second, is the control functioning 
in an acceptable manner? This chapter discusses the process that the control system 
designers and integrators should go through so that they can document a successful 
automation implementation to users. Users should also be aware of these requirements so 
that they can specify the requirements for automation contracts. Chapter 6 discusses canal 
control algorithms. Such algorithms require the development of control parameters or 
coefficients. Once the algorithm and parameters are selected, they are, in combination, 
referred to as a “controller.” Two different controllers for a canal can be based on the 
same algorithm but with different coefficients, or be based on different algorithms. 
 
At the start of any automation process, the users and automation developers often have 
high expectations. Once the automation is in place, performance may not meet any of 
these expectations. Sometimes users do not fully understand the implications of decisions 
made regarding control strategies until the system has been implemented. At the same 
time, designers cannot always predict the performance of their control system design. 
With canals, automatic controls can only do so much. The actual level of control often is 
limited by the physical infrastructure and the nature of open channel flow. As the saying 
goes, “You can’t push a rope.” The time to identify the limitations is during the initial 
design of the system.  
 
Consider automatic upstream control of water levels, which is a common first step in 
automation. After implementing upstream water level control, the canal operations 
authority may discover that the implemented “automation” does not provide for the 
correct flow rate at the customer’s delivery gate. In other words, it does not provide total 
automation. If an upstream customer takes extra water, a downstream customer may be 
shorted. Control of the flow rate at the canal headgate is necessary to provide the correct 
amount of flow to the canal. Where canal spills are to be minimized, the canal operator 
still must change the canal head gate flow to service a customer’s new order. And it still 
will take time for water to pass through the canal pools before it arrives at the user’s gate. 
The operator still must monitor water deliveries and spills (feedback) and then adjust the 
headgate flow to balance demands. This control method can provide improved operations 
and control, but the user must understand what it does and does not do. 
 
Experienced canal automation designers may be able to predict the level of performance 
possible for a given control scheme. Unfortunately, there have been a limited number of 
canals automated with a limited amount of automation. So to rely solely on experience is 
not prudent at the current time. Pre-implementation performance tests are recommended 
to document the potential performance of the chosen canal automation strategy, typically 
through simulation modeling. Once the system designer communicates to the canal 
operator the anticipated performance criteria such that operators understand the 
limitations of canal automation for their system, the operators may choose to implement 
other features, such as small reservoirs, instead of or in addition to canal automation. This 
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also assists in getting the operational personnel comfortable with the automation and 
understanding the benefits and limitations of the automation. 
 
Good communication between the control system designer and the operations personnel 
is essential to avoid misunderstandings. A good way to avoid communication problems is 
for the operators to be able to describe how the control system is to perform with specific 
tests that should be used to evaluate control system performance.   
 
Performance Testing Issues 
 
This section deals with the testing of automated canal structure logic. There are two 
categories of automation sites for irrigation canals, listed here with examples. The 
performance testing requirements for these two types of automation sites are quite 
different. 

1. Simple, independent, devices that perform 
a. Automatic flow control of a canal headgate; 
b. Upstream water level control at a single gate (e.g., a canal spill); 
c. Control of the flow into or out of a reservoir; and 
d. Variable speed control of a single pump. 

2. Complex configuration or multiple devices that perform 
a. Upstream control at a series of check gates; and 
b. Downstream control of the level at the downstream end of a canal pool. 

 
“Independent” implies that the parameter being controlled is not influenced by other 
automatic devices. The simple devices imply that the controlling device (e.g., gate) is 
physically very close to the measured variable (the level or flow that is being controlled) 
for canals within, for instance, 300 ft. An automated device is considered “complex” if it 
is influenced by other controlled devices or if there is a significant travel time for flow 
changes to reach the measurement site, particularly where information from one field unit 
(RTU or PLC) must communicate with another. 
  
For simple devices, automatic controls can be installed, tuned, and tested in the field. For 
complex devices, performance testing with unsteady-flow simulation models is 
recommended. This provides end users with a better understanding of the capabilities of 
the canal automation system being proposed. If users are unfamiliar with automatic 
devices, they may want even simple devices to be demonstrated with a simulation model. 
This should be the user’s prerogative. Users with extensive experience with complex 
devices may forego simulation testing, but this is rare. The unsteady-flow model also can 
be used effectively to educate the staff members of the operating agencies on the use of 
the control system and allow the operators to investigate how to deal with various 
conditions, including emergencies. 
 
Performance Testing with Unsteady-Flow Simulation Models 
 
Simulation models are a useful tool for determining the potential performance of canal 
automation. Many canal automation developers routinely test control algorithm 
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performance for even a single gate with unsteady-flow simulation. This allows the gate to 
be tested under a variety of flow and operating conditions. Without the use of unsteady 
simulation, it would take a long time to experience this wide range of conditions in 
practice. An automated gate may work fine in the normal operating range and suddenly 
fail at high or low flow (not normal) conditions. Simulation modeling can help identify 
and avoid this kind of problem. 
 
Performance Measures 
 
Commonly, canal automation is intended to accomplish one or more of the following:  

• Supply water to users at some desired (perhaps variable and unknown) rate of 
flow over a specified time interval; 

• Control water levels better; 
• Reduce operator efforts; 
• Reduce spills; 
• Conserve water; and 
• Perform operations that generally are impractical if done manually (e.g., 

downstream control). 
 
For sites with manual offtake (turnout) structures, a constant water level implies a 
constant discharge. Thus, many automatic canal control systems work to maintain 
constant water levels. In other cases, control of flow rate is accomplished directly. 
Therefore, there are two control performance objectives for automatic control of devices 
or systems: water level control and discharge control. The evaluation of performance for 
these two types of control may differ.  
 
ASCE Task Committee Test Cases 
 
One of the previous ASCE Task Committees developed a series of test cases for 
downstream-feedback controllers. This category of controller was selected because 
downstream-feedback control is difficult in practice and claims in the literature were 
difficult to reconcile with experience. These test cases included a series of tests and 
performance measures to evaluate controller performance. Two test cases were 
developed; one for a long, steep canal with little storage and one a flat canal with 
resonance. 
 
At the time that the ASCE test cases were developed, distance downstream water level 
control algorithms were under their initial phase of development. Those control methods 
are now well developed theoretically, but experience has shown that distant downstream 
controllers have somewhat limited performance. Test Case I is a good example where 
unknown disturbances downstream can cause extreme changes in water levels and can 
limit flow to other users. The results from these tests clearly show that feedforward 
control or routing of known flow changes is essential for effective control of such canals. 
Changing turnout flows downstream on demand is just not feasible if the canal storage is 
small and the time for water to travel is long (i.e., relative to the time for a flow change to 
dewater the canal). Results from some of these tests are shown in the manual. 
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Additional Considerations 
 
With upstream control, the most significant issue is disturbance amplification. If multiple 
gates are in series, poor control tuning can result in oscillations that increase in the 
downstream direction. Testing with simulation under untuned conditions should be used 
to determine if this could occur. 
 
Many of the historic methods for control of water levels used a water level deadband to 
avoid oscillation in gate position and avoid the oscillatory or unstable water levels. 
However, this is not recommended. Rather, it is recommended to compute the control 
action and then restrict the gate movement to avoid oscillations. Using a water level 
deadband actually interferes with the control action as the water level passes through the 
set point. 
 
The tests developed to determine if a controller will perform adequately should be 
reviewed with operating personnel, who often have useful insight into what conditions 
could cause problems with the control. 
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ABSTRACT 
 
Oakdale Irrigation District (OID) is an 81,345 acre irrigation district located in both the 
northeast foothills and valley floor of the San Joaquin Valley of Central California.  OID 
has a 12 year history of marketing conserved water to willing buyers and using that 
revenue to finance capital improvements.  Those revenues are used in a self-perpetuating 
program to rehabilitate, modernize and further more water conservation in order to 
generate and market more water. Those efforts have served OID well, generating some 
$41.2 million in water transfer revenues since 1998. 
 
As its next tier of conservation projects, OID and Rubicon Systems America Inc. 
(Rubicon) embarked on a demonstration project to bring Network Control Technology to 
the OID delivery system.  The OID system is a 100 year old gravity flow system 
delivering about 235,000 acre-feet per year to a mix of irrigated pasture, almonds, 
walnuts, rice and both small ranchette and large agricultural field sizes.  All these 
variables lead to difficulty in the efficient management of irrigation water.  
 
To address these issues with modern technology, a $3 million project was agreed upon by 
Rubicon and OID.  The coordinated in-house constructed and managed project involved a 
combination of retrofit or replacements on a total of 28 check structures and the 
installation of 31 gates on the 6.5 mile Claribel Lateral and the 8.5 mile Cometa Lateral.  
The works of improvement were completed during the winter of 2010/2011 and the 
system has been in full operation since that time. 
 
This paper will detail some of the institutional challenges that had to be addressed, the 
technological hurdles that were overcome, some of the construction experiences learned 
and provide insight on the operational benefits of this technology. 
 

INTRODUCTION AND BACKGROUND 
 
Overview — Oakdale Irrigation District 
 
In 1909 OID was organized under the California Irrigation District Act by a majority of 
landowners within the district in order to legally acquire and construct irrigation facilities 
and distribute irrigation water from the Stanislaus River (ref. Figure 1). In 1910 OID and 
the neighboring South San Joaquin Irrigation District (SSJID) purchased Stanislaus River 
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water rights and some existing conveyance facilities from previous water companies. 
Both districts continued to expand their operations over the ensuing decades. 
 

 
Figure 1. Location of Oakdale Irrigation District 

 
Since their creation, OID and SSJID have constructed dams and reservoirs to regulate 
surface water storage and deliveries. Most dams were constructed in the 1910s and 
1920s, including Goodwin Dam (1913), Rodden Dam (1915), and Melones Dam (1926), 
which provided 112,500 acre-feet (ac-ft) of shared capacity. To provide supplemental 
water storage for OID and the SSJID, the Tri-Dam Project was created and built in the 
1950s. Tri Dam is a 3-dam network of facilities; Donnells Dam and Beardsley Dam on 
the Middle Fork of the Stanislaus River, and Tulloch Dam on the main-stem of the 
Stanislaus River.  Hydroelectric generation was also a part of these facilities and today 
Tri Dam power generation is just over 100 MW per year. This power is sold wholesale on 
the open market. In total, the three reservoirs comprising the Tri Dam Project provide a 
storage capacity of 230,400 ac-ft. 
 
In the early 1970s Reclamation replaced the Melones Dam with the larger 2.4 million 
acre-foot New Melones Dam and Reservoir. The districts have an operations agreement 
with Reclamation to utilize the federally owned New Melones Reservoir.  
 
These historic and significant capital investments have led to a stable, plentiful water 
supply for OID. Hydropower revenues have been the main revenue source for day-to-day 
bill paying. Over the last 50 years, OID has focused its financial resources principally on 
paying off these capital investments; as a result, OID had invested little in replacement, 
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modernization, automation or rehabilitation of its existing system over the years.  That 
needed to change. 
 
Water Resource Planning  
 
Since its formation on November 1, 1909, OID has watched as water statewide has 
progressed from being a local resource, fueling the areas’ mining and agricultural 
businesses, to a commodity aggressively sought statewide by municipalities representing 
millions of people.  Wary of these shifting priorities, OID took it upon itself to develop a 
Water Resources Plan (WRP), a plan focused on protecting OID’s water resource over 
the next 20 years. This two and a half year effort came to an end with the certification 
and adoption of the WRP in June of 2007. 
 
Key components and the local benefits to be derived from the WRP included;  
 
1. Protection of OID’s water rights by defining the uses and purposes of OID’s water 

over the next 20 years.   
2. An infrastructure modernization and replacement program that will involve the 

expenditure of $170 million dollars in construction work to replace, rebuild and 
modernize OID’s water infrastructure.   

3. A financial strategy to pay for these improvements with urban water sales and 
transfers.  Thus incurring little or no burden to current customers by way of water rate 
increases.  Keeping water rates low is OID’s way of providing our farming 
community a return on their investment. 

4. Protection of the groundwater resources serving the City of Oakdale and local 
businesses and industries relying on this resource.  Good quality drinking water is a 
priority protection focus in Oakdale. 

5. Securing surface water supplies for the Cities of Oakdale and Riverbank should such 
a demand present itself in the coming years.  
 

The WRP’s Overview and Financing 
 
The Preferred Program coming out of the planning process was a roadmap outlining how 
OID was to meet the long-term rebuilding and modernization needs of the district.  Those 
needs and costs include;  
 
1. Main Canal and Tunnel rehabilitation projects totaling ($44,553,000);  
2. Canal and lateral rehabilitation ($24,418,000);  
3. Flow control and measurement structures ($13,856,000);  
4. New and replacement groundwater wells ($10,460,000);  
5. Pipeline replacements ($45,366,000);  
6. North Side Regulating Reservoir ($6,264,000);  
7. Delivery turnout replacements ($4,680,000);  
8. Outflow management projects ($10,947,000);  
9. Reclamation projects ($5,813,000); and  
10. Miscellaneous in-system improvements ($2,386,000).   
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In 2007 dollars these improvements represent nearly $169 million over a 20-year 
window.  To finance these improvements the WRP relied on the continuation of revenues 
derived from water transfers.  
 
Since 1998 OID has had about 41,000 acre-feet committed in water transfer contracts: 
two to the federal government and one to the Stockton East Water District for delivery of 
domestic water to the City of Stockton.  As mentioned in the abstract, OID has benefited 
to the tune of $41.2 million in revenues from those transfers.  OID has spent all that 
money on rebuilding and modernizing its water infrastructure to the benefit of the 
agricultural community it serves.  On top of that dollar amount, OID bonded for $32 
million in 2009 to pay for some large scale conservation, modernization and 
rehabilitation projects, bringing OID’s total CIP project budget expenditures on 
infrastructure to over $73 million, about 2/3rds of which was spent from 2007 forward. 
Based on the WRP’s Financial Model, OID needed to continue to invest around $6 
million a year in infrastructure to stay current on both lifecycle replacement costs and 
modernization upgrades. 
   
So in summary; OID sells water to generate revenues to invest in its infrastructure.  
Those projects result in more conserved water which is then sold again through market 
transfers in order to generate more revenues to meet the needs of its water delivery 
system.  A simple plan that has brought OID to a decision point on its next level of water 
management control and conservation, one OID believes can be provided by Rubicon 
Systems. 
 

THE PROJECT SETTING 
 
OID Setting 
 
OID has a diversion volume off the Stanislaus River for 300,000 acre-feet.  Since 1998 
OID has committed to transferring 41,000 acre-feet for municipal and environmental 
purposes to contracting agencies.  The remaining 259,000 acre-feet are available to 
satisfy a crop water demand, a demand in the order of 160,000 acre-feet.  The difference 
between the crop water demand and delivered volume of water on an annual basis is lost 
through operational spills, tail water runoff from farming, deep percolation to 
groundwater, canal seepage and other less significant losses. 
 
OID’s topography varies from gently rolling to the east and south of Oakdale to nearly 
flat around Riverbank.  Approximately 75% of the land within the OID service area 
consists of irrigated agriculture.  The cities occupy about 10% of the balance, the river 
riparian corridor is about 10% and the remaining 5% has never been plowed or 
intensively farmed.  OID experiences mild, moderately wet winters and warm, dry 
summers typical of the Central Valley.  Average temperatures range from the mid-forties 
in winter to mid-nineties in summer. Precipitation averages about 12 inches annually, 
over 85% of which occurs between November and March.   
Currently the OID maintains over 330 miles of lateral, pipelines and tunnels, 24 
production wells, 42 reclamation pumps to serve local customers.  Nearly all canals were 
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constructed in the early 1900’s. OID currently serves 2,800 agricultural parcels covering 
about 57,000 acres.  Principle crops are irrigated pasture for cattle, dairies, almonds and 
walnuts, rice, corn and oats.  A driver for the OID is the conversion of about 1,000 acres 
per year from pasture/corn/oats to nut crops, which once converted, requires a different 
water demand to meet irrigation needs. 
 

THE DECISION ON AUTOMATION WITH RUBICON 
 
The Rubicon Selection 
 
OID had been a user of the Rubicon FlumeGates™® products for a number of years as it 
worked its way through various canal gate automation products on the market.  The past 
experience with Rubicon was a beneficial one, not without growing pains as Rubicon 
evolved their product line, but OID saw a product with potential that shortly matured into 
a low maintenance, user friendly, accurate flow measurement and control gate. 
 
Total Channel Control® (TCC) 
 
OID had been installing and using the “stand alone” FlumeGates™ from Rubicon at 
various locations within its canal system for enhanced water control for a number of 
years.  During the initial funding of the WRP it became a focus of OID to replace all its 
main canal control gates and lateral headings beginning in 2006 with FlumeGates™s.  
After completing that program in 2009, along with completion of a major regulating 
reservoir serving farmland on the north side of the Stanislaus River, it was at that point 
that OID began looking at enhanced flow control within its laterals.  
 
While OID was confident in the stand alone FlumeGates™ it was not aware of the TCC 
technology provided by Rubicon.  In short: TCC provides a high level of water control by 
using a combination of sophisticated software and control engineering techniques along 
with wireless communications technology to integrate large networks of remotely 
controlled, solar powered FlumeGates™. 
 
It was after OID’s efforts to automate its main canals and lateral headings that TCC 
technology came into the picture.  Soon after discussions with Rubicon regarding 
advantages of implementing TCC technology, OID staff visited Australia and more 
specifically, irrigation districts with the same physical setting as OID, who had 
implemented TCC.  As with most technologies, seeing and talking to water professionals 
who have a history of use in the practical application of that technology was invaluable.  
 
The major benefit seen by OID was the scalability of the technology provided by 
Rubicon.  From main canal control, to lateral heading control, to pond to pond control 
within the lateral, to farm gate control at the turnout, to water order entry, tracking and 
scheduling, to Rubicon’s on-farm system monitoring of soil moisture; it is an impressive 
array of conservation options for an irrigation district.   
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THE RUBICON PILOT PROJECT  
 
Project Scope 
 
Soon after staff’s return from Australia a pilot project proposal was presented to the OID 
Board of Directors for their review.  The proposal was to implement a head-to-end 
installation of Rubicon’s Total Channel Control® automation system on two of the OID’s 
key canals, the Claribel Canal on the south side of the river and the Cometa Canal on the 
north.  The project scope included the following; 
 

• Installation of 31 FlumeGates™ 
• Installation 6 Slip Meters at selected farmer turnouts  
• Implementation of SCADAConnect Software 
• Related Equipment inclusive of radios, antennas, solar panels, IT/Servers, etc. 
• Training and Service Support and Commissioning 

 
Both systems on the Claribel and Cometa were expected to be fully operational for the 
beginning of the 2011 irrigation season and intended to be evaluated over the next two 
irrigation seasons to gain operational knowledge prior to expansion throughout the OID 
delivery system. 
 
The Project Goal 
 
The system would allow OID to better use their water; improving distribution efficiency 
and enhancing service levels to farmers by providing a near on-demand supply. Farmers 
will also benefit from consistent flows rates, which the system is able to achieve by 
closely matching demand and supply.   Efficiency improvements afforded by TCC would 
enable OID to further its ongoing efforts to conserve its water resources. 
 
The Claribel Canal System 
 
The Claribel Canal has a heading capacity of 138 cfs.  From its heading-to-spill the canal 
is 6.5 miles in length.  It contains 18 pools along its reach.  The system is mostly earth 
lined with sections of concrete lining and sporadic sections of pipeline. 
 
The Claribel Canal system was chosen to test the ability of TCC in reducing operational 
spill.  Operational spills are an operating inefficiency of open canal systems but are a 
necessity to insure all water orders are fully filled.  The amount of losses at the end of the 
Claribel ranged from about 1,500-2,000 acre-feet per year depending on various factors.  
 
The Cometa Canal System 
 
The Cometa Canal has a heading capacity of 306 cfs.  From its heading-to-end the canal 
is 8.5 miles in length.  It contains 13 pools along its reach and is much flatter than the 
Claribel System. 
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The Cometa was chosen in the hopes of improving operational flows to its terminus; the 
beginning of the Hirschfeld Lateral serving another water division.  An operational 
problem is that the upper Cometa flows through and serves another water division of OID 
and is managed by a different Distribution System Operator (DSO).  As human nature is, 
the upper operator insured his needs were filled and the lower operator was pretty much 
at his mercy for water; hence a “feast or famine” situation. 
 

PERFORMANCE RESULTS OF THE PROJECT 
 

Claribel Canal Performance 
 
The Claribel System is feed from the Robert Van Lier Regulating Reservoir.  The 
reservoir outlet is controlled by two Rotork Electric Actuators.  Issues with the 
integration and operation of the Rotork actuators into the TCC system controls resulted in 
a delay in fully implementing TCC on the Claribel Canal until late in the water season.  
This was not a TCC or automation glitch, it was a Rotork hardware system and warranty 
issue that delayed turning the system over to full automation.   
 
Despite the delay of full automation, partial automation with the limited system had 
promising results as seen on Figure 2. 
 

 
Figure 2. Water Level Demand Results on the Claribel Canal before and after TCC  

 
 

Claribel Canal Operational Spill Performance 
 
One of the goals was the reduction of operational spills on the Claribel Canal. While not 
a full year of implementation, for reasons cited, the benefits of having the system in place 
were evident during the first season and are graphically shown in Figure 3. 
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Figure 3. Operational Spill Performance on the Claribel Canal as TCC was Implemented 

 
The left side of Figure 3 represents the spill and the variability of that spill as occurred 
during the 2010 water season without TCC.  The right side of Figure 3 presents the 
decreasing nature of that spill and decreasing variability of spill as TCC was 
incrementally implemented during the 2011 water season.  Even with incremental 
implementation during the 2011 water season, spill at the end of the Claribel Canal was 
reduced by 1,160 acre-feet.  As shown in the light blue at the far right of Figure 3, spill 
was reduced to zero when TCC was fully implemented on the Claribel Canal at the very 
end of the 2011 water season. 
 
In the seasons that followed, system performance remained consistent.  Under full 
implementation during the 2012 and 2013 water seasons, spill was reduced to 10 acre-
feet and 8 acre-feet respectively.  The spill that did occur during full implementation was 
a result of drain water entering the lower end of the Claribel Lateral at times when there 
was no downstream irrigation demand (i.e. throughout winter oat harvest and field 
preparation for corn).  
 
Cometa Canal Performance 
 
The focus on the Cometa Canal was to enhance flow deliveries to the end and to 
minimize flow fluctuations to the downstream water division.  As can be seen in Figure 4 
below, TCC implementation was successful in achieving that result.  Statistically, 
average water level variations on the Cometa Canal improved by 92% to be within +/- 2 
inches of the canal’s set points for water delivery flows. 
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Figure 4. Water Level on the Cometa Canal after TCC Implementation 
 

ANCILLARY BENEFITS OF THE PROJECT 
 
Institutional Betterments and Changes 
 
One of the concerns with implementing new technology is the acceptance of the 
workforce in operating that technology.  Obviously, when ditchtenders went from riding 
horses to driving vehicles to make water deliveries, there were substantial changes that 
had to be adjusted to.  Going from manually controlled water systems to fully automated 
systems carries with it similar adjustments and similar concerns.  From a management 
perspective, is the workforce competent or skilled enough to make the transition and from 
the workforce perspective; are they working themselves out of a job? 
 
Competent Workforce Concerns.  OID had water operations employees with little to no 
computer skills.  Many workers did not own personal computers and some had yet to own 
a standard cell phone.  So the decision to implement a computerized automation system 
was made with some reservations concerning workforce acceptance and competency.  
Early training of a small group of DSO’s by Rubicon in setting up the flow networks on 
the canals proved an ice breaker to the technology.    
 
Similarly intensive group training, both classroom and hands-on, was part of the delivery 
package from Rubicon.  Whether the DSOs were going to be involved or not with the 
Claribel or Cometa systems during the water year, everybody went to training, another 
good ice breaker.   
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The real benefit for this early-on worker exposure was the confidence building it 
provided.  Another revelation to the workforce was; the technology was not that difficult.  
OID workers with little to no previous exposure to computers easily picked up on the 
simplicity of the software.  The ease by which most workers were able to grasp the 
simplicity of the system’s logic was a real plus.  What started for some as a somewhat 
intimidating change and implementation of new technology in the workplace became a 
tool of envy amongst the department.  At the unexpected request and recommendation of 
the DSOs, OID purchased tablets in 2012 for each of the DSO Divisions in which TCC 
was implemented.  It proved beneficial and management was so impressed, and 
somewhat relieved, with the breadth of worker adaptability and acceptance that tablets 
were purchased for all 10 Divisions the following season. 
 
Workers Working Themselves Out-of-Work.  In management’s report back to the Board 
after its trip to Australia one of the underlying benefits of TCC is the potential reduction 
in the workforce derived from TCC implementation.  What was realized in Australia was 
the downsizing of approximately 20% in the water operations area, not insignificant 
considering OID’s water operations labor budget of $2.4 million. Outside these 
reductions, a portion of the remaining workforce is absorbed into other job created 
benefits of TCC.  SCADA technicians, troubleshooters, planners, schedulers, etc. are 
positions created because of technology, and generally better paying jobs over existing 
DSO positions. 
 
So while you have some job position losses as a result of automation you also have job 
position creation as a result of automation, but to the workers, the net loss was a concern.  
The outright assurance from management that losses, if they occurred, would be through 
attrition and not layoffs, put most workers at ease. This point was put to rest at a general 
training meeting of DSOs.  Management stated that if TCC were implemented over the 
next 10 years, and resulted in a net 20% reduction of the DSO workforce, the workforce 
would be reduced by 5 positions.  Management then asked how many workers would be 
retiring due to age over the next 10 years and 7 DSOs raised their hands.  The issue 
seemed to be put to rest, at least temporarily. 
 
While the DSO workforce has remained the same at OID since implementation, customer 
service has noticeably improved, as time that was previously spent making adjustments at 
each inline drop structure is now available for monitoring and patrolling around the 
Division. 
 

COSTS OF TCC IMPLEMENTATION AT OID — PRELIMINARY 
 

Description Budgeted Costs Actual Costs 
Rubicon (Gates, Labor, Software, etc.) $1,702,680 $1,535,752
Surveying and Structural Calcs. 85,000 46,678
OID Material and Equip 500,000 893,154
OID Design, CM, and CM Labor 609,000 706,386
Total 2,896,680 3,181,970
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Using these costs and calculating a cost/mile unit rate for the number of systems 
installed, the total TCC cost was $212,131 per mile.  Assuming a reasonable California 
water transfer rate of $125 per acre foot, the payback for the anticipated water saved was 
10 years.  For OID, that is a marketable return. 
 

CONCLUSIONS 
 
Take-aways from Implementation 
 
OID implemented TCC on just 2 canals of a much larger system.  The results have been a 
substantial savings in water and precise flow control to the downstream division, but also 
an improved level of service at the farm gate.   
 
Grower/farmer responses who experienced TCC were minimal at best and in the 
irrigation district business, that is a big plus.  There were no complaints from users, just 
casual responses on the improved service standard afforded to them.  On the 
DSO/operator side, those who were exposed were impressed.  Ease of functionality and 
the lack of “glitches” were notable. 
 
As with all new technology, some constraints in responsiveness were noted.  With OID’s 
small canals and relatively steeper sloped systems, sometimes the response to an order 
change was not as it would have been if manually operated. This has been determined to 
be an adaptable and manageable adjustment. 
 
Confidence Building of Workforce 
 
Both on the construction side of the TCC project and operations side, OID employees 
came away with a sense of pride and accomplishment throughout the implementation of 
this project.  Construction crews at OID did a remarkable job in putting these facilities in 
under the time constraints given.  They honed their skill sets and improved upon their 
scheduling and work coordination abilities. 
 
Water operations staff learned more about automation, canal control and SCADA 
systems in one year than they ever imagined they could.  Computer skills and technology 
are now not a foreign thought in the workplace anymore.  The adaptability and 
accomplishments of the DSOs during TCC implementation was impressive to 
management as well. 
 
OID is very optimistic about Rubicon Systems and the TCC technology that has been 
implemented.  The potential for additional water savings at a marketable rate based on 
TCC fits OID’s water conservation and marketing prospectus and has great promise for 
the future. 
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REDUCING OPERATIONAL SPILLS ON A 100-YEAR-OLD CANAL SYSTEM 
 

Brian W. Sauer1 
Brian Olmstead 2 
Louis Zamora3 

 
ABSTRACT 

 
The Twin Falls Canal Company (TFCC), founded in 1905, operates one of the largest 
irrigation projects constructed under the Carey Act.  The TFCC delivers water to over 
202,000 acres, near the city of Twin Falls in south-central Idaho.  TFCC distributes water 
to a project service area that is approximately 50 miles long by 15 miles wide. Due to the 
length of the gravity distribution system and overall size of TFCC's service area, the 
canal system has a limited ability to adjust to changing irrigation demands.  This often 
results in spills or water shortages at the downstream end of the system. Growers at the 
tail end of the system are more than 60 canal miles from the system headworks.  With an 
average water travel speed of 1.5 miles per hour, it takes 40 hours for flow changes at the 
headworks to be realized on the tail end of the system. 
 
Due to the length of the system, canal operators often increases canal flows above 
irrigation demand to assure there were no delivery shortages.  This often resulted in 
substantial operational spills. In 2011, TFCC began design work on a new regulating 
reservoir along the main Highline Canal to temporarily store water to better meet variable 
water demands at the tail end of the TFCC system.  Following design, TFCC applied for, 
and received a grant from the Bureau of Reclamation for financial assistance for 
construction of the project. 
 
The project involved the construction of an earthen dam and spillway in a natural 
depression adjacent to Canal, forming a 33-acre regulating reservoir to capture and store 
up to 220 acre-feet of water.  Embankment material was excavated from within the 
footprint of the reservoir and a new structure was built to divert excess water the High 
Line Canal into the reservoir and a 900-ft long, 36-inch diameter HDPE to return water to 
the Canal downstream of the dam.  The gate controlling releases from the reservoir outlet 
gates has been integrated into the Company’s SCADA system, providing remote control 
and monitoring of the reservoir operations. The dam also includes a riprap spillway to 
pass water from storm events into the Canal and then to a nearby natural channel. 
 
The facility was operational by the beginning of the 2014 irrigation season.  The facility 
functioned well during its initial season.  TFCC was able to reduce flows at the head of 
the High Line Canal, reduce operational spills from the High Line distribution system and 
maintain reliable deliveries to lands on the tail end of the Twin Falls irrigation project. 

                                                 
1 Hydraulic Engineer, U.S. Bureau of Reclamation, Snake River Area Office, 230 Collins Road, Boise, ID 
83702, bsauer@usbr.gov . 
2 Manager, Twin Falls Canal Company, P.O. Box 326, Twin Falls, ID 83302, olmstead@tfcanal.com. 
3 Engineering Technician, Twin Falls Canal Company, P.O. Box 326, Twin Falls, ID 83302, 
lzamora@tfcanal.com. 
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INTRODUCTION 
 

The Twin Falls Canal Company (TFCC) operates the largest irrigation distribution 
system in the state of Idaho, providing Snake River water to over 202,691 acres of 
irrigated land in south-central Idaho.  The company diverts natural flow and reservoir 
storage from the Snake River at Milner Dam at rates of up to 3,800 cfs.  The TFCC 
distribution system includes 187 miles of main canals and 1200 miles of distribution 
laterals.  The company provides water to 4355 water users at 5300 individual delivery 
points.  Water is delivered to farms based on “shares”, with each share representing a 
water right to receive up to 3/4 miner's-inch per share. This is an obligation to deliver 
1/80 cubic foot per second (cfs) of water for each share of stock when the water is 
available.  Shares of water can be moved between delivery points. 
 
The irrigation season in the area typically runs from April1 through October 31.  A wide 
variety of crops are grown, including alfalfa, barley, malting barley, wheat, corn for grain 
and silage, sugar beets, potatoes, and beans. 
 
The Twin Falls project was developed in the early 1900’s through the Carey Act, also 
known as the Federal Desert Land Act.  The legislation was authored by Senator Joseph 
Carey of Wyoming and provided each western state up to 1 million acres of Federal land 
if it was developed into farm land.  The states would see that land was made suitable for 
farming and could cover development costs by selling up to 160 acres to prospective 
farmers.  In most western states, Carey Act developments involved the construction of 
irrigation systems. 
 
The primary force behind the development of the Twin Falls Project was Ira Perrine, a 
farmer and business man who settled on the northern rim of the Snake River Canyon.  
With the railroad soon to come to the area, following the Oregon Trail route, Perrine felt 
the area was ripe for agricultural development.  With help from Idaho legislators and the 
State Engineer, Perrine found a group of investors from the eastern U.S.  The group 
secured a dam site at head of the canyon and filed for a state water right to divert 6000 
cfs from the Snake River to irrigate 300,000 acres on both the north and south sides of the 
river. 
 
Construction of the Milner diversion dam began in 1903 and was completed in 1905.  
Mostly due to the high cost of concrete and wood, the original design had three rock-
filled wooden “cribs” that connected the two rocky islands in the river.  Over time, the 
cribs have been replaced with concrete and earth-fill.  The dam was completed in early 
1905 and the first water released into the Twin Falls Canal Company’s Southside (Main) 
Canal on March 2, 1905. 
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THE HIGHLINE CANAL RESERVOIR PROJECT 
 

Project Background 
 

TFCC lands begin at the Milner Dam diversion on the Snake River and are bounded by 
Salmon Falls Creek to the east. The total project service area is approximately 50 miles 
long by 15 miles wide.  The TFCC can divert up to 3800 cfs from the Snake River into 
the 31-mile long Main Canal at Milner Dam.  Diversions from the Snake are measured 
here, using a large broad-crested weir.  Approximately 8 miles from the headworks, the 
Main Canal passes through Murtaugh Lake, a regulating reservoir.  At its terminus, Main 
Canal is splits into the High Line and Low Line Canals.   At this location, the capacities 
of the High and Low Line Canals are 1500 and 1300 cfs, respectively. 
 
Due to the length of the distribution system and overall size of TFCC's service area, the 
canal system has a limited ability to adjust to changing demands and weather conditions.  
This often results in spills or water shortages at the downstream end of the system. 
Growers at the tail end of the system are 60 or more “canal miles” from the system 
headworks.  With an average water travel speed of 1.5 miles per hour, it takes 40 hours 
for flow changes at Milner Dam to be realized on the tail end of the system.  The High 
and Low Line Canals parallel one another and limited quantities water can be moved 
from the High Line to the Low Line via natural drainage channels, or “coulees”.  While 
this can provide some operational flexibility to system operators, there are still frequent 
surpluses or shortages on the downstream end of the canal system. 
 

 
Figure 1.  Map of the Twin Falls irrigation project. 
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It was normal practice for TFCC system operators in the western-most areas of the 
project to regularly increase water orders by 75 to 100 cfs (150 to 200 acre-feet per day) 
to assure adequate deliveries on the lower end of the system. While this practice helped to 
assure irrigators received the water that they requested, it increased the amount of 
operational spills back to the Snake River.  The TFCC located a potential site for a 
regulating reservoir on land adjacent to the High Line Canal, approximately 8 miles from 
the end of the canal.  An initial survey indicated that a reservoir at the site could have a 
capacity of approximately 200 acre-feet.  This capacity would enable system operators to 
reduce operational spills by approximately 32 cfs per day, or approximately 13,500 acre-
feet annually. The proposed project was known locally as the Kinyon Pond project, 
named for the original owners of the reservoir site. 
 

 
Figure 2.  Map of the Kinyon Pond project location. 
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Figure 3.  Aerial view of the Kinyon Pond site prior to construction.  The reservoir 
footprint is outlined. 

 
 

 
 
Figure 4.  View of the Kinyon Pond site prior to construction as seen from the High Line 

Canal bank, looking south. 
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Project Description 
 
The reservoir site is located on the south side of the High Line Canal, in the Deep Creek 
channel. Prior to the development of irrigation projects in the area, the Deep Creek 
channel was one of several ephemeral streams that conveyed flows from range lands 
south of the TFCC project north to the Snake River. Development of the Salmon Falls 
irrigation project, Rogerson Reservoir, and other irrigation projects over the past century 
in the basin upstream of the Kenyon Pond site have effectively eliminated flows in Deep 
Creek.  There is no longer a discernible channel, and water flows through the site only in 
extreme runoff events. Downstream of the reservoir site, the Deep Creek channel serves 
as part of the TFCC distribution system. 
 
The reservoir itself was created by constructing a compacted earth embankment across 
the old Deep Creek channel, paralleling the south side of the High Line Canal.  A rock 
check structure was constructed in the High Line Canal to divert water into the reservoir 
through a 10-ft –wide inlet channel. Flows into the reservoir are regulated by control 
structure at the head of the channel, using both check boards and a slide gate.  A 63-ft 
wide, uncontrolled, rock-lined spillway channel spills excess water back into the High 
Line Canal.  The spillway channel invert coincides with the maximum operating water 
elevation.  The effective spillway width increases with increasing water elevations and 
reaches a 65-ft width at maximum reservoir levels.   
 
Irrigation releases from the reservoir are regulated at a concrete outlet structure with a 36-
inch wide circular outlet built into the high point of the embankment.  A steel slide gate, 
driven by a solar-powered, 12-volt gear motor, regulates releases.  The gate can be 
operated manually but has also been integrated into the TFCC’s SCADA system 
 
Downstream of the outlet gate, water enters a buried 36-inch diameter, 1000-ft long, 
HDPE pipeline. The pipeline passes under the reservoir embankment and the High Line 
Canal and then parallels the north side of the canal.  The pipeline outlet discharges 
directly into the High Line Canal just downstream of the 1A Lateral diversion. 
 
Project Design and Regulatory Compliance 
 
The site for the prospective project was on private farm land, located adjacent to the High 
Line Canal.  While the land was farmed, it was not the most suitable for crop production.  
The location in a natural drainage channel resulted in highly varied soils, including 
distinct areas of clay, sand, cobbles, and occasional large rocks.  The Canal Company 
purchased the land in early 2012 and subsequently hired CH2M Hill Engineers in Boise, 
ID, to further evaluate the site and to develop the preliminary project design.  Detailed 
reconnaissance of the site was made, including digging test pits to better define the soil 
characteristics of the site. From this information, a conceptual design was developed by 
September, 2012. 
 
In Idaho, hydraulic structures greater than 10 feet in height or reservoirs that impound 
more than 50 acre-feet are regulated by the Idaho Department of Water Resources Dam 
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Safety Program for benefit of public safety.  Key elements for the project were the 
proposed height of the dam and the ability of the spillway to safely pass a Q100 (100-
year) flood event.    
 
Extensive sampling of the site indicated that native soils within the footprint of the 
proposed reservoir (mostly silt with some clay content) were suitable for constructing the 
facility.  The reservoir was designed with 9-ft high embankment across the low point of 
the site, adjacent to the south side of the High Line Canal.  The embankment was 
designed with 5:1 side slopes and a minimum 12-ft crest width was designed with a 3-ft 
freeboard at the normal maximum water level. 
 
The spillway capacity was developed with data from a HEC-RAS analysis of the Deep 
Creek basin.  In its natural state, the basin upstream of the reservoir site was 120 square 
miles.  However, development of the Salmon Falls irrigation project reduced the effective 
area of the upstream basin to only 40 square miles, reducing the Q100 flow at the 
reservoir site to 480 cfs.  The spillway and available freeboard are designed to pass the 
Q100 event over a three day period. 
 
In late 2012, the TFCC applied for financial assistance for the project from the Bureau of 
Reclamation’s WaterSMART Water and Energy Grant Program.  In June, 2013, the 
project was selected for funding.  Before construction could commence, the project had 
to obtain environmental compliance from Reclamation and cultural resource compliance 
from the Idaho State Historic Preservation Office (SHPO).  A known archeological site 
was located near the project site, but would not be impacted by the project.  Also near the 
proposed reservoir was an abandoned irrigation canal that predated the High Line Canal. 
As with the archeological site, this would not be disturbed by the project. The High Line 
Canal, constructed in 1905, was considered an historic property by the SHPO, but the 
project would require only minor modifications to the canal. 
 
Project Construction 
 
Once all of the regulatory hurdles were completed, bids for the earthwork were solicited 
and evaluated by the canal company.  Following bid opening and contract award, 
excavation of the reservoir and placement of the embankment began on September 6, 
2013. Excavated earth not needed for constructing the embankment was stockpiled on the 
south side of the reservoir. The earthwork was completed by October 17.   
 
Following construction of the reservoir TFCC crews then began work to construct water 
control structures at the reservoir inlet and outlet, install the outlet pipeline. Construction 
continued through most of the winter months and was completed by April 1, just in time 
for the start of the 2014 irrigation season.  TFCC began the initial fill on April 4.  Water 
was diverted into the reservoir in increments, taking approximately two weeks to fill 
completely. TFCC staff monitored the embankment and the newly installed control 
structures several times a day during the initial fill. 
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The first releases into the Highline Canal from the new reservoir were made in early 
May, when demands increased and the canal company began using water from upstream 
reservoir storage.  During the early portion of the irrigation season, reservoir releases 
were made manually by on-site staff.  Meanwhile, work was done to integrate the 
reservoir outlet works into the TFCC SCADA network, permitting operators to monitor 
reservoir levels, and to remotely adjust reservoir releases. 
 

 
 

Figure 5.  Satellite view of the Kinyon Pond site during preliminary earthmoving. 
 
Project Operation 
 
The Kinyon Pond operated as anticipated during the 2014 and significantly reduced 
operational spills from the Highline Canal. Unfortunately, an unusual rainfall event 
struck the Twin Falls area on August 5 and 6, dropping nearly four inches of rain in the 
eastern portion of the TFCC service area.  The event caused local flooding and all but 
eliminated irrigation demand.  This event also drastically increased operational spills 
throughout the Twin Falls project as deliveries were cut and storm water entered project 
canals and drainage channels.  Following the storm, irrigation demands and canal flows 
were reduced significantly, making it difficult for operators to accurately assess the full 
benefits of the project. 
 
The Lateral 10 Spill is the largest spill structure downstream of the Kinyon Pond and has 
continuous recording of the operational spills at the site.  To help assess the effectiveness 
of the project, system operators analyzed spills for the June-July period for 2011, 2012 
and 2014, all years with normal water supplies.  This period occurs during the period of 
peak irrigation demands and typically when the largest operational spills occur.  This 
analysis shows a substantial reduction in the volume of spills at the site, as indicated in 
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Table 1 below.  While this shows only one year of project operation, the results from this 
first year are very promising. 

 
Table 1.  Measured flows and volumes at Lateral 10 Spill 

June-July Spills at Lateral 10 Structure 
 

Year Average Daily Spill (cfs) June 1- July 31 Total Volume (ac-ft) 
2011 26.9 3570 
2012 17.9 3200 
2014 9.9 1860 
   
 

 
In addition reducing spills, there were 9 separate occasions during the season that High 
Line Canal demands downstream of Kinyon Pond were augmented with releases from the 
reservoir.  During these periods, releases from the pond totaled 1400 acre-feet of water.  
Considering that there would have been additional conveyance losses transporting this 
quantity of water through the conveyance system, system operators were pleased with the 
results. 
 
 

 

Figure 6.  Placement of the embankment for the pond, adjacent to the High Line Canal.  
Material was excavated from the reservoir. 
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Figure 7. Construction of the reservoir outlet control structure. 

 

Figure 8.  Kinyon Pond outlet control structure.  Reservoir discharges enter a 36-inch 
HDPE pipeline and enter the Highline Canal 1000 ft downstream of the outlet. 
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Figure 9.  Aerial view of Kinyon Pond. 

CONCLUSIONS  
 
The Twin Falls Canal Company, a Carey Act project formed in 1905, supplies water to 
202,000 irrigated acres in south-central Idaho.  In 2014, the TFCC completed the 
construction of the Kinyon Pond, a 30-acre regulating reservoir near the end of the 40-
mile-long High Line Canal.  The project, designed by a local engineering firm, was 
located in a natural low spot adjacent to the High Line Canal. A portion of the project 
costs was funded by a Bureau of Reclamation WaterSMART Water and Energy 
Efficiency Grant.  Construction began in September, 2013 and was completed in March, 
2014.  Earthwork for the project was done by a contractor, but the rest of the project was 
completed by Canal Company crews.  While a major rainfall event in early August 
disrupted normal irrigation operations, the Kinyon Pond has enabled canal system 
operators to reduce operational spills and delivery shortages that have been chronic 
problems on the tail end of the High Line Canal. 
 

DISCLAIMER 
 

The information contained in this report regarding commercial products or firms may not 
be used for advertising or promotional purposes and is not to be construed as an 
endorsement of any product or firm by the U.S. Bureau of Reclamation or the Twin Falls 
Canal Company. 
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PHYSICAL CANAL INFRASTRUCTURE MODERNIZATION IN PAKISTAN 
 

Sajid Ali Bhutto1 
 

ABSTRACT 
 
Pakistan has an agricultural economy especially dependent on irrigation. The irrigated 
agriculture sector contribute about 21% to Gross Domestic Product (GDP) accounts for 
60% of the commodities export, provides livelihood to about 62% of the rural population 
and supplies 45% of the labour force. Irrigation has a long history dating back to Mughal 
Rulers. The weir controlled irrigation started in mid nineteenth century with the 
construction of Upper Bari Doab Canal (UBDC) in 1858. 
 
The operation and maintenance modes of irrigation infrastructure have kept on changing 
and till recently were based on manual efforts. The manual operation is slow and in some 
emergent cases creates problems. The Government therefore has embarked on 
modernization of irrigation infrastructures. 
 
This paper presents the history, magnitude and operation spectra of physical canal 
infrastructure. Taunsa Barrage has been modernized with automated operation controls. 
The paper contains a brief introduction to this project, its benefits and problems. The 
modernization effort is being extended to Jinnah Barrage and Khanki Barrage with a plan 
to modernize the remaining infrastructure over the near future. 

 
INTRODUCTION 

 
Pakistan economy is essentially agriculture based. Agriculture in Pakistan is heavily 
dependent on irrigation. The agriculture mainly irrigation based contributes about 21% to 
Gross Domestic Product (GDP), accounts for 60% of the commodities export, provides 
livelihood to about 62% of rural population and supplies about 45% of the labour force. 
 
This over 200 years old irrigation system is the largest contiguous irrigation system in the 
world feeding over 35 million acres of fertile land through an irrigation canal network of 
over 34 canal commands making use of about 108 MAF of irrigation supplies through 19 
barrages constructed across the Indus and its tributaries (Jhelum, Chenab, Ravi, Sutlej). 
 

PLANNED SYSTEM OPERATIONS 
 
The irrigation system comprising barrages, canals and canal structures are operated by 
Irrigation Department of Provincial Governments according to SOP’s in vogue. The 
SOP’s based on manual mode of operation have undergone many changes over the years 
but till recently were still suffering with many inadequacies creating many operational 
problems difficult to resolve. 
 

                                                 
1 Executive Engineer, Kotri Barrage Division, Hyderabad, bhuttosajid@hotmail.com 
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The government took serious note of severe situation and embarked on an overall safety 
study of the irrigation network and structures in 1998. Such studies conducted by 
consultants brought to light many deficiencies and hazardous conditions of sizeable 
number of hydraulic structures. The studies also brought out the need for revision and 
improvement in operating systems and SOPs. 
 

THE MODERNIZATION PROPOSALS 
 
Several improvements and remodeling / strengthening the deficient structures were also 
proposed. The consultants also proposed feasibility studies for project planning for 
hydraulic structures, especially barrages. 
 
The feasibility studies recommended rehabilitation, and reconstruction of some 
structures. In addition, modernization of operating systems was also recommended with 
suitable proposals. These proposals were subjected to further analytical reviews and 
finally the government decided to embark on proposed modernization works for 
Irrigation infrastructure, and the first structure to be taken up was Taunsa Barrage on 
River Indus. 
 
TAUNSA BARRAGE REHABILITATION AND MODERNIZATION PROJECT 

 
The Taunsa Barrage project comprised: 
 

A- Civil Works comprising: 
a. A subsidiary weir 
b. Strengthening the stilling basin floor 
c. Construction of a silt excluder 
d. Extension of fish passes and d/s divide walls 
e. Extension of d/s guide banks 
f. Other miscellaneous works like grouting etc 

B- Mechanical and Electrical Works 
a. Rehabilitation and replacement of regulator gates of the barrage and off-

taking canals 
b. Rehabilitation and replacement of hoisting system 
c. Strengthening of the super structure station and top hoisted frame 
d. Installation of remote operation system 
e. Installation and operation of the  

i. Data acquisition system 
ii. Data storage system  

iii. Date sharing system 
C- Monitoring works, like installation of vibrating wire piezometers at suitable 

locations 
D- Electrical works comprising lighting, ups system etc 
E- Control room for: 

a. Data acquisition and remote operating system 
b. Piezometers data processing / logging system control room 
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Items listed above related to modernization, plan, basically convened / implementable 
through a SCADA network, the other version of which was in service at Chashma and 
Ghazi Barrages. 
 

TAUNSA BARRAGE SCADA SYSTEM 
 
The SCADA system of Taunsa Barrage Project is an intelligent distributed supervisory 
control and data acquisition/remote control system, developed with server network on 
Windows 7 operating system. 
 
SCADA comprises the sensors (gate position sensors and water level sensors), data 
server 1 (historian), data server 2 (archival), workstations (SCADA1 and SCADA2) 
communication server (WEB server), Engineer PC and operating software. The PLC 
consists of PAC8000 controller and serial modules, power supply unit, capable of 
acquiring sensor signal, the implementation of the gate remote operation command and 
supervising gate position and water level etc. Servers and workstation are the center of 
the system which operate and control the whole system by software of Chinese origin. 
The operating software contained multiple functions like automatic data acquisition and 
remote control, manual recording, off-line analysis, safety management, network system 
management, database including historic and real time data management, remote assistant 
monitor and redundant control for workstation. The system can be supported by the UPS 
power supply for 8 hours. 
 

TAUNSA SCADA FUNCTIONS 
 
User can login the system on the workstation in the control room and dispatch messages. 
Four remote clients in Lahore, DG Khan, Multan and Bahawalpur can login the system 
through the VPN based internet. Different users had different levels of usage. Only 
authorized users can operate the SCADA system, remote clients and ordinary users can 
only access data and browse. 
 
The system can monitor the status of gates and hoists, including gate height, hoist power 
supply, operating instructions, failure messages are displayed on the screen. Users can 
browse and acquire real-time and historical data. 
 
Hoist Control 
 
When the LCP is in remote mode, authorized users can operate the gate lifting or closing. 
At the time, the system can keep maximum 30 hoists running but only 10 hoists are 
allowed to start simultaneously. 
 
Water Level Monitoring: 
 
Water level sensors in the Barrage structures including the canals. When the water level 
reaches the pre-set value they send a warning message to the operator. The System will 
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calculate the water discharge such as Main Weir, the Canal Head Regulators and 
undersluices. The discharge data is displayed on screen and stored. 
 
Remote client accesses System can connect the specified node from the control room, 
such as, Lahore Multan D G. Khan and Bahawlpur offices. Transmission data includes 
the gate position, water level, discharge. Transmission mode using VPN base on internet. 
 

THE SYSTEM STRUCTURE 
 
SCADA is divided into level l and level 2. 
 
Level 1 acquires and monitors the status of the hoist, gates position, water level power 
supply .and the SCADA data management and controls the operation of hoists. It has 13 
nodes; twelve PLC and one workstation and is the main part of the SCADA, including 
data acquisition and controls the hoist by PLC, information sharing and data storing and 
processing HMI by the server and the workstation. The transmit information to the PLC 
via an I /O unit. The communication network transmits data and commands base on 
MODBUS Ethernet protocol it consist of a dual ring (mono optical fiber) CAT 5 cable 
and switch  
 
Level 2 process the output documents, office applications and remote data transmitting. 
The printers, engineer computers, VPN routers and communication servers are main 
devices of the level 2. Remote client software is a HMI which is installed in the control 
room but it cannot change the alarm settings and control the hoists.   
 
Figure 1 shows the network structure. 
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Figure 1. Network Structure. 
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Another construction process introduced at Taunsa was the automated piezometer data 
observation. Five observation locations were established over the barrage complex 
structures, for hand held observation units. In addition data transmitting devices were also 
installed at these five locations which transmit the piezometers water levels to a central 
piezometer control room where a data logger and computer system are used to record, 
display and printout the piezometer data.  
 
This set up at Taunsa Barrage is working well. However the bugs in operating system of 
SCADA passed serious problems, which are being sorted out. 
 
These problems provided lessons for improvement in similar set-ups in future which were 
well utilized in design of a similar setup at Jinnah Barrage, also on Indus River where 
works similar to Taunsa were carried out. 
 

SETUP AT JINNAH BARRAGE  
 
The modernization and automation setup at Jinnah Barrage is similar to the setup at 
Taunsa Barrage except installation of a more competent and bug free operating software 
(IFIX-5.5) and a physical surveillance system through CCTV of eight nodes is being 
installed.  
 
A system structure diagram (FIGURE-2) depicts the general setup of the modernization 
and automation. 
 
IFIX software developed by GE is the world’s leading HMI/SCADA automation 
monitoring configuration software, running over more than 300,000 sets of equipment in 
the word. IFIX has unique set of powerful features, safety, versatility and ease of use in 
HMI/SCADA solutions. IFIX is a tailor-made solution for process management. 
 
Whether it is a simple stand-alone human-machine interface (HM), or complex multi-
node, multi-site data acquisition and control system (SCADA), IFIX can easily meet the 
needs of the various types of applications and application scale. IFIX flexible system 
structure not only meets the needs of the application of the current system it can also 
easily expand the size of the system when needed in the future at any time. 
 
IFIX software includes: 
 
SCADA Server: according to the capacity of the Jinnah Project, database points up to 900 
I/O, including the I/O communication program, real-time background processing and 
historical data acquisition. 
 
Client:  
 
Module consists of the user interface generation tools, VBA, ActiveX support, safety 
containers, historical data acquisition, real-time and historical trends.  
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The server provides a remote client access channel, can query the system real-time and 
historical data through the Internet, LAN or VPN remote clients, and can even manage 
remote operation. For IFIX application, as long as the network exists management and 
operation obstacles are mitigated. 
 
The redundancy package paired configuration provides two servers (working and standby 
servers). The data of standby server will always be synchronized with the working server, 
including the alarm and event. When the work server fails, the standby server 
immediately enters the working state and over the system command, redundancy package 
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switching time is zero (the actual switching time depends on the network communication 
speed and server CPU rate). After a server failure and repair, it automatically changes to 
standby. 
 
IFIX Software List 
 
Description Features Qty 
IFIX Version 5.5 
SCADA Server 
Pack Runtime 900 
I/O with 
Redundancy 
package 
Professional 

1. History defined function 
2. VBA Editor 
3. Event scheduling function 
4. Workspace (i.e. a graphic display function) 
5. Driver automatically switched (i.e. driver support 

redundant PLC) 
6. Contains SQT, SQD block 
7. ODBC features include alarm 
8. Support IFIX redundancy 
9. Support network functions 
10. Support VisionsX Control 
11. Supports OPC DCOM functions. 

2 

Web SPACE 
server 5.5 with 3 
clients accessing 

Real Time Data updates: The clients updated on change 
direct from the SCADA, so the user can reacting real-time: 
Multiple Sections: Support for multi-tab browsers 
Secure Containment: WebSpace accommodates third party 
controls with the same ease as IFIX workspace: 
E-signature: e-signature enhanced security and audit trail 
through the web. 
Animations: WebSpace supports IFIX displays with 
animations. 
Control Elements: All control elements are operable in 
WebSpace and inherit the IFIX applications security setup: 
Alarms and Warnings: View, ack and silence just like a 
thick client. 
Thirty Party Apps: WebSpace launches third party apps 
triggered from within your IFIX application. 

1 

 
HMI Function: 
 
HMI is a session interface between the operator and SCADA, it has many graphical user 
interface windows, which have different functions. The main functions are: 
 
(1) User Login 
 
Operator enters a user name and password to enter the system, the operator has two 
levels, Administrator and Client. 
 
(2) Supervisory 
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Display the overall information and monitoring systems such as the water level, 
discharge, gate position and status of the hoist also LAN, process curves, main device 
and alarm state. 
 
(3) Control 
 
When the LCP is under remote mode, the operator can operate the gates at the Barrage 
and Thal Canal in the control room. The starting interval time is limited adjacent the gate 
for reducing vibration on the barrage. For safety reasons, the navigational lock gate has to 
be operated from the field and not from control room. 
 
Stepping Control 
 
When remote mode is available, a gate raise or lower command shall restrict the 
movement of gates to no more than one foot at a time. Accordingly a command issued to 
raise a gate by three feet shall cause the gate to be raised by one foot and then pause for 
an adjustable duration ranging from one to five minutes followed by two subsequent 
cycles for raising by one foot each and pausing till the desired gate movement has been 
achieved. 
 
Manual Control 
 
The operator can select one or more and all gates to operating. When he press the 
“raising:” or “lower” button on the HMI screen, the specify gates will run. If the button 
“stop” to be pressed or the limit switch be active or the hoist malfunction such as the gate 
block, over voltage etc, the specify gates will stop. 
 
AUTO control is available only on remote mode. 
 
Data Acquisition 
 
The PLC I/O unit shall acquire the field information include of the hoist, gates position, 
water, discharge, power status etc. 
 
Self-checking 
 
The system has self-checking function, displays the some defective part and fault type on 
the screen to provide convenience for timely maintenance. The system is real-time 
monitoring and communication network fault identification, if any PLC or 
communication network malfunction or over voltage/UPS fault etc, the diagnostic 
information will be displayed on the screen to prompt the operator. 
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Network Management Software (NMS) 
 
Network Management Software Jetview Pro will be installed in the engineers work 
station. Engineer can use it to manage the LAN switches JetNet 5012 and detect LAN 
status. 
 
Major Features 
 

1. Automated network discovery and topology visualization 
2. Device and MSR group management 
3. Server-Client operation to ensure system scalability, reliability and real time 

status 
4. Even handling via polling, syslog, email and SNMP trap 
5. Device configuration via SNMP, Web, Telnet and SSH 
6. Provides accounting management 

 
INTRODUCTION OF CCTV SYSTEM 

 
The video surveillance system (CCTV) is designed to monitor the key areas such as 
roads, buildings and some barrage components. Its mainframe is installed in central 
control building and cameras shall be installed at various sites UPS power is used for 
CCTV to ensure reliable operation. 
 
Video surveillance of Jinnah Barrage comprises the following parts: 
 

1) Mainframe of video surveillance include a NVR and a VDR which is located in 
central control building. 

2) Cameras located at various sites in the barrage area. 
3) Camera will be connected the Level1 communication network to transmit signal 

to NVR. 
 

FUNCTION 
 
CCTV transmission is based on the level 1 of SCADA System network. 
 
Cameras are powered by UPS from the control building. They are connected to central 
control building via special cables. Output signals of each camera connect mainframe of 
video surveillance via fibers & adapter and Cat 6 cable. 
 
NVR and Switch and LED 23” & LED 60” monitors are placed in the control room. 
 
The main devices will be manufactured by Panasonic company. Camera model WV-
SW598, which is responsible for monitoring region of image, NVR type NV-200, which 
manages video signals storage and playback, VDU from Samsung company model is 
UA60EH6000/PX2370 LED display. 
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This video surveillance of Jinnah Barrage is an addition to the modernization effort at 
Taunsa Barrage and will provide reasonable security level for barrage complex security 
and safety. With completion of Jinnah barrage remodeling system, the other barrages in 
line are: Khanki, Sulemanki, Trimmu, Panjnad, Islam and Amandarh barrages and large 
canal systems which are being taken up in this order. 
 

LESSONS LEARNED 
 
Remote control and automation are useful tools, but require knowledgeable competent 
and dedicated operation. The instruments used are complicated and sensitive and need 
careful handling. 
 

RECOMMENDATIONS 
 

1) All said and done, automated remote control of the irrigation network programme 
is now imperative and call of the day. 

2) While automated remote control equipment is being installed, the institutional and 
capacity building measures should also be probed, identified and put into practice 
to ensure efficient and effective programs and their handling. 

3) The automation and remote operation need to be accelerated to cover the canal 
systems also, where it is most needed. 

4) All Provincial Governments of the country should now seriously consider setting 
up of automated remote control operations on all the barrages and canals to ensure 
efficient, smooth and easily accessible operative system. 
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ABSTRACT 

 
The United States Millennium Challenge Corporation (MCC) entered into a compact 
with the Republic of Moldova to rehabilitate eleven Soviet Era Centralized Irrigation 
Systems (CIS) totaling 15,500 ha for $80M. Deficiencies with project feasibility studies 
combined with designs not suitable for irrigation threatened eliminating the two largest 
CIS, Chircani-Zirnesti and Cahul, reducing the overall project irrigated area rehabilitated 
by 40 percent. MCC contracted Keller-Bliesner Engineering, LLC (KB) to complete a 
review of designs. The design review reduced construction costs on the nine CIS by 18 
percent allowing MCC to partially rehabilitate about half of the 4,600 ha Chircani-
Zirnesti irrigation project. The review also improved how irrigation water is to be 
delivered to farmland re-distributed at the end of the Soviet Union. 
 
Partially rehabilitating a centralized pumping irrigation system like Chircani-Zirnesti is 
not cost-effective because pumps and pipes are sized for the entire command area. A 
modular irrigation pumping scheme was developed for Chircani-Zirnesti that proved to 
be scalable to a specific budget, replicable to areas left out of compact funding, more 
flexible to irrigation delivery, reliable, and simple. In addition, the modular system was 
designed and built for the same cost per unit area of a centralized system. 
 
MCC requested a plan to address storm water flooding be provided to Cahul CIS as a 
compact benefit since Cahul CIS was left out of compact rehabilitation activities. KB 
developed a plan that protects below-river farmland by using a system of retention basins 
connected by an interceptor ditch and high efficient pumping. 
 

INTRODUCTION 
 
The Millennium Challenge Corporation (MCC) is a U.S. government corporation whose 
mission is to reduce poverty through economic growth in countries that are committed to 
good governance, economic freedom, and investments in people. The Moldova compact 
between MCC and the Republic of Moldova must be implemented in its entirety by the 
Moldovan entity the Millennium Challenge Account (MCA) between September 1, 2010 
and August 31, 2015. The compact is comprised of two projects: the rehabilitation of the 
M2 road, and the Transition to High Value Agriculture (TVHA) project. The THVA 

                                                 
1 Vice President of Project Engineering, Keller-Bliesner Engineering, LLC, 78 East Center Street, Logan, 
Utah 84321; mi@kelbli.com 
2 President, Keller-Bliesner Engineering, LLC, 78 East Center Street, Logan, Utah 84321; 
akeller@kelbli.com 
3 CEO, Keller-Bliesner Engineering, LLC, 78 East Center Street, Logan, Utah 84321; bliesner@kelbli.com 
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project is in turn made up of four separate but closely inter-related sub-activities: Access 
to Agricultural Finance (AAF), Growing High-value Sales (GHS), Irrigation Sector 
Reform Activity (ISRA) (including a sub-activity on River Basin Management (RBM), 
and the Centralized Irrigation System Rehabilitation Activity (CISRA). CISRA was to 
rehabilitate eleven Central Irrigation System (CIS) throughout the country totaling 
15,500 ha.  
 
The Republic of Moldova is a land locked country surrounded by Ukraine on the east and 
Romania on the south. Moldova declared independence when the Soviet Union dissolved 
in 1991. Agriculture has long been a major part of Moldova’s economy due to rich soil 
and a temperate continental climate. At the end of the Soviet Union in 1991, 270,000 ha 
was irrigated growing high valued crops such as grapes, walnuts, and vegetables. 
According to Merkley et al (2009) irrigated agriculture sharply declined to 4000 ha in 
1999 before slowly climbing back up to 33,000 ha in 2007.  
 
The CISRA project encountered serious implementation challenges, primarily with the 
reliability of feasibility studies and the creation of detailed designs for the eleven CIS 
targeted for this project. These challenges resulted in delays to construction and the 
elimination of two of the systems, Chircani-Zirnesti CIS and Cahul CIS which reduced 
the area rehabilitated under the compact by forty percent.  
 

CIS DESIGN REVIEW 
 
Costs estimates had escalated on the first six CIS designed for MCA to almost seventy 
percent over budget. Most of this increase was due to errors in the feasibility studies 
prepared for each CIS. The feasibility studies assumed that the existing asbestos cement 
pipe prevalent in all the CIS could be replaced. Preliminary testing on pipes excavated 
questioned the integrity of rubber gaskets used to seal pipe joints. The uncertainty of the 
gaskets combined with the complexity associated with pressure testing each pipeline 
reach caused designers to abandon the existing asbestos cement pipe. Designers simply 
replaced all CIS pipelines with new HDPE pipeline placed in the same alignment and 
retaining the same diameter and pressure class. 
 
MCC, concerned about not meeting compact objectives yet realistic about the 
requirement to replace all pipelines, frantically sought for ways to reduce costs prior to 
implementing designs. A design review was completed by independent reviewers to 
identify ways for saving costs. Costs savings were achieved by modifying excavation of 
trenches, reconfiguring pipeline layouts, and introducing irrigation products and 
practices. 
 
Excavation 
 
Costs for four methods for pipeline trench excavation were estimated for installing HDPE 
pipe of 315 mm diameter or less. They were: 
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1. Current CIS Design specifications. The DRAFT specifications prepared for the 
Lopatna CIS rehabilitation. These specifications appeared to utilize standard 
practices developed for municipal pipeline construction rather than irrigation. 
 

2. NRCS standards. Specifications for installing high pressure plastic irrigation 
pipelines obtained from the Arizona state office of the United States Department 
of Agriculture Natural Resources Conservation Service (NRCS, 1998).  
 

3. NRCS standards but written specifically for a trenching machine in areas with 
shallow top soil less than the trench depth. A bulldozer is used to excavate the top 
500 mm of top soil for later restoration. These specifications will not satisfy 
standards required for pipe larger than 315 mm due to limitations in trencher 
excavation width. 
 

4. NRCS standards but written specifically for a trenching machine in areas where 
the top soil is deeper than the required trench depth. These specifications will not 
satisfy standards required for pipe larger than 315 mm due to limitations in 
trencher excavation width. 

 
Table 1 summarizes general specifications for both CIS design and NRCS.  
 

Table 1. CIS design and NRCS specifications for excavation of pipelines <=315 mm 

Parameter CIS Design Specification NRCS-AZ Specification 

Trench Width dia. + 300 mm on each side
dia. + 203 mm on each 

side 
Min. trench cover 1.5 m 1.15 m 
Over-excavation on trench 

bottom 
150 mm 

Loosen material on 
bottom of trench 

Trench bottom material Type A material (Sand) 
Clean suitable native 

material 

Bedding Material 
Clean native material 

(Type C) 
Clean native material 

(Type C) 
Compaction Bedding 

Requirement 
90% of modified proctor 90% of standard proctor 

Compaction height over 
pipe 

300 mm 150 mm 

Remaining backfill Native material (Type D) Native material (Type D) 
 
CIS design trench specifications (Figure 1) call for a trench width of the pipe diameter 
plus 600 mm, an over-excavation of 150 mm, a minimum cover of 1500 mm, and a 
bedding cover over the top of the pipe of 300 mm. The specified compaction for the 
bedding material (Type C) is 90 percent of modified proctor. The top 500 mm of the 
trench are segregated separately from other trench spoils for later restoration. 
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Figure 1. CIS Design Specified Trench for 225 mm Pipe Installed in a Field 

 
NRCS standards are designed for underground pipelines installed inside agricultural 
fields. NRCS standards call for a trench width of the pipe diameter plus 406 mm, a 
minimum cover of 1150 mm (assuming a frost line of 1000 mm), and a bedding cover of 
150 mm over the top of pipe (Figure 2). The top 500 mm of the trench depth are 
segregated from the rest of the trench spoils for later restoration. These specifications 
decrease the excavation quantities by over 40 percent of those required by the CIS design 
specifications. 
 
Figure 3 shows a trench excavated by a trencher using NRCS standards. The top 500 mm 
of the trench are removed by a bulldozer to satisfy the topsoil preservation requirement 
and to allow for trench safety shoring. 
 



 Rehabilitation of Centralized Irrigation Systems in Moldova 69 

 

 
Figure 2. Trench for 225 mm Meeting NRCS Standards 

 
 

 
Figure 3. NRCS Standard Trench for 225 mm Pipe Excavated by a Trenching Machine 
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Figure 4. NRCS Standard Trench for 225 mm Pipe Excavated by a Trencher 
 
 
Figure 4 shows a trench excavated solely by a trencher using NRCS standards in areas 
where the top soil layer exceeds the required depth of the trench. No top soil removal and 
segregation is required for this option. 
 
The third and fourth methods considered here use a trencher instead of excavator and 
require modification of some NRCS specifications. Maximum trencher widths are usually 
about 686 mm. This trench width meets NRCS trench width specifications for all pipe 
sizes up to 280 mm diameter. The trench width requirement for pipes up to 315 mm 
diameter installed in a trench excavated by a trenching machine can be relaxed because of 
the excellent condition of the trench bottom formed by the machine. The rounded contour 
of loose fill (est. depth 100 mm) appears to conform to the pipe diameter in a manner that 
the pipe is supported for the entire length, which is difficult to achieve on a shovel 
excavated trench. The gap along the side of the pipe is wide enough and naturally sloped 
to allow for free flowing backfill to fill the haunches of the pipe with minimal tamping. 
The authors' experience utilizing this method for constructing on over 35 km of PVC pipe 
in cultivated fields has never resulted in a crushed pipe due to loading.  
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Pipe construction costs may be easily estimated by assuming that installation will be 
planned for the same rate as excavation. To compare CIS design with the three NRCS 
methods, cost were calculated for completing excavation and backfill on pipelines up to 
315 mm diameter using typical USA pricing (Table 2). Cost data was obtained from RS 
Means published cost data and local contractor rates. The excavation costs assume ideal 
trenching conditions for deep clayey-loamy soils free of cobbles. These costs do not 
include pipe material, installation, dewatering, or special circumstances. 
 
Excavation quantities were calculated by multiplying the trench width, trench depth, and 
trench length. Shoring requirements were estimated for each specified trench and 
included in the excavation quantity. Backfill quantity equaled the excavation. Imported 
fill was interpreted as the 150 mm layer of sand specified by CIS design specifications. 
NRCS standards do not require any imported material in the bottom of the trench if 
native material is suitable. Compaction volumes were calculated by multiplying the 
trench width, compaction depth (defined by a specific distance over the top of the pipe), 
and trench length. The volume of the pipeline in the trench was subtracted from the 
compaction volume. 
 
Table 3 lists estimated production rates for various diameters of pipe and construction 
methods based on excavation quantities and assuming similar crews. Using an excavator, 
construction to NRCS specifications averages 75% faster than construction to the CIS 
design specifications. Use of a trencher and NRCS specifications would more than triple 
the production rate possible with the DDRAP specifications which require an excavator.  
 
 

Table 2. Cost Estimate for Excavation/Backfill of Pipelines 315 mm or Less 

Excavation Method 315 mm 280 mm 250 mm 225 mm 160 mm

CIS design specs (excavator) $13.57 $12.85 $12.25 $11.75 $10.50

NRCS specs (excavator) $6.13 $5.66 $5.26 $4.94 $4.14

NRCS specs (trencher w/ dozer) $4.61 $4.37 $4.17 $4.01 $3.61

NRCS specs (trencher only) $3.19 $2.95 $2.75 $2.59 $2.19

(Costs shown are for excavating/backfilling per meter of pipe and are based on NM, 
USA construction costs.) 
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Table 3. Production Estimate Comparison for Installing Irrigation Pipeline 

Pipe Diameter 
(mm) 

Estimated 
Production using 

CIS Design 
specifications 

(m/day) 

Estimated 
Production using 

NRCS 
specifications 

(m/day) 

Estimated 
Production using 

NRCS specifications 
w/ trenching machine 

(m/day) 
315 143.00 239.00 425.00 
280 151.00 258.00 457.00 
250 158.00 277.00 487.00 
225 165.00 294.00 515.00 
160 185.00 350.00 601.00 

 
Pipeline Layouts 
 
CIS rehabilitation designs followed the Soviet layout with exactness. However, land was 
redistributed once the Soviet Union dissolved such that each family from the village 
received a long skinny parcel (50m x 600m). These parcels were not configured to the 
existing irrigation system resulting in cultivation not being perpendicular to the system. 
Consequently, tertiary pipeline hydrant placement was often found in odd parts of a field 
increasing the cost to the farmer for on-farm irrigation development or far away from a 
field denying access for some farmers (Figure 5). 
 
New configurations were completed that increased tertiary pipeline density and squared 
them with the field (Figure 6). As these configurations were completed other cost savings 
items were discovered that reducing pumping requirements by segregating high elevation 
areas to a specific pump, lowering pipe class, reducing pipe size diameter, and reducing 
right-of-way costs by avoiding long established vineyards and orchards. 
 
The new configuration completed by the design review usually required more length of 
pipe than the CIS design (Table 4) but cost increases were usually minimized by reducing 
larger diameter pipe requirements. In some cases, costs were actually lowered by 
reducing hydraulic requirements (Table 5).  
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Figure 5. Typical CIS Design Proposed Pipe Layout that Followed Existing CIS 
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Figure 6. Typical New Configuration Developed During Design Review 
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Table 4. Estimated Pipeline Size and Length Comparison for Jora De Jos between the 
CIS Design and Design Review 

Nominal 
Size (mm) 

Design 
Review 
Length 

(m) 

CIS 
Design 
Length 

(m) 
125 0 378
140 0 0
160 23,651 754
180 3,946 572
200 3,749 348
225 3,186 6,039
250 1,578 4,948
280 3,019 5,446
315 4,800 12,160
355 2,863 0
400 1,177 7,824

400 steel 979 2,481
500 steel 2,011 2,173
700 steel 4,106 4,106
800 steel 176 176

Total 55,242 47,406
 

 

Table 5. Jora De Jos Hydraulic Requirements Comparison for CIS Design Configuration 
and Design Review Configuration 

Pump 

CIS 
Design 
Area 
(ha) 

CIS 
Design 
Q 
 (l/s) 

CIS 
Design 

 H 
 (m) 

Review 
Area 
(ha) 

Review
Q  

(l/s) 

Review  
H  

(m) 
SPP1 219 202 69 260 202 71 
SPP2 1,015 890 49 989 877 49 
SP1-A 250 235 67 209 196 67 
SP1-B 103 84 79 103 84 79 
SP1-C 662 572 150 662 580 150 

PT7 Lat 0 0 0 85 71 Gravity 
SP2-A 110 101 73 110 101 73 
SP2-B 292 269 54 207 190 54 
SP2-C 260 202 32 260 218 32 
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In most cases, the design review configuration resulted in reducing costs for pipeworks 
despite having more pipe. To illustrate, one of the CIS reviews, Jora de Jos, reduced costs 
by over thirty percent (Table 6). In all cases, the review placed tertiary pipes so that they 
are perpendicular with current property boundaries, minimized impacts to cultivated 
fields, and reduced pumping requirements.  
 

Table 6. Jora de Jos Pipeworks Cost Comparison for Design Review and CIS Design 

Area 
Review 

Configuration CIS Design 
SPP1 $855,000 $1,174,000 
SP1 $2,774,000 $3,838,000 
SP2 $3,015,000 $4,492,000 
Total Pipeworks $6,644,000 $9,504,000 

 
 
Irrigation Products and Practices 
 
During the design review, it became apparent that Moldova did not have a well 
developed irrigation industry. Irrigation design in Moldova was mostly completed by 
Akvaproiect, a technical institute, established by the Moldovian SSR in 1965. 
Acvaproiect was mostly responsible for designing the historic centralized irrigation 
systems prevalent throughout Moldova. Merkley et al. (2009) describes the institute of 
having many years of experience in irrigation and a much technical knowledge but 
observed that most of these engineers were near retirement. The institute designed most 
of the CIS prevalent throughout Moldova and many of these same techniques were 
duplicated in the CIS rehabilitation designs although Acvaproiect didn’t complete the 
CIS rehabilitation designs. 
 
The design review identified additional cost savings by introducing products and 
practices from other regions with a developed irrigation industry. One example was 
replacing air vents and pressure relief valves with products specifically designed for the 
irrigation industry. Another example was to use underground access conduits for isolation 
valves rather than concrete manholes. Options considered but not approved include 
utilizing vertical turbine pumps instead the horizontal centrifugal pumps currently 
utilized, using PVC pipe on tertiary pipelines rather than HDPE pipe, and using pre-
fabricated steel riser valves. 
 
Review Cost Savings 
 
The design review reduced costs on the six CIS systems by $14M or almost twenty-five 
percent (Table 7). Savings found were applied to the three CIS designs still not 
completed. This review provided to MCC enough funding to partially rehabilitate 
Chircani-Zirnesti CIS. 
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Table 7. Comparison of Estimated and Design Review Costs for Six CIS 

CIS Rehabilitation 
Project ha 

CIS Design 
Estimate 

Design Review 
Cost 

Cosnita 2500 $18,400,000 $13,871,842  
Jora De Jos 1215 $14,700,000 $11,567,106  
Puhaceni 920 $6,600,000 

$9,934,134 
 

Roscani 700 $5,300,000 * 
Criuleni 760 $7,200,000 

$8,300,832 
 

Lopatna 510 $5,400,000 ** 
Total 6605 $57,600,000 $43,673,914  

*Puhaceni and Roscani Contract combined 
**Cruileni and Lopatna Contract combined 

 

 
MODULAR APPROACH 

 
Rehabilitating a portion of a centralized irrigation system such as Chircani-Zirnesti CIS is 
difficult because pumps and pipes are sized for specific command area. Accordingly, a 
modular irrigation pumping scheme was developed for Chircani-Zirnesti that proved to 
be scalable to fit the available construction budget, replicable to areas left out of compact 
funding, more flexible to irrigation delivery, reliable, simple, and quick to construct. In 
addition, the modular system was designed and built for the same cost per unit area of a 
centralized system. 
 
Chircani-Zirnesti CIS 
 
The Chircani-Zirnesti centralized irrigation and drainage system was constructed by the 
Soviets in the early 1960’s with a command area of approximately 5,000 ha in the former 
river-bottom east of the Prut River and between the villages of Chircani on the north and 
Zirnesti on the south (Figure 7). (The area is immediately north of the Cahul CIS area 
described in the following drainage plan section.) The agricultural area was separated 
from the Prut River floodplain by a continuous levee about 7 m above the natural grade 
of the agricultural land. Two centralized pumping plants were constructed to bring water 
from the Prut River to irrigate the newly developed agricultural land. 
 
Since much of the agricultural land is at or below the river water surface elevation, a 
network of drainage canals were constructed to collect excess irrigation water and storm 
water runoff and deliver it to two drain pump stations which pumped to the Prut River.  
 
None of the Soviet Era irrigation and drainage infrastructure within Chircani-Zirnesti CIS 
is functional. Furthermore, only the drainage canals can be rehabilitated. All other 
infrastructure must be replaced to restore irrigation. Because of inundation of agricultural 
land by storm water, high water table, and lack of natural drainage, rehabilitation of the 
drainage network and pump stations is necessary for irrigation restoration. 
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Figure 7. Chircani-Zirnesti CIS with Modular Layout 
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Modular Design Approach  
 
The layout of the irrigation modules was dictated by the surface drainage network, which 
has drainage canals running east-west approximately every 700 m north to south. The 
road network and land ownership are also shaped by the drainage system, further defining 
the irrigation modules. The result is 17 irrigation modules with an average size of 260 ha 
each. The anticipated available funding under the MCC Moldova Compact is sufficient 
for construction of nine modules (highlighted in blue in Figure 7) along with construction 
of the associated river intakes, service canals, electrical power, ancillary components and 
rehabilitation of the drainage canals and pumps. 
 
The design developed for the modular scheme diverts water from the Prut River by 
gravity through two separate intakes into service canals that ran parallel to flood 
protection levee on the farmland side for the entire length of the Chircani-Zirnesti project. 
These service canals have the same footprint as the existing long narrow borrow pits for 
construction of the levee. The water levels in the service canal will be maintained by 
automatic downstream control gates. Modular pumping plants are placed along the 
service canals to pressurize the conveyance pipelines for each irrigation module. This 
modular pumping plant and conveyance pipeline design provides flexibility to 
accommodate uncertain funding levels for the Chircani-Zirnesti project without 
foreclosing on future opportunities for completion of all modules when funding is 
available. Furthermore, the modular approach coupled with prefabrication of concrete 
pump sump boxes simplifies and accelerates construction. The modular pumping plants 
also increased pumping plant efficiency and provided more flexibility for irrigation 
delivery. 
 
Figure 8 is a schematic of the river intake, fish protection screens, pipe through the flood 
protection levee, pressure box, automatic level control gate, service canal, and a pump 
module. This schematic was used to help explain this entirely new approach to 
stakeholders in Moldova. 
 
 

 
Figure 8. Schematic of River Intake to Modular Pump Station 
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Pipeline Design 
 
The irrigation modules were designed to supply 0.85 L/s per hectare at a minimum of 3.5 
bar pressure at ground level downstream of each hydrant valve. This is sufficient pressure 
for efficient operation of the popular hose-reel with spray-bar (Bauer) sprinkler systems 
and most other anticipated types of on-farm irrigation equipment, including center pivots.  
Hydrant spacing is 50 m along tertiaries approximately every 400 m (hydrant density of 1 
per 2 hectares) running along property boundaries and perpendicular to land use 
direction.  
 
Because of the high energy costs ($0.17/kW·hr for electricity) in Moldova the design 
approach concentrated on energy efficiency and pipeline optimization. Optimized life-
cycle cost pipe diameters tend to be relatively large, trading off higher capital cost for 
reduced operation cost. This also reduces the total electrical power requirement for the 
project. 
 
The process of optimization determines the least total life-cycle cost for pipe finding the 
optimum between large diameter, which leads to low velocity and low friction loss but 
higher capital cost, and high energy costs to pump water through smaller diameter pipe.  
 
The optimization is constrained by a maximum allowed design flow velocity, which is 
determined by the transient surge allowance for the pipe. Transient surge magnitude is a 
function of the sudden change in flow velocity and the diameter ratio (DR, outside 
diameter divided by the pipe wall thickness) of the pipe. The greater the sudden change in 
velocity and the smaller the DR, i.e. the thicker the pipe wall, the greater pressure surge.  
 
All pipes for Chircani-Zirnesti are HDPE. HDPE pipe can safely handle occasional total 
pressures—sustained operating pressure plus transient surge—up to a maximum of 2.0 
times, and an infinite number of reoccurring surges up to a maximum of 1.5 times the 
pipe’s temperature compensated pressure rating. To be conservative, pipes were designed 
for a maximum surge allowance of 50% of the pipe’s pressure rating. The low pumping 
lift requirement and delivery pressure of 3.5 bars allows for nominal 6 bar pressure rated 
HDPE pipe (PN6). For HDPE100 PN6 pipe with a diameter ratio of 27.6, the maximum 
allowable velocity was conservatively limited to 1.5 m/s. 
 
Figure 9 is a screen shot of the Excel spreadsheet showing the design assumptions (range 
A3:B12) for the optimization and the results (optimal design in L/s in range M16:M30) 
for the full range of nominal pipe sizes evaluated and an example modular system flow 
rate of 231.4 L/s. 
 
The modular design concept is extended through the tertiary (lateral) design with two 
standardized tertiaries (end-feed and middle-feed) supplied from a standardized DN 
200-mm, valved mainline delivery off-take. 
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Figure 9. Screen Shot of Spreadsheet for HDPE Pipe Optimization for Chircani-Zirnesti 

 
Module Pump Unit Design 
 
The design calls for a modular pumping station consist of two or three vertical turbines, 
each mounted on a separate concrete intake sump vault and plumbed to the pipeline using 
a Tee-manifold. Vertical turbine pumps are specified because they can be installed above 
ground, don’t require priming, can be installed in the open, are easily serviced with a 
boom truck, and widely utilized in the irrigation industry. The use of submerged vertical 
turbine pumps with outdoor motors is new for Moldova. All the centralized irrigation 
system pumping plants have used horizontal centrifugal pumps requiring priming with 
associated vacuum systems and enclosed in pump buildings with overhead boom systems 
(see Figure 14 in the following Cahul Drainage Plan section). 
  
The pumps are selected such that the peak efficiency exceeds 82% and they can operate 
over a range of flow from 35% or less to 100% of design flow at the design pressure and 
at efficiencies greater than 70%. This range is provided by a motor speed change of 20% 
or more. The design point is selected to the right of peak efficiency and is at 75% 
efficiency or greater. The pumps are able to operate at 25% of design flow or less with an 
efficiency of 50% or greater without damage to the pump. The operating criteria is set 
such that minimum operating flow is greater than 25% of the smallest pump in the plant. 
Using the modular approach, this provides the water users with much greater operational 
flexibility and higher efficiency than possible with a centralized pumping system for the 
entire command area. 
 
Vertical hollow shaft motors have a service factor of 115% of the nameplate rating but 
motor load limited to 105%.  
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The vertical turbine pumps discharge to an assembly consisting of steel piping, an 
air/vacuum relief valve, check valve, brushable screen filter, and flow meter for each 
pump. Multiple pumps are connected in a “Tee” configuration upstream of a single 
pressure reducing valve (PRV). A pressure transducer is installed upstream of the 
pressure reducing valve and connected to the PLC to allow the plant to maintain constant 
downstream pressure. A continuous acting air vent/vacuum relief valve and a pressure 
gage are located downstream of the PRV. The steel discharge piping then connects to the 
mainline underground. (See Figure 10.) 
  
Only three pump designs are required for the 17 irrigation modules. Each module consists 
of a combination of the following pumps: 
 

• 75 HP (56kW), 82.5 lps flow at 53.0 m head 

• 100 HP (75kW), 110 lps flow at 51 m head 

• 125 HP (93kW), 145.6 lps flow at 51 m head 

 
Modular Irrigation Economics 
 
Figure 11 shows the Chircani-Zirnesti module S7 (269 ha, 71 land users, 109 land 
owners) layout and engineering cost estimate (US$1.3 million). Rehabilitation of the 
entire drainage system and construction of the river intakes, service canal, powerline, etc. 
account for an additional 25% of costs (US$1,200/ha). On-farm irrigation development 
will require further investment of $1,200/ha to $2,500/ha depending on the application 
method. Net returns are expected to increase by up to $2,600 per hectare per year. The 
economic rate of return on the total investment is expected to exceed 11% per year. The 
result is modular irrigation system, which is scalable, flexible, reliable, simple, and 
efficient, at a per hectare capital cost less than or equal to that of the centralized approach 
it replaces. Furthermore, this modular approach can be replicated on 26,000 hectares of 
similar CIS in Moldova. 
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Figure 10. Drawing Typical Three-Pump Modular Irrigation Pump Station 

 
 



84 Planning, Operation and Automation of Irrigation Delivery Systems 

 
Figure 11. Example Module (Chircani-Zirnesti S7) Layout and Cost Estimate 
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CAHUL DRAINAGE PLAN 
 
In the early 1960’s a centralized irrigation and drainage system was constructed west of 
the city of Cahul to farm approximately 6,500 hectares of former river-bottom 
(Figure 12). The agricultural area was separated from the Prut River flood plain by a 
continuous levee about 7 m above the natural grade of the agricultural land. Three 
pumping plants were constructed to bring water from the Prut River to irrigate the newly 
developed agricultural land. 
 
Since much of the agricultural land is at or below the river water surface elevation, a 
network of drainage canals were constructed to collect excess irrigation water and storm 
water runoff and deliver it to three drain pump stations located adjacent to the water 
supply pumps. The system also collected storm water runoff and spring flow from the 
watershed east of the agricultural lands. Storm water retention basins were included to 
retain the peak storm flows that exceeded the capacity of the drainage system. 
 
Due to lack of available funds, there has been little maintenance of the system since the 
Soviet Union dissolved and the system has fallen into disrepair. The irrigation system is 
no longer functional and the land is being farmed under rain fed conditions, with only 
minor irrigation on higher value crops by a few farmers pumping water from the drainage 
canals. At most, a few hundred hectares are being irrigated. 
 
At least one drainage pump in each pump station is operational but they are in very poor 
condition and are operating at very low efficiencies. Their operation is likely only 
sustainable for a few more years. 
 
The storm water retention basins are no longer functional. The control structures are 
damaged beyond repair and sedimentation has disconnected several of basins from the 
system. The ones that are still connected cannot be controlled because of the lack of 
functional control structures. 
 
Many of the drainage canals are so plugged with sediment and rooted aquatic vegetation 
that, even when the pumps operate, they cannot adequately remove the storm water that 
has accumulated. Much of the area has become waterlogged and unfarmable with more 
farm land lost each year. 
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Figure 12. Overview Map of Cahul Agricultural Area with Main Drains Displayed 
 
 
A study to address Cahul CIS drainage issues was completed and included the following 
elements: 
 

1. Field investigation to assess condition of the drainage system and options for 
rehabilitation. 

2. Assessment of the physical and economic impact of the deferred maintenance of 
the drainage system. 
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3. Determination of storm water runoff and spring flow volumes from the 
watersheds to the east that drain to the agricultural lands and runoff directly from 
the agricultural lands. 

4. Conceptual design. 
5. Identification of maintenance equipment requirements and costs to provide the 

local Water User Association (WUA) with the equipment necessary to maintain 
the system into the future and to assist in the rehabilitation of the existing 
drainage canals. 

 
Field Investigation 
 
Many of the drainage canals are badly restricted by heavy rooted-aquatic vegetation 
(primarily phragmites) and sediment. The larger drainage canals closer to the pump 
stations are still open in the centers but reduced in capacity by vegetation on the sides. 
The smaller drainage canals are nearly closed off by vegetation and sediment (Figure 13). 
Further, a number of the drainage canals have been filled in for field access, preventing 
them from delivering water to the pumping stations or requiring longer flow travel to 
bypass the closed location. 
 
 

 
Figure 13. Existing Secondary Drain in CP3 Showing Restriction from Vegetation 
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While interviewing farmers in the Cahul area and discussing the possibility of using 
retention basins from storm water runoff from the watersheds to the east, the field team 
learned that the original system was designed with retention basins. Most of the structures 
are no longer visible, but the team did identify one control gate that was used to control 
flow from the interceptor drain into the CP2 main drain (Figure 12).  
 
Inspection and elevation survey of the historical basins indicate that sediment deposition 
in the control areas have changed the way the basins would function, but by changing the 
control concept, installing control structures in the interceptor canal and raising a dike in 
one location, six of the basins could function well in retaining storm water runoff from 
the eastern watersheds. The field team identified locations where survey data should be 
collected to determine basin capacity and function and the surveyor obtained the required 
information. 
 
It appears that the interceptor drainage canal (Figure 12) was originally designed to route 
most of the watershed runoff to the CP3 pumping plant (SPP3) as it has the highest 
capacity. There was also provision for routing some of the runoff water to CP2 through 
the control structure discussed above. CP1 has the largest farmed area and water shed 
area yet the pumping plant had about the same design capacity as CP2. This further 
indicates that most of the watershed runoff was routed to the CP3 pumping plant. The 
interceptor drain has been blocked between each from unit (North, Middle, South) so all 
the runoff water above each of the three farm units must be handled by the associated 
pumping plant. 
 
Each of the three drainage pumping plants were inspected by the field team in May. The 
approximate design conditions (based on interview responses and inspection of motor 
and pump size) are presented in Table 8. Even under new conditions, these were low 
efficiency pumps. Further, the pipelines are small relative to the pump capacity, resulting 
in high discharge heads. Energy costs, even when new and functioning at peak 
conditions, would have been high. 
 
The condition of the pumping stations has deteriorated significantly since the early 
1990’s due to age and deferred maintenance (Figure 14). At the time of the team’s 
inspection, there was just one functional pump at each pumping plant. Tests were 
completed on functional pumps and found their efficiencies to be extremely low 
(Table 8). 
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Table 8. Cahul Drain Pump Approximated Original Design Conditions and Tested 
Efficiencies 

Pump Station SPP1 SPP2 SPP3 

Number of Pumps 2 3 4 
Design head - m 17 17 18 
Pump 1       
 Motor size - kW4 140 100 200 
 pump capacity m3/hr 5,040 3,700 7,000 
Pump 2       
 Motor size - kW 140 100 110 
 pump capacity m3/hr 5,040 3,700 3,700 
Pump 3       
 Motor size - kW   100 110 
 pump capacity m3/hr   3,700 3,700 
Pump 4       
 Motor size - kW     110 
 pump capacity m3/hr     3,700 
Plant capacity m3/hr 10,080 11,100 18,100 
Design plant efficiency 51% 52% 51% 
Current Plant Capacity m3/hr 489 1,091 1,949 
Current overall plant efficiency 8% 24% 15% 

 

 

Figure 14. SPP1 Pumping Plant (distant 2 pumps are drain pumps) 

                                                 
4 No original motors existed at SPP1. Size is estimated. 
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Impact of Deferred Drain Maintenance 
 
2006 and 2013 aerial photography were used to assess the progressive impact to 
agriculture as a result of deferred maintenance of the Cahul drainage system. Farm land 
losses were classified into two categories: “Permanent” loss and “intermittent loss. An 
area is deemed permanently lost to production once phreatic vegetation (typically 
phragmites) establishes in a field. This loss will only be recoverable once the water level 
is dropped in the drains sufficiently for these areas to drain. 
 
Intermittent loss was assigned when the field appears obviously wet in the aerial 
photography, but phreatic vegetation has not established. It is assumed that by pumping 
down the drains, these areas will again be farmable. Examining the precipitation record, it 
is expected that these intermittent losses will result in crop loss 1 year in 4. If 
maintenance continues to be deferred, some, and eventually all of these intermittently wet 
areas will become permanently wet and will only be recoverable when the drain system is 
rehabilitated. 
 
In 2006 there were 144 hectares of permanently lost farm land. By 2013 that had 
increased to 933 hectares. Intermittent area increased from 200 hectares in 2006 to 1,434 
hectares in 2013. We expect that without maintenance, the permanently lost area will 
increase to 2,500 hectares with an additional 1,000 hectares intermittently lost in about 5 
years. 
 
The study estimated net return from rain fed agriculture in the southern Prut basin to be 
$126 per hectare. Table 9 presents the direct economic impacts from the lost production 
due to deferred maintenance of the drainage system in 2006 and 2013. A forecast for the 
“near future”. Without intervention, the drainage system will continue to deteriorate and 
become non-functional within 5-7 years. The “near-future” is within this time frame. 
 
Also shown in Table 9 is the extra cost of pumping due to the very low pumping 
efficiencies. The net result is an annual cost due to deferred maintenance of over 
$210,000 in 2013. This expects to increase to nearly $350,000 per year in the next 5 
years. These impacts are likely understated, as sometimes the rains come just prior to 
harvest and the fields cannot be drained to harvest, as occurred in 2013. Thus, the loss is 
not just the net return, but the production cost as well. 
 
 

Table 9. Economic Impact of Deferred Drain System Maintenance 

 Lost Arable Land Energy 
Cost 

Total 
Impact  Permanent Intermittent Value 

2006 144 200 $24,444 $40,000 $64,444 
2014 933 1434 $162,729 $48,000 $210,729 
Near Future 2500 1000 $346,500  $346,500 
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Water Entering the Agriculture Land 
 
There are three sources of water that create the need for drainage on the Cahul 
agricultural land: 1) spring flow and river base flow from the watersheds to the east, 2) 
storm water runoff from the watersheds to the east, and 3) storm water runoff from the 
agricultural land. Since the lands lie below the water level in the Prut River this water 
must either be diverted before it reaches the low land or routed through the agricultural 
land in drainage canals and pumped to the Prut River. 
 
Both flow and water quality measurements were made at each of the five “subflow” 
locations. The measurement sites are located along the east bench where flow velocities 
were sufficient for flow measurement. The total measured flow was 95.7 lps. It was 
estimated that the accumulated flow from the many small springs and seeps at the base of 
the watersheds adjacent to the project land would increase the total flow by 33%. With 
this addition, the total base flow is estimated to be 127.3 lps. The routing of this base 
flow to the Prut River using the agricultural drain system is shown conceptually in 
Figure 15 (dark blue line).  
 
 

 
Figure 15. Schematic of Runoff Conditions with no Watershed Runoff Storage 
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Water quality measurements indicated that the electrical conductivity (EC) and total 
dissolved solids (TDS) are high. The base flow nutrient concentrations, nitrate (NO3) and 
phosphorus (P), were also high.  
 
The drainage system capacity analysis was completed using the 25-year frequency, 24-
hour precipitation amount. Daily precipitation data were provided by Hydro-
Meteorological Service of Moldova for Cahul from 1960 to 2012 and was used to 
compute runoff volume.  

In order to determine one day, 25-year return period rainfall to be used in runoff volume 
estimates, annual maximum values were extracted from the daily precipitation data. 
Sample moments were calculated from these maximum values and parameters were 
computed for the Extreme Value Type I probability distribution as follows: 
 

A = average annual maximum 24-hr precipitation = 47.74 mm 
S = Standard Deviation  = 18.17 mm 
α = sqrt(6) * S/π  = 14.16 
u = A – 0.5772 * S  = 39.57 mm 
T = Return period  = 25 yrs 
Yt = ln(ln(T/(T-1)))  = 3.20 
Xt = Maximum 24-hr rainfall depth = u + α * Yt = 85 mm 
 

From this the 25 year return period precipitation for one day is determined to be 85 mm. 
 
To estimate the volume of runoff from a 25 year return period one day rainfall event, the 
Natural Resources Conservation Service, National Engineering Handbook, Estimation of 
Direct Runoff from Storm Rainfall method was used as implemented in the NRCS 
computer program, WINTR-55. For this method a Curve Number was selected by the 
program from the soil and cover characteristics. The watersheds to the east of the Cahul 
project have a mix of cover, including agriculture, light forest/grass land and urban 
conditions. Based on hydrologic soil group C, and a “woods-grass combination” 
classification, the curve number was determined to be 72. TR-55 generated a runoff depth 
of 26.1 mm for this curve number. This number was then multiplied by the surface area 
of a watershed to determine the volume of runoff. The runoff volume estimates from the 
watersheds east of the three units of the Cahul agricultural project (North, Middle and 
South) are shown in Table 10. 
 
The project agricultural lands are much flatter and are expected to have less runoff than 
the watershed areas. For the project lands, a curve number of 61 was used resulting in an 
estimated 10 mm of runoff from the 25-year 24-hour storm. 
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Table 10. Storm Water Runoff Estimates for Project Lands and Watersheds – 24-hr, 25-yr 

Destination Drainage 
Area 
(ha)

Runoff 
m3 

Cahul North Drains Project Area 3,144 312,000 

Cahul Middle Drains Project Area 1,985 197,000 

Cahul South Drains Project Area 2,091 207,000 

Project Area Total     716,000 

Cahul North Drains WS Area 3,664 950,000 

Cahul Middle Drains WS Area 1,778 461,000 

Cahul South Drains WS Area 2,205 572,000 

Watershed Area Total     1,983,000 

 
 
In September, 2013 a record precipitation event occurred in the Cahul area listing 172 
mm of precipitation in 12 hours and a recorded total 246 mm in three days (Sept 11-13, 
2013). We had engineers in the field during that time who were able to observe the depth 
of water in the agricultural area and drains as a result of the storm. From this general 
observation and computation of areas inundated with this volume of runoff, we were able 
to affirm that the selected curve numbers and the resultant runoff depth is reasonable for 
this area. 
 
Since the runoff is greater from the watersheds than the project area, designing the 
drainage system to retain the runoff from the watersheds and release it slowly to the 
agricultural drainage system greatly reduces the pump capacity and the required size of 
the drains.  
 
The benefit of retaining the watershed runoff is demonstrated graphically in the two 
illustrations (Figures 15 and 16) comparing the drain performance with and without 
retention basins. Figure 15 shows that without watershed runoff retention the drainage 
canals cannot store all the runoff and the low elevation fields (primarily those in the 
middle of the project) would be flooded. This also represents current conditions, except 
that the flooding is worse because of the clogged drains and low pump capacity. 
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Figure 16. Schematic of Runoff Conditions with Retention Basins to Store Watershed 
Runoff 

 
Figure 16 shows the retention storage requirement and its effect on the agricultural lands. 
By retaining the watershed runoff, the drainage canals have adequate capacity to store the 
runoff from the farm lands in the project area with only minor short-term (1 day) 
flooding. Once the pumps draw the water down in the drainage canals, the retention basin 
storage can be released to the canals and pumped to the river. With pump capacities 
capable of draining the agricultural lands in 5 days, it would take an additional 10 days to 
empty the retention basins. 
 
To determine pumping costs, average annual runoff volume is needed. A 1980 Atlas map 
showing runoff contours for Moldova shows the average annual runoff for the South Prut 
area to be about 25 mm per year. We used our runoff curve numbers for the watershed 
and WINTR-55 to compute runoff from a range of storm depths to develop a relationship 
between precipitation and runoff and then applied the relationship to the daily 
precipitation record to compute the average annual runoff. The result was 26 mm per 
year, confirming the Atlas value. 
 
Based on the total runoff area and 26 mm per year of annual runoff, the annual pumping 
requirement from runoff is about 4,000,000 m3 per year. To this is added the base flow 
volume of 3,900,000 m3 per year. The evaporation losses from the drains is computed to 
average 800,000 m3 per year, for a net annual pumping requirement of 7,100,000 m3 per 
year.  

Retention Basins store ≈ 3,000,000m
3
 

Until ag runoff in drains is pumped out 
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Conceptual Drainage System Design 
 
The approach to the drainage system design is to minimize excavation of the drainage 
canals and the size of the pumping plants while still providing adequate capacity to 
protect the farm lands in the Cahul project area. The drainage system has been designed 
in three modules, with interconnection between the three modules. The modules are 
denoted as CP1 (north Cahul), CP2 (middle Cahul) and CP3 (South Cahul) (Figure 12). 
The corresponding original pumping plants are SPP1, SPP2 and SPP3, but are referred to 
by the new nomenclature in this Section to distinguish the new pumping plants. 
 
The drainage canals have been designated by type (interceptor, main, secondary and 
tertiary) Tertiary drains are to be rehabilitated by the WUA and are primarily shallow 
surface drains used to direct runoff from roads and fields into the main and secondary 
drains.  
 
The Interceptor drain is located on the east boundary of each module and is continuous 
across modules. It is designed to intercept watershed runoff before it enters the 
agricultural drainage system. The interconnection between modules restores the original 
function of the system whereby watershed runoff can be routed to different modules, 
depending on runoff volume and pump capacity.  
 
The interceptor drain is designed with a 2.5 m bottom width and 1.5:1 side slopes to 
handle the anticipated flows from the large watersheds. The checks are necessary to 
retain water in the retention basins. The flow in the interceptor drain would be controlled 
by a gated check structure at key locations. During normal operation, the 1.2 m gate in 
the center of the structure would be open just enough to pass the base flow when there is 
no outlet. If the check is at an outlet, it would be closed to direct the base flow to the 
associated main drain. The turnout to the main drains has a 1 m head gate installed in a 
weir box upstream of a 1 m diameter HDPE culvert. The rectangular weir box would 
allow emergency overflow into the main drains if the retention basins filled during non-
attended hours. During normal operation the head gate would be opened just enough to 
pass the base flow (Figure 17). 
 
During a storm runoff event, the check would allow the retention basin to fill up to the 
check elevation and then it would overflow to the next downstream section. The gate 
would be closed until the agricultural drains were pumped down (Figure 18). 
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Figure 17. Interceptor Drain Operation during Base Flow 

 

Figure 18. Interceptor Drain Operation during Storm Events 
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Once there is sufficient capacity in the agricultural drainage canals, the gate to the main 
drain would be opened to release water from the interceptor drain and retention basins at 
a rate equal to or less than the pump capacity until the retention basins are empty (Figure 
19). Flow would be routed to the respective drainage module, depending on available 
pump capacity. Each structure has overflow weirs to pass flow downstream in the event 
the retention basins fill beyond the normal control depth when no operators are available 
to open the gate. 
 
 

.  

Figure 19. Interceptor Drain Operation during Retention Basin Release 
 
 
There are nine retention basins planned. The total storage capacity is 7% greater than the 
computed 25-year watershed runoff volume. No excavation is planned within the basins 
except for improving their connection to the interceptor drain. 
 
Based on the rainfall record and runoff forecasts, we anticipate that these basins will store 
water about 1 year in 4, on average. The retention time would range from two days up to 
20 days with the longest retention times about 1 year in 50. The basins would be best 
utilized for grazing with intermittent flooding possible. 
 
The drainage canal throughout the farmland route both base flow and storm flow to the 
pumping plants. The invert elevation of these drains is designed to limit total excavation 
but maintain adequate surface water drainage. In each of the three modules, the minimum 
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field elevation was determined and the drain elevations set to provide a minimum depth 
from land surface to drain invert of 1.5 m. Minimum elevation was set generally 0.2 
meters below the invert elevations near the pumping plants. Occasionally a cross-section 
survey showed an invert elevation below the design invert elevation. In these cases, the 
vegetation would be removed but the drains would not be deepened. Because of the very 
flat topography, many of the drains have no slope so the minimum depth could be 
maintained. 
 
Main drains have a minimum bottom width of 2.0 meters. In some locations that was 
increased to 2.5 meters to best match existing conditions near the pumping plants. 
Secondary drains typically have a 1.5 m bottom width and tertiary drains a 1.0 m bottom 
width. All drains assume a 1.5:1 side slope. While these are the conditions that were 
assumed for this design, it is intended that the drains just be cleaned to the depths shown. 
The actual cross-section shape is intended to remain essentially the same as existing to 
limit excavation volume. 
 
The conceptual design includes three new pumping plants at the location of the existing 
pumping plants. Electrical power with adequate capacity is available at each location. 
The existing drain sumps will be used, but new pump structures, pumps and discharge 
pipelines are proposed, using vertical turbine pumps rather than the current horizontal 
centrifugal pumps. The pumps will discharge at the same location as the existing drain 
pumps 
 
The pumping plants are sized to evacuate the 25-year frequency agricultural field runoff 
volume in 5 days or less. For ease of maintenance, the pumps are all designed with 30 hp 
(22 kW) motors. Since the total dynamic head is different for each location, the pump 
flow rates are also different. The pump design conditions are given in Table 11. The 
discharge elevations will be valid 95% of the time. The pumps must be selected to 
operate satisfactorily at higher head for times when the river stage is above the discharge 
elevation and the discharge will be reduced at high river stage. 
 
 

Table 11. Pumping Plant Design Conditions 

  CP1 CP2 CP3 

Number of pumps 2 2 2 
Flow rate lps 335 275 326 
Discharge pipe dia-mm 584 584 584 
Pipe length - m 125 185 85 
Sump w.s. elevation - m 4.3 3 3.7 
Discharge elevation - m 8.8 8.6 8.4 
Static lift - m 4.5 5.6 4.7 
Misc losses - m 0.24 0.16 0.23 
Pipe friction m 0.23 0.23 0.15 
Total dynamic head - m 4.97 6.00 5.07 
Pump efficiency 0.75 0.75 0.75 
Motor kW 21.7 21.6 21.6 
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Water User Association support for Drain Maintenance 
 
The existing drain system condition has resulted from lack of maintenance. To sustain the 
newly rehabilitated system, on-going maintenance is critical. With the creation of the 
Cahul WUA, the institution is in place to take responsibility for maintenance, but has no 
equipment. To secure the investment in the rehabilitation, we recommend that a basic set 
of equipment required to maintain open drains be provided to the WUA. The equipment 
list with estimated costs is shown in Table 12. 
 
With this equipment, Cahul Water User Association will have the capability of cleaning 
the tertiary drains as part of the rehabilitation and to continue to clean all the drains on a 
rotating basis as needed in the future. 
 
 

Table 12. Recommended Equipment for Drain Maintenance Recommended for WUA 

Description Est. Cost 

160 HP long reach crawler excavator. New Holland E 215CLR or 
equivalent 

$225,000 

170 hp motor grader. New Holland F156.7A or equivalent. $265,000 

170 hp wheel loader. New Holland W130C ZB or equivalent $136,000 

100 HP four wheel drive farm tractor. Leus Plus or equivalent $37,000 

Long reach boom mulcher/mower. Rear mount, PTO driver with flail 
style mower head with adequate reach to mow drain banks to water 
line 

$25,000 

Total $688,000 

 
 
Total Costs and Benefits 
 
The total cost to rehabilitate the system as designed and provide the recommended 
equipment to the Cahul Water Users Association is $3,765,100 as shown in Table 13. 
The total annual cost, including annualized capital cost at 3.75%, O&M, flood easement, 
and energy for pumping is $252,677 or $38.87 per hectare per year. 
 
The total benefit is the lost production from poor drainage and increased power costs for 
operating the low efficiency pumps shown in Table 9. In 2014 that amount is computed 
to be $210,729. This is less than the annual cost of the rehabilitated project. However, the 
losses in the system are progressive. Within 5 years the losses are expected to total 
$346,500 as the system continues to deteriorate. Within 10-15 years there will be little if 
any remaining agricultural lands in production unless rehabilitation is undertaken. 
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Table 13. Total Capital and Annual Cost to Rehabilitate and Maintain the Cahul 
Drainage System 

Component Capital Cost 
Annual Cost 

Capital O&M Energy Total Cost/Ha 

Interceptor $318,300 $12,921 $13,270   $26,191 $4.03 

CP1 $1,096,000 $46,842 $32,880 $5,845 $85,567 $30.24 

CP2 $794,800 $34,952 $23,844 $10,012 $68,807 $38.44 

CP3 $868,000 $36,852 $26,040 $9,220 $72,112 $38.36 

Total $3,077,100 $131,568 $96,034 $25,076 $252,677 $38.87 

$/Ha $473.40 $20.24 $14.77 $3.86 $38.87   

WUA 
Equipment 

688,000 $49,510         

Total Funding 3,765,100           

 
CONCLUSION 

Irrigation development requires design standards suitable for irrigation. Applying 
municipal water construction standards to irrigation projects significantly increases 
project costs. Irrigation projects can relax some municipal water standards because water 
quality is not as critical, irrigation pipes are typically located in rural locations, and 
irrigation systems are usually drained during the winter.  
 
Rehabilitating a portion of a centralized irrigation system such as Chircani-Zirnesti CIS is 
difficult because pumps and pipes are sized for specific command area. A modular 
irrigation pumping scheme was developed for Chircani-Zirnesti that proved to be scalable 
to a specific budget, replicable to areas left out of compact funding, more flexible to 
irrigation delivery, reliable, and simple. In addition, the modular system was designed 
and built for the same cost per unit area of a centralized system. 
 
Restoring the storm water management system in Cahul CIS is cost-effective and will 
ensure future agriculture production for the area. The plan reinstates retention ponds, 
cleans open drains, and replaces broken pumps with higher efficient pumps.  
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MODERNIZATION EFFORTS — THE CASE OF HENRY MILLER 
RECLAMATION DISTRICT  

 
Alejandro Paolini1 

 
ABSTRACT 

 
The Henry Miller Reclamation District No. 2131 (HMRD) has been working in 
conjunction with the Irrigation Training and Research Center (ITRC) on the 
modernization of the DISTRICTS’s facilities for over ten years.  HMRD is located in the 
Central Valley of California and diverts its water from the San Joaquin River at Sack 
Dam.  
 
The modernization of the facilities has included considerable discussions with the 
company’s board members, canal ditch riders, company’s maintenance personnel, a 
consultant engineering firm and outside contractors.  After some rapid appraisals were 
conducted, the company installed a new SCADA system, built a new central regulating 
reservoir, provided very good water level control at different key structures, installed 
flow control structures and remote monitoring sites of flows in and out of the company’s 
service area. All these changes intend to simplify the water delivery operation for 
operators and managers, provide more flexibility for the farmers, reduce the districts 
spills, and decrease the pumping costs. As a result of the modernization process, more 
than 13,000 (33%) of the serviced acres have been converted to drip irrigation. 
 
This paper provides the basic strategies and guidelines for the on-going modernization 
process as well as future plans. 
 

INTRODUCTION 
 
Henry Miller Reclamation District No. 2131 (HMRD) was formed in year 2000. It works 
in conjunction with San Luis Canal Company (SLCC) to deliver the irrigation water and 
provide drainage to the company customers. SLCC obtains its water supply through an 
Exchange Contract with the United States Bureau of Reclamation (USBR). The 
Exchange Contract allows the Company to receive its water through the Delta-Mendota 
Canal. There are 80 water users in the service area. The vast majority of the delivery 
facilities is now either owned by HMRD or has a permanent easement. HMRD is in 
charge of operating and maintaining the canals and drains. 
 
As a member of the San Joaquin River Exchange Contractors, SLCC has an annual right 
of 163,600 acre-feet in a “normal” year, and 123,000 acre-feet during critical years. The 
actual deliveries to farmers average 139,000 acre-feet per year. HMRD also “wheels” 
water to U.S. Fish and Wildlife, California Fish & Game, and to Grasslands Water and 
Resource Conservation District. 
 

                                                 
1 Water Conservation Specialist, San Luis Canal Company (SLCC) & Henry Miller Reclamation District 
No. 2131 (HMRD), 11704 w. Henry Miller Ave. Dos Palos, CA 93635. apaolini@hmrd.net. 
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The system is completely gravity canals, with some re-circulation pumps.  It is comprised 
of a very old network of unlined canals and drains that were laid out on the contour over 
100 years ago.  Figure 1 shows how complex the layout of the system is. The gravity 
system is complemented with 44 deep wells and 34 low-lift pumping stations to provide a 
level of flexibility at the cost of high pumping costs, water quality issues, high volumes 
of water lost to operational canal spills and 24 hour calls in advance to order water and to 
shut the turnouts off.  Most of the check structures were flashboards before the 
modernization began.  
 
The district has about 67 miles of main canals, and 98 miles of lateral canals. Flow 
measurement to individual turnouts is measured with canal metergates. There are 1089 
turnouts.  In addition the district has 114 miles of surface drain ditches to maintain. 
 
SLCC receives it water from the San Joaquin River into its main canal, the Arroyo Canal, 
which is 17 miles long. This canal supplies 5 lateral canal systems located on the contour. 
Figure 1 shows the layout of the district. The different canal colors show the separate 
canal systems (Figure 1). All surface drainage flows that exit the district go back to the 
San Joaquin River.   

 
Figure 1. District Layout. 

 
In 2004 the HMRD contacted the Irrigation Training and Research Center (ITRC) at Cal 
Poly San Luis Obispo to conduct a Rapid Appraisal Process (RAP) from which the first 
ideas and strategies were set to start a modernization process to improve the flexibility. 
The strategy was to empower the farmers to do the best possible job at their farms by 
allowing then to turn on and off the irrigation water as their crops needed it, encouraging 
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and facilitating the installation of pressurized irrigation systems. This first RAP set the 
basis for an on-going modernization process that will be explained in this paper.  

 
THE PROCESS 

 
The first RAP provided a series of objectives:  
 

• Development of a conceptual operations plan that resulted in most of the flow rate 
fluctuations being re-regulated. This involves having water available “on 
demand” without needing to wait 12-48 hours before making flow rate changes at 
the heads of those canals. 

• Conversion of many check structures to long crested weirs (LCWs) and ITRC 
Flap gates to maintain tight control of water levels regardless of flow rate 
changes. 

• Installation of interceptor canals to pick up drainage water and excess water from 
canals at designated spill/re-regulation points. 

• Construction of regulating reservoirs. 
• Computerization of control at key sites; at the inlets/outlets of the reservoir and at 

flow control structures. 
• Installation of a SCADA system to allow an "Operations Supervisor" and the 

ditchtenders to know what is happening at key points throughout the system and 
to remotely make flow changes as needed with the goal to minimize spill out of 
the district service area. 

 
During the first few months after the first RAP, HMRD implemented some of the 
recommendations.  Data started to be collected throughout the district about flow rates 
and water quality. A very accurate Global Positioning System (GPS) equipment was 
purchased and surveys were conducted to develop good topography and mapping data. 
Every check structure and canal heading was located and several key elevation 
information collected. Every turnout gate was located, gate type and size documented and 
field elevation data collected. All deep wells and low-lift pumping stations were located. 
Combining the GPS information and a Geographic Information System (GIS), maps were 
developed showing the location of all the important features so the information started to 
be organized for the District's service area. New printing equipment was necessary to 
appropriately present the new maps. Therefore a large color plotter was purchased.  
 
Interviews with the canal operators were conducted to learn about the operations pool-by-
pool and structure-by structure on flow capacities and to know where problem structures 
were. 
 
Information about well salinity, pump capacities, and pumping costs was collected and 
organized on a monthly basis. This helped develop an understanding on how much 
money was spent on the company and private wells, the rules that govern their operation, 
and the salt load that was brought to the surface. 
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The farmer’s turnout flow rate fluctuations due to unintended canal water level changes 
were estimated.  This helped to build a case that everyone could understand. So the basis 
for the modernization process was set and a roadmap was delineated with the following 
desired goals: 
 

• The Water Master observes flows at key points throughout the district, looking 
where there are excesses and deficits of flow. Decisions are made on an hourly 
basis as where flows into the heads of specific canals should be increased or 
decreased. This is a real-time and coordinated approach to the water distribution 
management throughout the district. This Operations Supervisor is responsible for 
seeing that each ditchtender has sufficient water available at the head of his 
canals. This task is performed either at the office on the SCADA system or from 
the ditchtender pickup truck from a mobile SCADA-attached ipad. (Figure 2). 
 

  
Figure 2. System Flow Map. Snapshot of an ipad SCADA screen. 

 
• Several projects were identified and listed for improving the control of water 

throughout the whole service area by recognizing that the benefits of upgrades in 
one place will simplify the routing flows through other parts of the irrigation 
system. 

• The re-circulated water from most of the district is buffered in one centrally 
located reservoir. This buffer storage provides the operations supervisor an 
opportunity to calmly and effectively reassess the current supplies and deliveries, 
and the re-route flows in an appropriate manner. 

• Drainage and canal spills from roughly 70% of the district are re-circulated at key 
points through a few specific drains. 
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• In the canals of the remaining 30% of the district, the supply is effectively located 
downstream – shifting from Mendota Pool to the heads of those small canals –
placing a flexible supply very close to the farmer turnouts. 

  
Figure 3. Conceptual layout for the INFLOWS to proposed reservoirs and modifications: 

Central Regulating Reservoir, (2) Poso Drain recirculation system, (3) Island System 
Reservoir, and (4) Box car Road Interceptor. 

 

 
Figure 4. OUTFLOWS from the regulating reservoirs and re-locating the heads of 

upstream canals. 
 

Henry Miller Reclamation District 

Henry Miller Reclamation 

2

3

4
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Figure 3 illustrates the conceptual layout of the INFLOWS into three proposed buffer 
reservoirs. Only the central regulating reservoir has been constructed so far and the Island 
system reservoir is under construction. 
Re-circulated water can be re-routed to the central reservoir from three sources: the Delta 
System, the Poso Drain System, and the Box Car Interceptor Drain System. The last two 
projects can be considered big-picture projects in their own right because they impact 
large proportions of the service area and involve a number of sub-projects with a 
sequence of construction activities. But both are reliant on having the central reservoir in 
place first. 
 
Figure 4 illustrates the outflows from the regulating reservoirs which also allow the re-
starting of upstream canals with a controlled flow rate closer to the delivery turnouts.  
 
Both Figures 3 and 4 are conceptual maps that demonstrate the big picture strategic 
concept. But many individual actions in different canals and drains are inter-related 
components in the overall modernization package that needed to be done jointly for the 
system to work as envisioned. The actual implementation of the new management 
strategies using the reservoir is a multi-year process, therefore the modernization projects 
were separated into phases. Some short term actions for the first 3 years (2005-2008) 
focused on providing relevant justifications and design details. It was decided to do some 
things first that would provide significant advances to farmers and operators since 
building on the success of these initial modernization projects was a key strategy to 
getting endorsements for future projects and for seeking outside sources of funding. Since 
2004 the district applied for grants to different programs from the Bureau of Reclamation 
BOR and received roughly $2,600,000- for the study, planning and mainly the 
construction / modification of structures required by the modernization process.  

 
PROCESS PHASES 

Phase 1 (Completed – 2004 -2005) 
 Installation of flow monitoring site at the Head of the Arroyo Canal    
 
Phase 2 (Completed – 2005 -2006) 
 Installation of flow monitoring site at Poso Slough (inlet)    
 Installation of flow monitoring site at Wood Slough (inlet)    
 Installation of flow monitoring site at Muller Weir (outlet)    
 
Phase 3 (Completed – 2006 - 2007) 
 Installation of LCWs and ITRC Flap gate on San Juan Canal, Delta & Swamp  
 Design of the reservoir, pumping stations and SCADA system    
  
Phase 4 (Completed – 2007 -2008) 
 Installation of five LCWs on the Midway canal system      
 Installation of one LCW and at the Pick Anderson North By-pass ditch    
 “Automation” of the Pick Anderson No. 1 Pump for water level control  
 Installation of flow monitoring site at San Juan Drain (inlet)    
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Phase 5 (Completed – 2008 -2009) 
 Land acquisition and Construction of the central reservoir   
 Construct new flow control structure for the West Delta Canal    
 Construct new flow control structure for the Delta Canal    
 Installation of flow monitoring site in Salt Slough at Sand Dam (outlet)  
 Installation of flow monitoring site in Boundary Drain (outlet)   
 
Phase 6 (Completed – 2009 -2010) 
 Installation of six LCWs and three ITRC Flap gate on the Delta canal system   
 Construct new flow control structure on the Arroyo Canal at Junction Weir  
 Install two new VFD-equipped pumping stations (Inlet- Outlet pumps)   
 Installation of one LCW at Sand Dam       
 
Phase 7 (Completed – 2010 -2011) 
 Installation of 5 LCWs and 4 ITRC Flap gates in the T S. Rita canal system  
 Installation of a flow control structure on the Temple Santa Rita canal     
 Installation of new SCADA system       
 Installation of reservoir pumps flow meters       
 Automation at the Head of the Arroyo Canal      
  
Phase 8 (Completed – 2011 -2012) 
 Automatic water level control at Sack Dam        
 Construction of the Eastside Conveyance-Poso Drain Re-circulation System  
 Installation of 4 LCWs on the “Upper” Arroyo Canal        
 
Phase 9 (Completed – 2012 -2013) 
 Finalized construction of the Eastside Conveyance-Poso Drain Re-circulation System  
 Installation of 5 LCWs on the “Lower” Arroyo Canal  
 Installation of water quality sensors and connection into the SCADA system 
 Design of the Island Canal System Modernization Project 
 
Phase 10 (Completed – 2013 -2014) 
 Installation of 9 LCWs in the Island canal system  
 Installation of a flow and water quality monitoring site in the Hereford Drain (outlet)  
       
Phase 11 (Future – Currently under design process) 
 Design of the Box Car Interceptor Drain System 
 Connecting more monitoring sites into the SCADA system 

New dam and fish screen at Sack Dam - Delayed due to subsidence at the San 
Joaquin River issues 
Next round of modernization projects planning 

 
SCADA SITES 

The reservoirs are the essential features that tie everything together and their 
implementation changed how the canal systems are operated. First a SCADA Integration 
Team was defined consisting of HMRD, Sierra Controls Systems an Integrator with 



110 Planning, Operation and Automation of Irrigation Delivery Systems 

experience in irrigation SCADA applications, Summers Engineering responsible for most 
civil works, an electrical engineer hired by HMRD, and the ITRC.   
 
The Central Reservoir SCADA project includes five sites for automatic control with 
remote monitoring functions, and a base station at the district’s headquarters office.  The 
SCADA for the reservoir consist on the automated Inlet/outlet, Delta canal flow control 
Structure, West Delta canal Flow Control Structure, the Poso Drain Emergency Spill, and 
the Office Base Station. Figure 6 shows the map with the layout and location of the sites. 
 
The project encompasses automated VFD-equipped pump controls, automated control of 
canal sluice gates, electronic flow measurement devices, mobile interface terminals, and 
computer and communications support systems at the office with alarming, report 
generation, and data management capabilities.   
 
The major components of the Central Reservoir SCADA system are the Remote Terminal 
Units (RTUs) containing the Programmable Logic Controllers (PLCs), the master base 
station at the office, radio communications equipment, and various field instruments and 
measurement devices.  
 
The use of robust equipment and software conforming to standardized specifications, 
ensure the implementation of a properly engineered SCADA system that is reliable and 
prepared for future expansion.   
 
The design of the new SCADA system was guided by the following overall requirements: 
 

• Open system architecture 
• A robust high-speed data radio network 
• Industry standard hardware components 
• System scalability 
• High system reliability with redundancy of critical systems 
• Configuration using off-the-shelf Windows-based software 
• Distributed environment with automatic recovery and restart 

 
The Central Reservoir is a 200 acre-foot re-regulation reservoir in the middle of the 
district’s irrigated service area.  The reservoir is located at the division point of the Delta 
Canal and West Delta Canal as shown in Figure 5.  The SCADA system was designed 
for controlling six (6×) automated pumps and three (3×) sluice gates at the Central 
Reservoir Inlet/Outlet.  The RTU, motor control panels, VFD panels, etc. were installed 
in a control building (temperature controlled). 
 
The conveyance capacity of both the Delta Canal and the West Delta Canal in their 
sections adjacent to the reservoir is 150 cfs each.  The reservoir’s active live storage 
capacity is 200 acre-feet to provide up to ±100 acre-feet of operational buffer storage 
depending on the present water elevation in the reservoir. 
 
Based on the water level in the reservoir and system demands, gravity or pumped flow 
occurs in either direction.  The maximum capacity of the pumps into the reservoir shall 
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be 200 cfs (future once the Box car Interceptor project is completed) and the pumps out 
of the reservoir have a 100 cfs flow rate capacity.  
 
A drawing of the Inlet/Outlet facilities at the Central Reservoir is shown in Figure 6.  
The Inlet pumping plant consists of one (1×) 33-CFS, 75-HP (input HP to the motors) 
pumps and two (2×) 36-CFS, 75-HP VFD pumps for the lift from the T-Pool.  The Outlet 
pumping plant consists of one (1×) 33-CFS, 75-HP (into the motors) pump and two (2×) 
36-CFS, 75-HP VFD pumps.   
 
Four (4) pumps at the plant are equipped with automated VFDs; the complete pumping 
station automation programmed by ITRC was connected to the SCADA system.  Later, 
before the Box Car road interceptor is constructed, the district will add three (3×) 33 CFS 
inlet pumps.  The automation programming was designed for the eventual build-out, 
which will occur as the complete HMRD system is being modernized. 

 

Figure 5.  Location map of the Central Reservoir SCADA facilities. 

 
The SCADA system at the Reservoirs perform the main function of automated control of 
a user-defined target elevation in the adjacent pool as well as remote monitoring of 
system status (positions, alarms, pump status), water levels (reservoir and canal pool), 
canal flow rates, and temperature in the control buildings. 
 
ITRC designed, modeled, troubleshot, and supplied the control code, programmed in 
ISaGRAF.  Final control constants for the PLC calls for a change in pump speed or a 
change in gate opening corresponding to a desired change in flow rate.  This requires PLC-
based control using a special ITRC control algorithm for the pumps and reservoir gates.   

#2 Delta Canal

#1 Central Reservoir 

#3 West Delta Canal

#5 SLCC 

#4 Poso Drain 
Spill 

Existing ITRC Flap Gates
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Unlicensed spread spectrum radio network (902-928 MHz; FHSS) is the communications 
backbone for this system.  Reliability of data transfer with a minimum of first-time 
transmission failures is a high priority of the project. 
 
HMRD constructed a control building at the reservoir site to secure the pump controls, 
RTU and all the electrical components.  The control building is totally enclosed and 
temperature controlled by a conditioner/heater unit.  All motor control panels, LCD 
panel, VFD controls, HOA switches, pushbuttons, PLC, fused terminal panels; flow 
meter displays, etc. were wall-mounted inside the building. 

Figure 6.  Site plan drawing of the Central Reservoir Inlet/Outlet facilities 
 
The RTU requires redundant sensor systems for measuring all analog sensors values.   
In each sensor pair, there is one sensor of a different type (e.g., pressure transmitter KPSI 
730T pressure transmitter (±0.1% FS accuracy) or ultrasonic Siemens Sitrans Probe LU 
transmitter 4-20 mA).  All water level sensors were installed inside separate stilling 
wells. Figure7 shows a picture of the finished facilities at the central regulating reservoir. 
 
Figure 8 shows the flow control structure in the Arroyo Canal at Junction Weir during 
construction.  The flow control structures “re-start” the canals with a target flow rate 
based on downstream demands.  Upstream of the flow control structures, on the level 
pools, water is available on demand, within limits, from the reservoir so canal operators 
can offer more delivery flexibility to growers. 
 
The structures consist of metal sluice gates with electric gear-driven actuators and 
high/low limit switches (Figure 9).  The actuator on each gate is modulated by the PLC 
based on user-defined set points transmitted from the HMI.  The control logic moves one 
gate per control time step which is 1 minute, for precise control. 
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The SCADA system at the flow control structures perform mainly automated control of a 
user-defined target flow rate, as well as remote monitoring of system status (positions, 
alarms), water levels (upstream and downstream), and temperature in the enclosures. 

The automated control of the sluice gates is based on maintaining a constant flow rate 
through the gates until a new target is entered into the system via the HMI or Operator 
Interface Terminal (OIT).  Final control constants for the PLC call for a change in gate 
opening corresponding to a desired change in flow rate.  This requires PLC-based control 
using a special ITRC control algorithm for the gates.  
 

 
 
Figure 7. HMRD Central Regulating Reservoir. View of the Control Building, Pumping 

Stations, Automatic Sluice Gates, and Radio tower. 
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 Figure 8.  Flow control structure in the Arroyo Canal U/S 

 

The RTUs at the flow control structures require redundant sensor systems for measuring 
all analog sensor values, more specifically for water level upstream and downstream and 
gate position (Figure 9). 
 
The redundancy for the flow rate value is obtained with a SonTek Argonaut Side-
Looking (SL) acoustic Doppler flow meter. 
 

 
Figure 9.  Flow control structure sluice gate and actuator. 
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The district installed galvanized vandalism enclosures for the SCADA RTUs at the flow 
control structures and monitoring sites.  
 
For emergencies for high water level alarms in the level-controlled  pools, an automatic 
spill gate RTU and actuator were supplied by 24/48 VDC with a battery back-up system 
in the event of an AC power failure.  Also ITRC flap-gates are used as emergency spills 
which do not require any electronic controls and provide very reliable safety capabilities. 
 

WATER LEVEL CONTROL 
 
By using Long Crested Weirs (LCW) and ITRC Flap gates rather than normal flashboard 
weirs as a water level control structure, the water level variation over the crest was 
reduced by about 75%. This excellent water level control allows making flow rate 
adjustments at key site throughout the system and move water around without being at 
every check structure to adjust and control the water level (Figures 10 and 11). HMRD 
has successfully built forty-one (41) LCWs of different sizes and installed nine ITRC 
Flap gates at various locations in the canal system. 
 
These structures are not an automated structure, technically speaking. However, when 
properly designed and operated, the water level control can be equivalent to that achieved 
with some sophisticated automation techniques. 
 
Some of the benefits of the construction of these weirs and gates are: 

a. Reduction of the fluctuations of the water level in the canals providing more 
constant water deliveries through the canal turnouts located upstream of the 
structures. 
b. Good water level control and management practices improved the reliability and 
the flexibility of the water deliveries. 
c. Good water level control promotes accurate measuring and accounting of water. 
e. Good water measurement facilitates accurate and equitable distribution of water 
resulting in fewer problems and easier operation. 

 
Figure 10. ITRC Flap gates TSR Canal Ext. Figure 11.  LCW Delta D/S HWY 152 
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Today HMRD and the modernization team are working on the implementation and 
construction of the Island Canal Modernization Project showed on Figure 12 and point 4 
on Figure 3.  It encompasses the northern end of the irrigation canal system. 

 
Figure 12.  Proposed structure modifications into LCWs and Flow Control structures for 

the Island Canal System Modernization Project. 
 

Also HMRD is being proactive and is working towards the design of the Box Car Road 
Interceptor Project, (Figure 13) preparing to have all details and cost estimates ready for 
when new funding opportunities arise. 
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Figure 13.  Flow capacities and proposed structure modifications along Box Car Road to 

collect spill and drainage water and route it towards the Central Regulating Reservoir.  
 

Both these projects are basically the result  of a decision making process where at every canal 
split a decision needs to be made onto where to send the flow discrepancies  with water level 
control structures and where to have a controlled flow with flow control structures. 
  

CONCLUSIONS 
 
HMRD started its modernization process by getting a Rapid Appraisal done, building a 
work team and basing decisions on a strategic plan that took a relatively long time to 
settle in all the participants minds. After the first steps showed saving benefits and 
service improvements then the projects became easier to implement and funds for 
construction were easier to get. We learned many lessons throughout the design and 
implementation phases of the modernization projects.  HMRD’s board of directors has 
been very supportive to the modernization process especially after the implementation of 
the GIS and the completion of the first structure modifications. The farmers literally 
loved the LCW structures since they noticed that with the better water level control their 
work in the field gets easier and more predictable.  

HMRD
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Funds are the essence for the implementation of any kind of project. The funding support 
from the BOR with it 50% cost share programs has been crucial for the success of the 
modernization process. 
The implementation of the SCADA system was a long and relatively expensive process, 
but now that is implemented it is expanding rapidly on new applications making it a good 
investment.  
The success of this process is due to the directors and district manager’s willingness to 
invest money to take some of the "art" of ditch tending away and to make the water 
delivery an industrial process.  
 
As a result of the modernization process, over 13,000 acres of land (33% of the serviced 
area) have been converted to drip irrigation in the last 8 years. The drip irrigation systems 
apply about half the water compared to the same crop furrow irrigated lands. The 
reduction in water applied and the better water management at the district level due to the 
modernization process resulted in very significant amounts of water conserved and an 
improvement of water quality in the district. 
 
There has been a 13% reduction in water applied to irrigate the same acres. In average the 
volume of water applied per acre went from 5.4 AF/AC to 4.4 AF/AC.   
Also the district records show that per year, 63% less water is leaving the service area in 
the form of operational spill. This reduction of water spilled out of the District represents 
18% of the total water supply before the modernization process started. 
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MODERNIZATION OF CUSTOMER TURNOUTS FOR SBX7-7 COMPLIANCE  
 

Wes Miller1 
 

ABSTRACT 
 
The Turlock Irrigation District (TID) has provided irrigation water to its customers since 
the year 1900 serving approximately 145,000 irrigated acres. Most of our deliveries are in 
the form of 15-20 cfs flood heads. Additionally, there are approximately 400 customer 
owned drip and micro irrigation systems serving orchards and row crops. While there 
have been many improvements made and planned for our delivery system, the customer 
turnouts have remained unchanged over time. The requirement to comply with the Water 
Conservation Act of 2009 (SBx7-7) in California has prompted TID to embark on a large 
scale project that accurately measures and charges irrigation deliveries on a volumetric 
basis. The older metering gates alone could not comply within the required volumetric 
accuracy of the law. With over 1,200 active customer turnouts, a plan was developed to 
eliminate the need to permanently install metering devices at every turnout. This strategic 
plan only requires a total of 190 meters manufactured by Rubicon, Sontek and Marsh 
McBirney for our flood customers and approximately 300 magnetic meters for our 
drip/micro/sprinkler customers. 
 
This paper describes the project and the methodology used in its creation. 
 

INTRODUCTION AND BACKGROUND 
 
The Distribution System 
 
TID was California’s first irrigation district, formed on June 6th, 1887. TID now provides 
irrigation water to 145,000 acres consisting of 7,500 parcels that span 307 square miles 
containing almost 5,000 individual land owners. Predominant crops are alfalfa, almonds, 
beans, corn, grain, grapes, oats, peaches, sweet potatoes, and walnuts. It’s irrigation 
service area extends from the Sierra Nevada foothills, westward to the San Joaquin River 
on its western boundary. The Tuolumne River forms the northern boundary and the 
Merced River forms the southern boundary (Figure 1). The delivery system begins in the 
Sierra Nevada Mountains at a point where it is diverted off the Tuolumne River at La 
Grange Dam. Beginning from this point, the water flows down 250 miles of lined and 
unlined canals (90% lined). The system is upstream controlled and gravity based. 
Operational outfalls can be made at 14 locations on the Tuolumne, San Joaquin or 
Merced Rivers. The maximum diversion from the Tuolumne River at LaGrange Dam to 
TID’s regulating reservoir, Turlock Lake, is 3200 cfs. Irrigation releases range from 400 
cfs to 2,100 cfs. The 10 year average of surface water releases per year is 503,000 acre 
feet, supplemented with a yearly average of 80,000 acre feet of groundwater pumping. 
Hydroelectric generation plants are installed on dam structures as well as one canal drop 
structure located on the Main Canal just east of the town of Hickman. 
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Figure 1. Map of TID Irrigation Service Area 

 
Historical Turnout Configuration 
 
District wide, there are over 1,200 active customer turnouts (side gates) and the vast 
majority of them are in the form of undershot canal gates manufactured by Waterman, 
Calco and Martin. On average, each gate serves 6 parcels which exist in different shapes 
and, unfortunately, different elevations. For flood parcels, the gates and pipelines are 
sized to deliver a minimum standard flow of 15 cfs to all ground associated with a 
specific side gate and most of them range in sizes between 24”- 42”. Micro/drip sprinkler 
customers have gates that range in sizes of between 8”- 20”. Each flood gate is supposed 
to have a specific stem opening in inches that was determined by flow tests performed by 
a trained District Technician using a Marsh McBirney velocity meter. This stem opening 
is supposed to deliver a minimum of 15 cfs to downstream customers assuming the canal 
pool is even with the top of the regulating drop structure. Some of these gates have limit 
chains to keep lower parcels from pulling too heavy as seen in Figure 2.  
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Figure 2. Typical 30” Turnout with Chain Limiters 

   
Problems 
 
Components of the SBx7-7 legislation require volumetric billing of customers which was 
implemented by TID in 2013. The law also requires the implementation of corrective 
actions for flow devices that do not meet the accuracy standards that make volumetric 
billing possible. Without accurate flow and volume data, true volumetric billing is very 
difficult to achieve. As mentioned earlier, most turnouts serve multiple parcels that exist 
at different elevations and distances from the canal. Whenever possible, Water 
Distribution Operators (WDOs or also called Canal Tenders) try to schedule customers 
concurrently within a specific side gate to minimize fluctuations and losses system wide. 
For the most part, one stem opening is set for all parcels served by a single turnout. When 
you combine this single opening height with parcels that have differing elevations and 
distances from the turnout, you create flows that can change dramatically within the same 
gate as seen in Figure 3. Some parcels even have different elevations within their own 
boundaries which further complicates the issues. 
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Figure 3. Irrigation Events for Two Different Parcels Irrigating on the Same Gate 
(Through Rubicon FlumeMeter) 

 
Each screenshot in Figure 3 represents separate irrigations on two different parcels within 
the same turnout. After analyzing on-site water level sensor data from Rubicon’s meter, 
we know the canal pool was consistent and equal for both events, the turnout stem 
opening was the same but the flows were dramatically different. Parcel A received an 
average flow of 22.7 cfs and Parcel B received an average flow of 19.6 cfs. This scenario 
is happening all over TID and creates a major hurdle for SBx7-7 compliance. If we 
continued to only use an instantaneous spot measurement to determine flow, there was no 
way to tell if the measurement was taking place at one of the high or low points on the 
graph, creating large errors in volumetric billing of customers not to mention errors in the 
mandatory California Department of Water Resources (DWR) reporting documents. 
 
Other Issues with Instantaneous Spot Measuring 
 
TID provides irrigation water to many different crops. A large portion of these crops are 
forage such as corn and oats. Over the last 15 years, local dairy operations have plumbed 
fertilizer discharges directly into their irrigation pipelines to increase yield and comply 
with regulatory guidelines. When this fertilizer is present, we cannot take spot 
measurements using velocity meters inside the pipeline and we often do not have the 
legal right to deny this discharge outside of our right of way which is usually around 25 
feet from the edge of our canal lining. Commercial fertilizers used by other crops present 
a similar problem because the application point into the pipeline is often a vent 
immediately downstream of the canal side gate making this another instance when an in-
pipe or open channel meter cannot be utilized near our canal. These right of way issues 
combined with the accelerated schedule mandated by the DWR made it virtually 
impossible to comply with the SBx7-7 legislation without making big changes in the way 
we measured and billed irrigation water.    
 
Testing the Waters 
 
In order to determine which device was needed to comply with the law while at the same 
time being economical in the eyes of our customers, a pilot study was performed in 2013 
on several types of devices to verify their feasibility. Four flow meters manufactured by 
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three different companies were piloted throughout the TID to verify accuracy, ease of 
installation, ease of maintenance and overall cost. The meters used in Figure 4 were 
manufactured by Sontek, Marsh McBirney and Rubicon Water.  

 

 
Figure 4. Meters Utilized in TID Pilot Study 
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The pilot study revealed some major issues specific to measuring inside of pipelines and 
ditches within TID. In most cases, the meter location had to be outside our legal right of 
way which creates an access problem. Other issues were related to partial pipe 
conditions, aquatic weeds, trash that often fouled the meters, turbulence and the lack of 
an acceptable measuring vent. The frequent troubleshooting of fouled meters was 
exacerbated by the lack of legal access to the property in which the meter had to be 
located. The location is also problematic because any troubleshooting or maintenance 
required taking an outage out on the pipeline or ditch and then scheduling a pipeline crew 
to pump out and inspect the facility. As mentioned earlier, this method was also 
complicated by the widespread injection of fertilizers into the facility while irrigating. 
The time lost from troubleshooting these meters along with the added expense of taking 
an outage out on the facility and dispatching a crew to work on the meter meant there 
were irrigation events we could not measure and increased maintenance costs that were 
difficult to budget for. It was obvious to TID after the pilot study that widespread 
deployment of in-pipe/ditch meters as the only measurement method would make it very 
difficult to meet the DWR’s requirement to have corrective actions implemented for all 
measurement devices by December 31, 2015. 
 
As far as accuracy is concerned, all four meters were very accurate and consistent with 
each other. The Marsh McBirney flows in Figure 5 were within 3.4% of the Rubicon 
flows. A point in time on 10 separate days was sampled on both devices. The samples 
were made up of 10 minute averages taken over the exact same span of time. As you can 
see below, they tracked very well together. 
 

 
Figure 5. Flow Comparison between Marsh McBirney and Rubicon Meters  
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The Sontek IQ in Figure 6 was within 4.6% of the Rubicon when tested in the same 
manner as the Marsh McBirney. 
 

 
Figure 6. Flow Comparison between Sontek IQ and Rubicon Meters 

 
With the flow accuracy questions answered, overall cost, volumetric accuracy, ease of 
maintenance, meter fouling, acres served and operational benefits to our canal system 
were the remaining deciding factors. The lowest cost meter overall was the Marsh 
McBirney. The Sontek IQ and Rubicon FlumeMeter costs as tested were very 
comparable to each other. Rubicon’s SlipMeter was the most expensive of the four 
meters tested but it was the only one that also regulated flow. The District chose Rubicon 
as the primary meter provider based on all of the above criteria. One of the biggest 
contributing factors in choosing the Rubicon meters was they remained in-channel, 
whereas the other meters had to be located in areas that we lacked legal access. The in-
pipe/ditch meters made installs and troubleshooting extremely difficult and expensive. 
That being said, there still were locations the Sonteks could be used (mounted 
permanently or used as a mobile meter). The Marsh McBirneys would still be used as 
well when conditions allowed. 
 
After the Pilot Study 
 
It was clear after the pilot study that all of the tested meters had a place in our system.  In 
order to determine which meter would work on a specific turnout, an inventory of every 
site was completed and an analysis was performed, allowing us to classify every turnout 
into one of three different measurement approaches. The designated approach determined 
which method of measurement was most appropriate. Approach #1 sites would be spot 
checked by Sonteks and Marsh McBirneys if there was an acceptable measuring vent and 
the gate served less than 30 acres. Additionally, if concrete modifications to our canal 
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were required in order to facilitate a Rubicon FlumeMeter and a vent existed, turnouts 
serving over 30 acres could be measured this way if three parcels or less were served. 
The analysis determined that 371 side gates serving 522 parcels on over 19,000 acres 
(12% of total acres) fell into the approach #1 category. It also revealed that TID needed 
to purchase 6 Marsh McBirneys and 12 Sonteks for the project in order to measure that 
many parcels by the DWR mandated timeline.  
 
Approach #2 turnouts would be measured by Rubicon FlumeMeters if there was no 
measuring vent present and the gate served between 30-299 acres. The analysis identified 
747 turnouts serving 2,374 parcels on over 52,000 acres (32% of total acres) fell into the 
approach #2 category. In order to facilitate a FlumeMeter, a watertight aluminum offset 
frame (Figure7a and 7b) designed to allow the FlumeMeter to easily slide down in front 
of the turnout needed to be permanently mounted (Figure 8) at each approach #2 site. 
  

 
Figure 7a. Front View of an Offset Frame for Rubicon FlumeMeter 
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Figure 7b. Backside View of an Offset Frame and Rubicon FlumeMeter 

 

 
Figure 8. TID Crew Mounting a New Offset Frame. On Average, Each Install Took 2 

Hours to Complete  
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Figure 9 shows a TID crew rotating a FlumeMeter to its new temporary location. Once all 
parcels served by that turnout are measured, the FlumeMeter is then rotated to the next 
available location and the process is repeated. Each move takes an average of 2 hours 
from start to finish with a 2 man crew. By using this rotation method of measurement, 
TID has projected it can volumetrically measure 52,000 acres (32% of total) before the 
12/31/2015 DWR mandated date by purchasing only 50 FlumeMeters. 
 

 
Figure 9. TID Crew Rotating a Rubicon FlumeMeter 
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Approach #3 sites would be measured by Rubicon SlipMeters if the turnout served 300 
acres or more. The analysis revealed that 125 turnouts served 70,000 acres or 50% of all 
irrigated land within TID. A SlipMeter (Figure 10) is an automated gate with an 
integrated flow meter that replaces an existing side gate. It can be operated in flow mode 
or gate position mode both locally and remotely by TID staff. They can be operated 
remotely by customers as well but the TID has not decided to go down that path yet. 
 

 
Figure 10. Rubicon SlipMeter, Note How the Original Sidegate has Been Removed 
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The ability to measure and automatically deliver a constant flow (Figure 11) to half of 
TID’s irrigated acres on only 125 gates was very attractive on both the operational side 
and the SBx7-7 side. Operationally, it would help level TID’s system out by eliminating a 
large portion of the overages and shortages historically created by the fluctuations in flow 
from the original side gates. 
 

 
Figure 11. SlipMeter Being Operated in Flow Mode. By Installing SlipMeters on the 

Busiest Pipelines, WDOs Have Noticed Less Fluctuations in Their Areas 
 
Figure 12 shows a SlipMeter being operated in gate position mode and flow mode. This 
is a complete irrigation for only one customer. Note how erratic the flows are in position 
mode which represents what the old side gate flows would have looked like. These 
fluctuations are felt in our canal and can affect the level of service provided to 
downstream customers. When the mode was changed to flow, the fluctuations stop and 
downstream customers see a higher level of service. Now multiply this example by 125 
and you can see how SlipMeters set on flow can dramatically level out the canal system.   
 

 
Figure 12. SlipMeter Operated in Flow and Position Modes 
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Communications and Data 
 
All approach #2 and #3 sites are connected to our SCADA network via spread spectrum 
900 MHz radios. INet II radios were chosen based on cost, reliability, coverage and ease 
of use. The signals are collected at master radio sites strategically located at four TID 
owned electrical substations. These master radios are connected to the central office 
through a fiber optic backbone where the data is stored for future analysis in our 
ClearSCADA software as seen in Figures 11, 12 and 13. 
 

 
Figure 11. SCADA Screen Showing All 50 FlumeMeters. Trending Data is Viewable by 
Clicking on the Desired Site. (Failed Locations Were in the Process of Being Rotated) 

 

 
Figure 12. SCADA Screen Showing All SlipMeters. Trending Data is Viewable by 

Clicking on the Desired Site. 
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Figure 13. SCADA Screen of a SlipMeter Being Operated in Gate Postion Mode. The 

Trend Data is Exported to an Excel Spreadsheet for in Depth Analysis.  
 

Volumetric Flows 
 
Office staff will analyze the data after exporting it from ClearSCADA to Excel. They 
cross reference it with the official water receipt turned in by the WDO to determine a 
parcel specific average flow rate. The flow rate is then entered into a database and 
assigned to that parcel. The flow rate will be multiplied by the time component that was 
documented by the WDO to compute the volume actually used. This rating method will 
allow us to accurately charge customers volumetrically per the SBx7-7 requirements 
because our canal pool elevations are held at a fairly consistent level over the course of 
an irrigation season.  
 
More Modernization Related to Turnouts 
 
For about 10 years now, our WDOs had access on their phones to a very simple webpage 
displaying a snapshot of flow numbers that were downloaded from our SCADA system. 
The numbers were static and no trending information was available. In 2014, mobile Wi-
Fi hotspots were installed in each of their TID assigned trucks. They were provided 
Windows based ruggedized tablet computers (Figure 14) and docking stations making it 
possible for them to view our SCADA system in real time instead of just a snapshot. This 
24 hour access to side gate flows and canal system trending data has become an 
important tool for our WDOs. 
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Figure 14. Windows based Tablet Used by WDOs in the Field  

 
CONCLUSION 

 
To summarize, all meters tested in the pilot study performed well when used under 
certain circumstances. When factors on one shared turnout like different parcel 
elevations, different distances from the turnout, aquatic weeds, partial pipes and fertilizer 
were happening within pipelines and ditches everyday all over TID, Rubicon’s equipment 
quickly rose to the top because it was mounted in channel and completely within our 
control. Rotating 50 FlumeMeters meant we could get an accurate volumetric 
measurement without having to install a meter at each of our 1,213 active side gates. 
Installing 125 SlipMeters covering 75,000 acres will provide a better level of service to 
our customers and reduce fluctuations system wide which will ultimately save water in 
the end. We could troubleshoot and repair their equipment without interrupting our 
customer’s irrigation service which was very important to us. While this route may not be 
applicable in every irrigation district, it certainly was for TID considering the pressures 
put forth by the ever changing regulatory environment and volumetric billing/flow 
accuracy components of the SBx7-7 legislation specified by the DWR. 
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WINTER DELIVERY CAPACITY AND EMERGENCY CONTROL OF A 
LARGE, CASCADED OPEN-CHANNEL SYSTEM 

 
Guanghua Guan1 

Ting Liu2 
Guoqiang Liu3 

Yibo Yan4 
 

ABSTRACT 
 
For canal systems running in freezing weather, preventing ice-jams or ice dams is the top 
priority of the water managers. Large discharge in a canal means high flow velocity 
which will increase the risk of ice-jams and ice-dams. So winter operations are often 
below the design capacity. Based on the ice mechanics, the average velocity is limited to 
ensure that an ice jam does not occur (that is, a juxtaposed freeze-up ice cover occurs 
upstream from the current ice sheet). Assuming that a canal is running at 70% capacity 
before winter, this paper computes the winter delivery capacity, taking into account the 
effect of off-takes, controlled water level targets and velocity criteria, but assuming 
different methods for reducing offtake flows where the velocity is too high. Accidents 
like ice-jam, canal lining collapse and check gate failure are inevitable in winter 
operation. To ensure the safety of the canal system, an emergency control strategy was 
developed in which check gates, offtakes and spill-gates are controlled by automatic 
control system which can avoid ice cover crack and canal overtopping. In an emergency 
scenario, the canal is divided into three parts: the accident pool segment, the upstream 
segment and the downstream segment. . This emergency control strategy was then tested 
by performing hydraulic simulations while assuming an accident occurred within several 
pools of the canal system. Results indicate that the upstream check gates and off-takes 
can operate normally, the check gates of the accident pool segment are closed, and 
downstream gates should be closed gradually to keep the water volume in the canal and 
make it easy to restart after the problem has been solved. Results show that water-level is 
properly controlled so the ice cover is kept safe with less disturbance to the upstream 
water supply. This control strategy is applicable for emergency control of large cascade 
canal system operating in freezing weather. 
 

INTRODUCTION 
 
Operating a canal with an ice cover in winter makes canal control much more 
complicated. If the flow velocity is too high, needlelike ice crystals or thin discs of ice 
will form in the turbulent water, known as frazil ice. Accumulations of frazil ice can from 
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a frazil slush which can accumulate beneath the front edge of the ice cover during the 
freezing process. Once the frazil ice piles up and it essentially clogs the canal cross 
section. This can result in an, ice jam or ice dam, which can result in canal overtopping 
and flooding with freezing ice water. Recent research (Guoqiang Liu et al, 2013) showed 
that a sufficiently low flow velocity will cause the ice to form upstream from the existing 
ice sheet, rather than diving below the existing ice cover. If the velocity is low enough, 
this will continue until the entire segment is entirely covered with ice (icebound).  They 
refer to this as the juxtaposed freeze-up mode. The critical velocity (Shanzeng Li et al, 
1992), or critical Froude number (Shen H. T., Sun Z. C. et al, 1986) criterion has long 
been accepted as a means of determining frazil jam profiles. This paper uses the critical 
velocity criterion because it is typically available in SCADA systems. Before freezing 
starts, the flow rate in canals should be decreased so that the average velocity throughout 
the canal system is reduced below the critical velocity (taken as 0.4m/s in this paper, as 
discussed below). This work aims to compare several methods to evaluate the ice-
covered canal delivery capacity by routing scheduled flows through a canal. 
 
Accidents are more likely to happen when a canal is operated with an ice cover. Rapid 
changes in water depth can cause cracking and collapse of the ice cover, which can lead 
to ice jams. Therefore changes in flow rate at check-gates, spill gates and off-takes should 
be gradual in order to limit the possibility of ice jams. This makes responding to 
emergency conditions difficult when ice jams are possible (emergency conditions such as 
an ice jam downstream, a canal breach or an offtake that must be closed). 
 

WINTER OPERATION CAPACITY 
 
The middle route of South-to-North Water Diversion Project (SNWD) is primarily a 
1277km (793 mi) open canal and has been under construction since 2003 till now in 
China. This project diverts water from Danjiangkou reservoir, crossing four main river 
basins including the Yangtze, Huaihe, Yellow River and Haihe river basin and finally 
reaches Beijing, the capital of China. The canal starts at 32 degree northern latitude and 
extends to 40 degrees northern latitude. Thus temperatures are colder at the downstream 
end of the system. So an ice cover can form in downstream pools while the upstream 
portion of the canal is ice free. This makes operations during winter particularly 
challenging. Check structures divide the canal into 27 open canal pools from Anyang to 
Beijing which are highly vulnerable to freezing problem in winter. To ensure the safety 
of the canal once the canal is in full operation, the flow velocity should be reduced before 
the arrival of cold weather. This means that the discharge in the canal should be reduced 
by decreasing water withdraws. As ice problem is concerned, winter supply plan is kept 
stable even after the formation of ice-cover till it melts down. 
 
The SNWD canal is running under constant downstream depth model based on three 
position algorithm during normal operation. The target downstream depth is chosen as 
uniform flow depth at canal designed capacity. After receiving a freezing cold weather 
forecast in winter, the canal system is smoothly transitioned from normal discharge 
operations in early winter to juxtaposed freeze-up discharge operations (Guoqiang Liu et 
al, 2013). This paper assumes the discharge in the beginning of winter is 70% of the canal 
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capacity. Then before freezing the average velocity of the canal is to be decreased below 
critical velocity to ensure juxtaposition ice cover formation. According to the operation 
experience of other projects in China and abroad, the research of professor H. T. Shen 
(1986), and test results done at HSVA flume by Hammar et al. in 2002 and etc. , this 
paper choose 0.4m/s as the critical velocity to insure juxtaposition ice cover formation. 
 
The chosen critical velocity can be used to determine the discharge for each pool. This 
determines the available flow rate to users, from which a winter water supply plan can be 
developed. The basic idea for produce a water-supply plan is to start from the ending pool, 
take the critical velocity and other canal security restrictions such as maximum water 
drop speed as limitation then maximum the discharge at each pool toward upstream 
( Figure.1) by looping trial-and-error.  
 
The maximum cross-section averaged flow velocity of a pool should be less than the 
critical velocity. Because the canal cross-section dimensions change from south to north 
and offtakes are not evenly distributed along this canal, it is not possible to make the 
velocity of all pool close to critical velocity. For example, if one pool reaches the critical 
velocity, the velocity of neighboring pools might be larger than the critical value. This 
may require the velocity in the first pool to be lower than the critical velocity. The need 
to supply a large volume of water in the winter drives the solution toward reaching the 
critical velocity at least in some pools. Thus determining the water supply that can be 
delivered to various offtakes requires a balancing of canal discharges (and associated 
velocities) and offtake flow rates. (Different priority schemes for offtake flows are 
discussed below.) 
 
For pool I, the target upstream check discharge Q(I) is the sum of the offtake flows in 
pool I (Qout(I)) plus the flow through the downstream check gate of pool I, which 
become the inflow for the next pool downstream, Q(I+1), as described by Equation (1).  

( ) ( ) ( )1++= IQIQoutIQ  (1)

. 
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Figure 1. Water supply plan calculation procedure. 
 
Figure 1 shows this trial-and-error method which has two loops. The first circulates from 
the last pool toward upstream by pools to verify if the velocity limit is satisfied. The 
second loop circulates from the last sub-pool toward upstream by sub-pools within pool I. 
Here sub-pool is part of a pool t divided by offtakes, crossing structures like inverted 
siphons and etc. In Figure 1, Velomax represents the maximum flow velocity of target 
sub-pool, Qout is the offtake flow, Ncnl is the total number of pools, J represents the 
inner loop variable relating to sub-pool numbers. Figure 2 is a demonstration of the sub-
pools. The details of the offtakes can be found in Table 1. And an example of pool 
parameters are given in Table 2.  
 

Figure 2. The relationship of Pool and Sub-Pool. 
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While the velocity limitation is not satisfied in a particular pool, this paper considered 
three schemes for reducing offtake flows, respectively: 
1. Reduce the water withdraws of all the offtakes downstream from that pool 
proportionally (Scheme 1 of Figure 3); 
2. Reduce the water withdraws of all the offtakes in 5 adjacent downstream pools 
proportionally (Scheme 2 of Figure 3); 
3. Reduce the water withdraws of the downstream offtake, sequentially one by one( not 
proportionally) all the way to the end of canal (Scheme 3 of Figure 3). 
Here a 10% of initial discharge is chosen as step form decreasing water withdraw and a 
constant downstream water-level of each pool is maintained. Routing results are shown in 
Figure 3 by the percentage of water flows according to designed capacity. 
 

Figure 3. Capacity of various schemes. 
 
It is obvious that scheme 3 has the highest capacity followed by scheme 2. However, 
higher capacity results in more complexity. Pools 16, 17, 18, and 24 have significantly 
higher relative capacity with scheme 3. Because different sub-pools have different 
crossing sectional dimensions, pools 9 and 22 become the limiting pools for downstream 
flows (It can be seen from Table 2 where the minimum flow sections are in pool 9 and 
22). If offtake flows are reduced proportionally, scheme 1 and 2 will sacrifice more 
downstream capacity while scheme 3 first reduces the water withdraw in the adjacent 
downstream pool as far as allowed thus sacrifices  less downstream capacity. That’s why 
the capacity of pool 16, 17, 18 and 24 in scheme 3 are better than the other two. In order 
to transfer more water in winter, this paper suggests scheme 3 as the best option 
especially for SWWD project because the last customer is Beijing the Capital of China. 
But scheme 3 is relatively complex if the water supply plan is routed manually while 
scheme 2 has better balance between capacity and complexity. So this paper prefer 
scheme 3 for computer routing and scheme 2 for manual routing.  
 
For the same discharge, the target downstream water depth also influences the average 
velocity. This paper also examined increases in the target downstream water depth of 0.5 
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and 1.0 meter above the design value to determine its influence on winter capacity. The 
results for scheme 3 are shown in Figure 4. 
 

Figure 4. Capacity of various control water levels. 
 
Figure 4 demonstrates that winter capacity will increase as target water level increases. 
Most canals have designed freeboard to accommodate wind waves which seems 
unnecessary with ice cover, so it is possible to raise the controlled target level when there 
is ice cover. In addition, it’s obvious that increasing the critical velocity would also lead 
to higher capacity. The critical velocity in this paper is relatively conservative, while 
some documents suggest a limiting velocity of 0.6m/s (Ashton, G. D., 1979). Therefore 
after a period of operating, the critical velocity might be raised incrementally over time to 
increase water delivery in winter. Higher priority should be given to some important 
users such as big cities by adding a weighting factor or assigning a minimum value to 
specific offtakes. 
 

EMERGENCY CONTROL 
 
Winter emergencies include water pollution accidents, canal lining collapse, soil bank 
piping, channel structure failure, electrical equipment or metal structure fault accidents, 
as well as public safety accidents. When it happens in winter, there is high risk of ice 
cover collapse, channel overtopping, ice jam and ice dam. To ensure the safe operation 
and water delivery efficiency, there is a need to study emergency control strategies so 
that operators can make suitable adjustments to effectively control the spread of accidents 
and minimize the corresponding losses and prevent disaster. 
 
The canal system is divided into three segments according to the accident location and 
how many canal pools are directly influenced, namely the canal segment in which the 
accident occurs (accident pool segment), the segment upstream from the accident and 
downstream segment (see Figure 5).  
 
In this paper, three accident consequences are considered, namely;  



 Winter Delivery Capacity 141 

1. Shut the upstream and downstream check gate and all offtakes of the accident pools 
segment, reduce the head gate and upstream segment gate opening gradually. Close 
downstream segment check gates step by step, supply the customer by current canal 
storage. 
 
2. Shut the upstream and downstream check gate and all offtakes of the accident pool 
segment, reduce the head gate and upstream segment gate opening gradually. Close all 
downstream segment check gates and off-takes and do not supply water until canal 
system recovered. 
 
3. Shut down the entire system.  
 
This paper exams scheme 2. 
 
Emergency control constraints include preventing overtopping and limiting the rate of 
water-level decreases to protect the canal lining (0.15 meter per hour allowed water-level 
dropping rate, Wuhan University, 2013) and to avoid ice jams where ice covers exist (0.2 
meter per hour allowed water-level dropping rate, Yibo Yan, 2013). If water level is too 
high, one can choose to slow down the closing process of check gates or open the spill 
gate and release the surplus water.  
 

Figure 5. canal segments for emergency control. 
 
This paper proposed a strategy of routing the feed-forward target flow of check gates, 
off-takes and spill gates (feedback algorithm is based on proportional-integral (PI) 
controller by Guoqiang Liu and Guanghua Guan 2013):  
 
(1) Off-takes: When accidents happen, the discharge of the upstream segment off-takes 
remains stable. Those in the accident segment and the downstream segment are shut 
down immediately because accidents might pollute the water in accident segment pools. 
The closing speed is chosen as 10 m3/s every control step until the gates are closed 
(control step of this system is 20 minutes).  
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(2) Check gates are closed according to the change of off-takes because the check gate 
target flow is accumulated from the flow of tail gate and downstream off-takes as 
described in Eq. 1. 
 
(3) Spill gates are opened only when water level is too high, here this criteria is chosen to 
be 0.5 meter higher than the designed water level. Opening speed is taken as 30% of the 
designed capacity for upstream segments and 20% for accident segment. Downstream 
segments are closed so spill gate of this segments are no longer needed.   
 
To verify the effectiveness and reliability of the proposed strategy, simulations were 
performed for target canal assuming some accident happens between canal 11 and 14, for 
15.5 days after simulation begins. Temperature processes of this period were taken from 
a real cold current historical record of 1976 (see Figure 6). 
 

Figure 6. Temperature series for simulation. 
 
Simulation results include gate openings, discharges of each check gate and the water 
level deviations of every controlled point (upstream of each check gates) and water levels 
of sampled upstream, downstream and accident segment. 
 
From Figures 7 and 8 one can see that when an accident happens, all check gates are 
closing rapidly and the system gain stable after 72 hours. Upstream segments remain 
supplying water while the other segments are closed. 
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Figure 7. The upstream check gate opening process of the canal 

Figure 8. The upstream check gate flow process of the canal. 
 
Within 6-12 hours, most gates are adjusted to target openings and upstream segment 
regain stability after 42 hours. Water level deviations are within 20 centimeter in this 
procedure which ensures the safety of ice cover and most of the canal lining (see Figure 
9). Upstream controlled water levels are pulled back to target while downstream and 
accident segments water level become horizontal because they are closed. 
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Figure 9. The water level deviation process of the control point in front of the gate in 
each canal. 

 
Figure 10 shows that the water level deviations at upstream are much less than that of 
accident segments and downstream segments. Because water level is properly controlled 
no spill gates are opened. These results show that scheme 2 is acceptable for this scenario. 
 

（a） 

（b） 

（c） 
Figure 10. The water-level amplitude of the typical canals. 
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CONCLUSION AND DISCUSSION 
 
This paper discussed winter delivery capacity and emergency control strategies for large 
cascading open channel systems running in freezing weather. Results suggest that in 
order to ensure the juxtaposed freeze-up, the water supply capacity is greatly reduced. 
The maximum delivery capacity is 37% of the designed value for some pools while 
others have only 25%. Raising the controlled water level target and the velocity criteria 
would increase the capacity, so winter delivery capacity still has room for improvement 
in real operation. For emergency control this paper briefly discussed 3 schemes, and one 
of them was chosen to simulate the dynamics of canal system operations when an 
accident happens. Results show that the proposed strategy can achieve reasonable control, 
limit the spread of damage and ensure the canal safety. This strategy has an impact on 
downstream customers. Further work is need to define an effective emergency control 
strategy, while still supplying water to customers. 
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Table 1. Basic information of the Anyang-Beijing open channel 

Offtake 
Num. 

Canal 
Num. 

Designed 
canal 

capacity 
(m3/s) 

Name of off-takes Canal Section 

Designed 
capacity of 

offtakes 
(m3/s) 

1 
1 

245 AnyangXian Niufang 1.4 8 
2 245 Anyang Nanliushi 1.12 7 
3 3 235 YuJiaDian 3.8 2 
4 

4 
235 BaiCun 4.2 6 

5 235 XiaZhuang 4.7 5 
6 235 GuoHe 4.12 8 
7 

5 
230 SanLing pump station 5.5 0.5 

8 230 WuZhuang 5.9 2 
9 6 230 ZanShan 6.8 10 
10 7 230 DengJiaZhuang 7.2 2 
11 8 230 NanDaGuo 8.1 8 
12 9 220 LiuJiaZhuang 9.4 1 
13 

10 
220 HeiShaCun pump station 10.3 1 

14 220 HeiShaCun 10.5 2 
15 

11 
220 ZiHe 11.5 1 

16 220 BeiMa 11.8 0.5 
17 220 ZhaoTong 11.17 3 
18 12 220 WanNian 12.4 2 
19 13 220 ShangZhuang 13.2 5 
20 

14 
220 NanXinCheng 14.6 1.5 

21 220 TianZhuang 14.7 65 
22 16 170 YongAn 16.1 5 
23 17 165 XiMingCun 17.2 2 
24 

18 
165 LiuYing 18.4 2 

25 155 ZhongGuanTou 18.6 20 
26 

20 
135 DaShiChengJian 20.3 2 

27 135 GaoChang 20.6 3 
28 21 135 TaPo 21.4 1 
29 22 135 ZhengJiaZuo 22.13 12 
30 

23 
125 LiuGongZhuang 23.5 0.5 

31 125 XiHeiShan 23.9 60 
32 24 100 PuHe Sluice 24.8 40 
33 25 60 JingKeShan 25.11 2 
34 

27 
60 XiaCheTing 27.9 3 

35 60 SanChaGou 27.18 11 
Table 2. Typical canal parameters（Canal 1 and Canal 27） 

CanalID SegmentID 
Designed 
roughness

Bottom slope
i 

Bottom width
B (m) 

Side slope 
m 

Length
L (m) 
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n 
8 1 0.015 0.00004 23 2 3703 
8 2 0.015 0.00004 23 2 100 
8 3 0.015 0.00004 22 2 4037 
8 4 0.015 0.00005 25 0.7 2397 
8 5 0.015 0.000043 20.5 2 4206 
8 6 0.015 0.000043 20.5 2 83 
8 7 0.015 0.000043 20.5 2 10 
9 1 0.015 0.000042 15 3.5 2815 
9 2 0.015 0.00004 21 2.25 1200 
9 3 0.015 0.00004 22 2 8163 
9 4 0.015 0.00004 22 2 4292 
9 5 0.015 0.00004 22 2 450 
9 6 0.015 0.00004 22 2 10 
9 7 0.015 0.00004 22 2 65 
9 8 0.015 0.00004 22 2 1593 
9 9 0.015 0.000038 22 2 2169 
9 10 0.015 0.000052 25 0.7 2980 
9 11 0.015 0.000057 23.5 0.7 2569 
9 12 0.015 0.00004 22 2 4061 
9 13 0.015 0.00004 22 2 227 
10 1 0.014 0.000239 21 0 309 
10 2 0.015 0.00004 22 2 1863 
10 3 0.015 0.000056 22 1 1043 
10 4 0.015 0.000056 22 1 1236 
10 5 0.015 0.00004 22 2 104 
10 6 0.015 0.00004 22 2 3701 
10 7 0.015 0.00004 21 2.25 1210 
10 8 0.015 0.00004 22 2 2090 
10 9 0.015 0.00004 21 2.25 1810 
10 10 0.015 0.00004 22 2 3444 
10 11 0.015 0.00004 22 2 10 
10 12 0.015 0.00004 22 2 73 
21 1 0.014 0.000162 21 0 285 
21 2 0.015 0.00004 21.5 2.5 5238 
21 3 0.015 0.00004 21.5 2.5 1440 
21 4 0.015 0.00005 20 2 780 
21 5 0.015 0.000049 20 2 795 
21 6 0.015 0.00004 23 2 2301 
21 7 0.015 0.00005 18.5 2.5 1530 
21 8 0.015 0.00004 21.5 2.5 479 

Refer to Table 2. (continued) 

CanalID SegmentID 
Designed 
roughness

Bottom slope
i 

Bottom width
B (m) 

Side slope 
m 

Length
L (m) 
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n 
21 9 0.015 0.00004 21.5 2.5 55 
21 10 0.015 0.00004 21.5 2.5 10 
22 1 0.015 0.000048 21 2 3351 
22 2 0.015 0.00005 20 2 1255 
22 3 0.015 0.00004 23 2 2727 
22 4 0.015 0.00005 18.5 2.5 2688 
22 5 0.014 0.000184 15 0 695 
22 6 0.015 0.00005 18.5 2.5 10 
22 7 0.014 0.000192 15 0 406 
22 8 0.015 0.00004 18.5 2.5 15 
22 9 0.015 0.00004 18.5 2.5 10 
22 10 0.015 0.00004 18.5 2.5 25 
22 11 0.015 0.00004 21.5 2.5 1010 
22 12 0.015 0.00005 18.5 2.5 2955 
22 13 0.015 0.00004 21.5 2.5 3000 
22 14 0.015 0.00004 21.5 2.5 10 
22 15 0.015 0.00004 19.5 2.5 228 
22 16 0.014 0.000169 15.6 0 2238 
22 17 0.015 0.00004 19.5 2.5 2181 
22 18 0.015 0.00004 19.5 2.5 45 
22 19 0.014 0.000255 18 0 2219 
22 20 0.015 0.00005 26.5 0 51 
22 21 0.015 0.00005 26.5 0 730 
23 1 0.014 0.000153 15.6 0 1690 
23 2 0.015 0.00005 22.5 0.75 563 
23 3 0.015 0.000042 20.5 2 1342 
23 4 0.015 0.00005 17 2.5 1008 
23 5 0.015 0.00005 25 0.3 904 
23 6 0.015 0.00005 25 0.3 550 
23 7 0.015 0.00005 17 2.5 900 
23 8 0.015 0.00004 19.5 2.5 1224 
23 9 0.015 0.000048 19.5 2.5 1466 
23 10 0.015 0.000048 19.5 2.5 10 
23 11 0.015 0.000014 14.5 2.5 70 
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TRADEOFFS BETWEEN EFFICIENCY AND ENERGY IN THE 
MODERNIZATION OF IRRIGATION IN SPAIN 
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ABSTRACT 

 
An extensive irrigation modernization program has been accomplished in Spain. 
Collective open channel distribution systems have been replaced by pressurized-pipe 
networks that operate with more flexibility than the old systems. The main channels have 
been rehabilitated, and new pumping stations that supply pressurized water to the pipe 
networks have been constructed in- or off-line along them. Canal control has been 
disregarded generally, thus there are irrigation networks where the capacity of the main 
channel to respond to demand changes has become the supply bottleneck. Most on-farm 
irrigation has been transformed from gravity (surface) into pressurized (sprinkler and 
drip/trickle) systems. Irrigation efficiency at farm and irrigation district scales has 
increased notably, and the cropping pattern has been diversified in many irrigated areas, 
incorporating high value crops. Water use per unit of area has decreased substantially. 
Irrigation water use in Spain increased steadily during the second half of the 20th 
century. Despite continuous increase of the irrigated area, water use remained almost 
constant between 1990 and 2000, and it decreased about 15% from 2000 to 2013. 
However, irrigation energy consumption has increased about 70% between 1990 and 
2013. Moreover, energy cost has increased during the modernization process 
dramatically; firstly, due to the increase in oil price, secondly, because of the 
liberalization of the energy market. Since returning to gravity or low-energy irrigation 
has become problematic, new research is focusing on the optimization of energy use in 
the irrigation distribution networks. Among the energy saving recommendations is 
sectoring networks to operate them under rotation despite having been designed to 
operate on-demand. 
 

INTRODUCTION 
 
Irrigation in Spain dates back to the time of the first settlers, it evolved with cultural 
transmissions from Eastern Mediterranean cultures, and it excelled during the time of the 
Arabs in the middle age. The Arabs introduced not only new techniques, but also the 
concept of communal management of the resource. Current irrigation area in Spain is 
3.54 million ha (8.75 million acres) (MAGRAMA, 2013), while estimated water use is 
about 17,000 hm3 year-1 (13.8 million acre-feet per year) (INE, 2013). Spain is within the 
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15 countries with largest irrigated area in the World and the first European country in the 
ranking. The actual organization of the water users’ associations is firmly based on the 
effective structures that were developed more than seven centuries ago. Water users 
associations have evolved in the last two decades by acquiring high technical and 
management skills and organizing themselves in regional, national and supranational 
federations whose delegates represent irrigators in front of governments, basin 
authorities, and society at large. Therefore, it is not surprising that the current irrigation 
policies in Spain are directed towards the modernization of infrastructures and systems 
operation rather than towards institutional reforms. 
 
This paper summarizes the program for irrigation modernization in Spain, discusses the 
consequences in terms of energy consumption and energy costs, and outlines measures 
and research efforts to reduce energy consumption and cost and to increase energy use 
efficiency in modernized irrigation systems. 
 

THE SPANISH IRRIGATION MODERNIZATION PROGRAM 
 
The program for irrigation modernization in Spain was initiated in 2002 with horizon 
2008 (MAPA, 2002), although it was updated and extended in 2006 (MAPA, 2006) and 
2008 (MAPA, 2008). The plan encompassed more than 2.3 million ha (5.68 million 
acres) with an investment in collective infrastructure (conveyance, distribution, 
regulation, pumping) of about 7600 million Euros. Actual interventions largely exceeded 
planned interventions both in area and cost (Naranjo Chicharro, 2010; CAP-JA, 2011). 
About two thirds of the investment was financed by the state and/or regional 
governments, while the remaining third was financed privately. The modernized 
collective systems allowed transformation of on-farm systems. Regional governments 
also provided financial support for this transformation (CAP-JA, 2011). The aims of the 
irrigation program were: 1) to rationalize the use of water by improving and modernizing 
existing irrigation systems; 2) to favor rural development by increasing farmers 
livelihood, diversifying the economy, and creating employment; and 3) to increase the 
competitiveness of irrigated agriculture by adapting production to market demand and to 
the EU agricultural policy. The modernization program followed the drought of the mid 
1990s that harmed irrigated agriculture severely and provoked restrictions to domestic 
water supply in numerous Spanish towns. As a consequence, water saving received chief 
attention. It was expected to save 2700 hm3 year-1 (2.19 million acre-ft year-1), a 
significant amount compared to the total irrigation water use. 
 
Collective open channel distribution systems were replaced by pressurized-pipe networks 
that operate on demand or at least have more flexibility than the old systems. The main 
channels were rehabilitated, and new pumping stations that supply pressurized water to 
the pipe networks constructed in- or off-line along them. While pumping automation and 
remote control of the pipe network outlets were components of every modernization 
project, canal control automation was disregarded generally. There are modernized 
irrigation networks where the capacity of the main channel to respond to demand changes 
has become the supply bottleneck. Great part of on-farm irrigation has been transformed 
from gravity (surface) into pressurized (sprinkler and drip/trickle) systems. In 2002, the 
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area percentages of surface, sprinkler and localized systems were 39, 25, and 33 %, 
respectively. In 2013, these percentages shifted to 28, 23, and 48, respectively 
(MAGRAMA, 2013). 
 
New issues arose during the implementation of the program; thus, in 2010 the 
government proposed a new strategy for sustainable modernization of irrigation, with 
horizon 2015. This strategy renewed the objectives of the national program for irrigation 
modernization (rationalizing water use by modernizing existing irrigation systems; 
promoting rural employment); it emphasized the conservation of ecosystem and 
biodiversity (in line with the EU Water Directive Framework); and introduced a new 
goal: maximizing irrigation energy use efficiency. 
 

IRRIGATION EFFICIENCY - ENERGY CONSUMPTION TRADEOFF 
 
Several researchers have reported irrigation energy costs in Spain. Rodríguez-Díaz et al. 
(2011) collected data from a sample of 10 modernized districts in the Guadalquivir 
valley, obtaining average energy consumption of 0.41 kWh m-3 while average irrigation 
depth was 2589 m3 ha-1. Abadía et al. (2010) reported data from 22 districts in 
southeastern Spain. All districts required pumping; most of them used ground water; two 
of them used surface irrigation, the others used drip or sprinkler irrigation. Average 
energy consumption in this sample was 0.89 kWh m-3, with average irrigation depth of 
2400 m3 ha-1. 
 
One of the districts evaluated by Rodríguez-Díaz et al. (2011) had been evaluated by the 
same authors before modernization. They found a reduction in water diversion from 
before to after modernization of 40 % while O&M costs increased from €0.01 m-3 to 
€0.09 m-3, with energy accounting for 30 % of post-modernization O&M costs. 
 
Statistics of irrigation water use and energy consumption are unreliable. Corominas 
(2010) compiled historical and recent data of electricity consumption in agriculture and 
estimated the evolution of water use based on historical data of crops area and irrigation 
method. An update of these estimations revealed that while irrigation water use per ha 
has decreased steadily during the last 40 years (33 % between 1970 and 2012), energy 
consumption has increased by 70 % (pers. com., Corominas, 2014). 
 
However, the energy issue in the Spanish irrigation sector broke out in 2008, when the 
energy market was liberalized and the relatively low charge of power in the irrigation 
electricity tariffs was suppressed. Moreno et al. (2010) reported 40-75 % increase in the 
energy cost of irrigation districts in central Spain as a consequence of this policy change. 
Ederra and Murugaren (2010) estimated for a study case that the power component of the 
electricity bill (€ kW-1 year-1) increased in 2008 by a factor of 3.5. More increases 
followed in 2009 and 2010. Similarly, Rocamora et al. (2013) estimated a 2.4-fold 
increase in the power component during the period 2008-2010. In the examples presented 
by these two groups of authors, the energy component (that may represent about 80 % of 
the electricity tariff) increased steadily during the period 2004-2010 by a factor of 1.7. 
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The increase in energy consumption as a consequence of the modernization model chosen 
in Spain was expected. What was not expected was the dramatic increase in the 
electricity tariff due to a sudden policy change. While there are energy-efficient solutions 
to use on-farm pressurized irrigation systems supplied by open channel or low pressure 
pipe networks, on-farm gravity irrigation from pressurized networks entails energy waste 
necessarily. Reversing the transformation from open channel to pressurized pipe 
networks is unviable. Therefore, one lesson should be learnt and applied to countries 
where irrigation modernization is to come: irrigation systems, particularly collective 
networks, have long live, they are long-term investments; thus planners should be 
extremely cautious when selecting systems based on current energy costs or on short term 
forecasts. Policy changes are unpredictable and may have dramatic effects. There is 
irrigated agriculture in Spain that was economically viable before the modernization and 
it is not anymore. 
 
Numerous efforts are now oriented to reduce the electricity bill, maintaining the new 
systems or introducing just small modifications. Water user's associations are engaged in 
active research and negotiations to reduce energy consumption, increase energy 
efficiency, and reduce energy costs and tariffs. The Spanish Institute for Energy Saving 
and Diversification has developed guidelines for irrigation energy audits (AENOR, 2009) 
that are applied to many irrigation districts. Research work at the universities of Córdoba, 
Castilla-La Mancha, Miguel Hernández (Orihuela), Polytechnic of Valencia and others 
have contributed to this effort largely. Next, we summarize the main measures that have 
been propose to alleviate the irrigation energy problem. 
 

MEASURES TO REDUCE ENERGY CONSUMPTION AND COST 
 
The design of pipe systems, either collective networks or irrigation application systems, 
uses energy criteria by setting head loss limits. The same applies, for instance, to the 
selection and dimensioning of filters. Reducing pressure needs using gravity systems or 
emitters (sprinklers, sprayers, drippers) with low pressure requirements is another 
apparent way to save energy. Proper maintenance (particularly of pumps) contributes to 
save energy. Operational measures to save irrigation water such as reducing distribution 
and application losses as well as adequate scheduling have direct effect on energy 
savings. More specific measures that have deserved recent research are: 
 
- Optimization of the design and operation of pumping stations to minimize investment 
and energy cost (e.g.: Pulido-Calvo et al., 2003; Planells et al., 2005; Moreno et al., 2009; 
Lamaddalena and Khila, 2013) 
- Identification of critical points in the network (González-Perea et al., 2014) and 
correction, e.g., by inserting pipes with larger diameter or boosting pumps 
 
Other measures require changes in the habits of the irrigators, for instance network 
sectoring for water rotation by grouping hydrants according to homogeneous energy 
demand in order to minimize pumping energy consumption (e.g.: Carrillo-Cobo et al., 
2010; Jiménez-Bello et al., 2010; García-Prats et al., 2012; Fernández-García et al., 
2013). 
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However, preferred measures are not saving energy but are related to the reduction in the 
cost of energy. Optimal contracting with the energy supplier has become main concern of 
water users' associations and individual farmers. Water users' associations commonly 
contract energy with a marketing company, agreeing the energy component charge 
(Rocamora el at., 2013). The power component charge is regulated by the Government. 
Contracted power is determined by the expected maximum power need. Given the high 
seasonality of water demand in Mediterranean environments, contracted power exceeds 
power needs most of the year. Distributing energy demand along the year by adapting the 
cropping pattern would reduce the power peak; however, farmers are constrained by 
many agronomic and economic factors hindering modifications of the cropping pattern. 
Irrigating during the hours of cheaper tariffs is another measure that saves cost in both the 
energy and power components. This is incentivized in water users' associations equipped 
with water measuring devices that differentiate periods of water use by charging the m3 
of water at lower price when used during the periods of cheaper tariff. 
 
Implementing these measures is complex, requires technical skills and changes in 
irrigation habits. Rocamora et al. (2013) have proposed a multiple-stage strategy for 
efficient energy management that includes definition of the energy policy, energy 
planning, implementation of saving measures, and monitoring of results. 
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ABSTRACT 

 
Droughts raise the salience of water efficiency strategies and can drive investment in new 
technologies to reduce costs and improve utility efficiency programs’ water savings.  The 
paper begins with exposition of the fundamentals of predictive analytics and its relevance 
to utility water efficiency programs.  Next, the paper illustrates how predictive analytics 
platforms’ leverage internal utility hundred cubic feet (CCF) sales data with re-purposed 
external data to predict residential water consumption.  A growing degree day model is 
used to identify exterior irrigation needs by climate zone. The analytics predict which 
service accounts have the highest need for water efficiency programs given their actual 
water consumption (Who). Predictive analytics can also offer recommendations about the 
specific efficiency measures that are most relevant to each service account (What).  
Utilities employing targeted marketing strategies based on (Who + What) can yield 
reduced program marketing spending to reach a given CCF savings targets. Target 
marketing can also help utilities procure “new” water supplies through increased deemed 
CCF savings from efficiency programs targeting existing customers. Using data from the 
2009 California Residential Appliance Saturation Survey, the targeted marketing “uplift” 
from predictive analytics is demonstrated. Heat maps of the domestic and exterior water 
efficiency measure supplies for each house in a San Bernardino, California community 
are displayed.  The use of these analytics lends itself to real-time water consumption 
monitoring of customers who participated in an efficiency program relative to a group of 
customers identified as an appropriate control group. The paper concludes with strategies 
to overcome common organizational barriers to the implementation of predictive 
analytics in the regulated utility sector. 
 

INTRODUCTION 
 

Population growth and recent droughts in California and other southwestern states have 
increased policymakers’ focus on the water supply and the need to conserve.  Policy 
makers and utility companies are trying to figure out how to provide water to an 
increasing population with a stressed water supply.  Figure 1 was taken directly from the 
drought monitor and provides undeniable support for the need for water conservation in 
the South Western United States where a majority of the land area is currently in a severe 
drought or worse. 
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Figure 1: Water Stress in the US (Source: www.droughtmonitor.unl.edu ) 

 
 

Figure 2. Water Stress in the US (Source: www.droughtmonitor.unl.edu) 
 
Mapping historical groundwater withdrawals over the drought area would further show 
how groundwater is being depleted at an alarming rate, and how the current supply and 
demand imbalances are unsustainable. 
 

BACKGROUND ON WATER CONSERVATION 
 
These concerns about water supplies have put pressure on local and state governments, 
utility companies, and citizens for conservation.  California for instance has implemented 
a goal of reducing per capita urban water use statewide by 20% of 2009 usage by the year 
2020. This will require an annual demand reduction of 2 million acre feet of water 
(CWPU, 2013, p. 6).  Similarly the city of Tempe Arizona recently passed water 
conservation goals with a targeted savings of more than 600 million by the year 2020. In 
the voluntary realm the 90 by 20 water conservation campaign is an advocacy 
organization campaign calling on communities in the Colorado River Basin in Utah, 
Colorado, Arizona, and Nevada to reduce water usage to 90 gallons per capita day 
(GPCD) by the year 2020.   
 
Although policy makers could pursue a number of sources of new supply, water 
conservation is generally viewed as “the most cost effective option water suppliers have 
to improve water supply and reliability”.  According to the 2009 California Water Plan, 
the per acre foot cost of increasing the water supply through urban water use efficiency 
lies between $333- $500 (CWPU, 2013).  Other options for increasing water supply are 
more expensive: 
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• surface storage ($1,301 - $3,811/AF) 
• recycled water ($300-$1,300/AF) 
• desalination of groundwater ($500-$900/AF) 
• desalination of wastewater ($500-$200/AF) 
• desalination of seawater ($1,000-$2,500/AF) 

 
Not only are these supply options are more expensive per AF, but also have a much wider 
variance in their cost ranges.   
 
While regulation and cost incentives have both led to significant gains in water efficiency 
over the last several decades there is still more that can be done.  According to a June, 
2014 issue brief by the Pacific Institute, Urban Water Conservation and Efficiency 
Potential in California (UWCEPC), residential water efficiency in California could be 
improved by 40 to 60 percent by “repairing leaks, installing the most efficient appliances 
and fixtures, and by replacing lawns and other water-intensive landscaping with plants 
requiring less water”(p. 2). This would amount to a savings of between 2.2 to 3.6 million 
acres per feet just from a more widespread adoption of policies and technology that are 
already available (p. 7). 
 
Water Usage and Conservation Supplies in California 
 
The first step in designing water conservation plan needs to develop a baseline for current 
consumption and trends in water usage.  The California Single Family Water Use 
Efficiency Study (CSFWUES, ) provides residential water use patterns by end use for 
over 700 single-family homes across ten water agencies throughout the state of 
California.  Although the study took place between 2005 and 2010 the data on water use 
patterns used for analysis were collected during 2007.   
 
Indoor Water Usage and Conservation: Data from the CSFWUES study shows an 
average indoor water consumption amount of 175 gallons per household day (GPHD) 
which consisted of toilet flushes (37.3), clothes washers (30.6), showers (34.3), “leaks” 
(30.7), baths (3.6), other (3.7), and dish washers (1.5). (CSFWUES, p 28) The researchers 
forecasted that a combined reduction of maximum clothes washer volume to 20 gallons 
per load, 10% decrease in faucet volume, leakage reduction to 25 GPHD, and reduction 
of maximum toilet flush volume to 1.25 gallons per flush (GPF) could reduce average 
indoor water consumption to 120 GPHD. (CSFWUES, p. 33). 
 
The CSFWUES and the REUWS also provide valuable data for comparison of indoor 
usage from California homes in 1997 and 2007.  While the REUWS showed that average 
flush volume for toilets went down from 44.2 gallons to 37.3 gallons, the gain in 
conservation was lower than hoped for.  In addition the study found that only 30% of 
homes in the study were at an average flush volume of 2 gallons or less, while the Ultra-
Low-Flush (ULF) standard was set at 1.6 gallons. (CSFWUES, 2013, p. 28) This was 
partially attributable to the fact that many houses did not have ULF standard toilets 
installed, and part of this was a result of ULF standard design toilets that flushed at larger 
volumes than specified. (CSFWUES, p28)  
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The historical trend in toilet retrofit regulation is helpful in bringing this issue into 
context.  “Before 1980 toilets typically used 5.0 gallons per flush GPF. In 1980 the 
plumbing codes set the standard toilet flush volume to 3.6 GPF.  And in 1992 any toilet 
sold could only use a maximum of 1.6 gallons per flush.”  (CWPU, p. 2)  Starting in 2014 
no toilets can be installed or sold that use more than 1.28 GPF (CWPU, p. 28).  While 
this trend of consciousness is uplifting, the potentially high lifetime of toilets make the 
effects of this type of regulation uncertain.  In a study done by the National Association 
of Home Builders (NAHB) in 2007, they found the average lifetime of a toilet to be a 
“lifetime”, meaning that people are not generally forced to buy a toilet very often. 
(NAHB, p. 9) A study done by DeOreo et al in 2001 found that nearly half of California 
households still use old, inefficient toilets. (p. 137) 
 
A similar story can be told in the adoption of more efficient washers.  As of the 2007 data 
collection in the CSFWUES 30% of homes were using washer that used 30 gallons or 
less per load, while in 1997 that number was only 1%.  New water efficiency standards 
were adopted by the California Energy Commission in 2004, and then again in 2007.  So 
although the gain from 1% to 30% of washers below 30 gallons per load is significant, 
there is still much room for improvement.  Average lifetime for a washer, 10 years 
(NAHB, 2007), is not as long as an average toilet lifetime, however there is still potential 
for a lag in the time frame for expected replacement of some older washers. This further 
points to the potential gains to efficiency from converting old washers.    
 
Outdoor Water Usage and Conservation: The 2013 California Water Plan Update 
(CWPU) estimated average annual residential exterior water use at 3.0 million acre feet 
(MAF), or 34% of total water use. “Approximately 87% of homes appeared to be 
irrigating, and 54% of those homes appeared to be irrigating in excess".  (CSFWUES, p 
33) Average outdoor annual use for the group as a whole was 92.7 kilogallons (KGALS) 
while the average estimated usage requirement was 89.9 KGAL. (CSFWUES, p 31) 
Although the actual average was not much higher than estimated usage requirement for 
the group, excess usage occurred in a relatively small portion of the population, signaling 
that those who were over irrigating were doing so in large amounts.  “Approximately 
65% of the excess use was occurring on 18% of the irrigated lots, or 15% of the lots in 
the study.”(CSFWUES, p 32) Estimated potential for conservation in outdoor usage was 
higher than estimates for indoor conservation potential.  “Three key areas that were 
identified for modifying outdoor use were: the irrigation area, the water demands of 
plants in the landscape, and the percentage of homes in the population that are over-
irrigating”. (CSFWUES, p34)   
 
According to the update outdoor water use landscape and irrigation carry a high potential 
for reduction and further efficiencies.   
 

“The most cost effective method for reducing water waste from landscape 
irrigation is increasing irrigation efficiency with regular system repairs, 
maintenance and scheduling refinements.  Another important method for reducing 
irrigation demand is through selection of low water using plants with a 
corresponding reduction in water choices.” (CWPU, 2013, p. 9) 
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In addition, the study points out the significant increase in water use, shown to be more 
than 50%, resulting from the use of automatic irrigation controllers instead of manually 
operated irrigation systems. (CWPU, 2013, p. 9)  
 
Table 1 below is taken directly from page 35 of the CSFWUES and it shows case-
analysis estimates for potential water savings over year 2007 totals measured in million 
acre feet (MAF).  
 

Table 1. Water Savings Potential (Source: CSFWUES) 

  
 

CHALLENGES AND OPPORTUNTIES IN CONSUMER CONSERVATION 
ADOPTION 

 
In pursuit of water conservation goals government entities and utility companies are 
instituting new regulations and providing a variety of incentive programs aimed at 
promoting better water efficiency in the residential sector.  Given that efficiency will also 
benefit consumers by lowering their utility bills, it should be an easy sell for water 
consumers.  For all their effort, incentive-based rebate programs often fall short of 
hopeful participation rates. (Olmstead and Stavins 2007).  
 
Furthermore, residential participation in energy conservation programs is lower than it 
needs to be in order to achieve significant conservation goals. From 2009 through 2011 
only 15% of US residents participated in energy efficiency programs over the previous 
twelve months (Burke and Cooper, 2013).  There is not much reason to expect that 
program participation in water efficiency would be much higher during this period.  In 
addition, even the most successful incentive programs require large up-front costs for 
utilities related to marketing, information sharing, and education. Customers typically 
also must contribute a varying share of the initial costs of the conservation measures. 
While residential water efficiency incentive programs have seen some success, there is 
definitely room for improvement.  
 
Reducing Free Ridership 
 
While significant ground has been gained in some areas, we still have a long way to go.  
One program barrier is reducing free-riders, which are customers that would have 
adopted a water savings measure, even without a utility incentive.   A 2013 study of the 
N.C. rebate program for low flush toilet found that water savings from the program was 
approximately 7%, but only 33% of that was attributed to the rebate program. They found 
that the program cost was between $11 to $15 dollars per 1000 gallons. However if the 
only people targeted were those who required the rebate the cost would have dropped to 
$4 per 1000 gallons (Bennear et al, 2013). 
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Targeted Marketing to Increase Participation 
  
The amount of money that is spent on marketing through mass advertising drives the cost 
of these programs up, reduces profit margin inefficiently, and reduces potential funding 
for actual incentives.  The shortcomings of rebate programs in demand side management 
could be attributed to the role that household heterogeneity and behavior play in the 
determination of water usage and also the reaction to different incentive programs.  In a 
study by Schwabe, Baerenklau, and Dinar (2014) the researchers found that voucher 
redemption for sprinkler nozzles came from households with higher incomes, occupancy, 
higher water rates, and larger landscapes.  While many studies in this realm have focused 
primarily on demographic data, the importance of geographic location cannot be 
overstated in this realm.  The presence of homophily, the tendency for individuals to 
associate and bond with similar others, can potentially be identified in two different 
ways.  The first is in the potential for individuals to form social networks with others that 
are like themselves in many behavioral and demographic categories.  This increases the 
potential for individuals likes or dislikes to be easily reinforced, and the need for program 
options to be more specific to the traits of the individual.  The second potential for the 
presence of homophily is in the spatial realm, where similar people tend to live in 
relatively close proximity.  In a study by Hogue, Pinceti, and Mini (2013) the researchers 
find evidence of geographic clusters of water consumption in Los Angeles, and that 
“single family residential water consumption in Los Angeles is driven by income, 
landscape greenness, water rates, and household water volume allocation.”   
 
Using Social Norms to Improve Conservation 
 
Social Norm Messaging consists of households being provided with comparisons of their 
usage to their neighbors. The households that were sent a letter from the utility appealing 
for water savings based on relative water consumption saw proportionately greater water 
reductions than households that were given technical advice and suggestions on ways to 
reduce water use.  (Ferraro et al. 2011; Bernardo, Ferraro and Price, 2014)  The study 
also found that there was a greater response to the social norm messaging by higher water 
users.    
 
These studies emphasize the need to go beyond the typical marketing plan of targeting 
households that are “high-usage” consumers of water.  The need for this kind of analysis 
is emphasized in the 2013 California Water Plan Update response to the need to reduce 
water consumption on urban landscapes:  
 

“ Water suppliers should focus their efforts and resources on water users with 
high application rates per landscape area.  As a marketing tool, a cost benefit 
analysis based on water rates and other factors can pre-determine which 
customers would be the best candidates for intervention, both in terms of 
maximizing water supplier resources and customer buy-in”  

 
The need for increases in water efficiency, along with the potentially high cost and 
varying results in rebate-based incentive programs, point to a need for a better targeted 
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marketing approach based on the wealth of internal and external data currently available 
to utilities.     
 

METHODS: BUSINESS INTELLIGENCE + PREDICTIVE ANALYTICS 
 
The goal of this section is to show how predictive analytics and business intelligence 
platforms can provide significant reductions in cost and increases in participation for 
residential water efficiency incentive programs. Ultimately, the combined systems allow 
for much lower up-front costs, better customer satisfaction, and higher adoption rates by 
strategically targeting customers and offering conservation measure incentives that are 
tailored to their households attributes.  
 
Business Intelligence 

 
Business intelligence systems consist of data warehousing and information dashboards 
that improve utility decision making.  While typical residential water conservation 
indicators require customer-supplied data for analysis, the main advantage to utility 
business intelligence platform is that it eliminates the need for customer-supplied 
information about their real estate.  Procurement of such data through survey’s or 
incentive based customer feedback is often time costly, and all too scarce in that over 
85% of customers don’t participate in the requisite programs to acquire the information 
as described in Section III above. 

 
The top portion of Figure 2 shows the databases that can be included in a water 
conservation BI package. The business intelligence platform combines customer water 
usage data with 3rd party real estate, demographic, and geographic data. The BI platform 
joins, or relates, all of these databases for data visualization and the predictive analytics 
described below. 

 
Figure 2. BI and Predictive analytics Model Diagram 
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In addition to user friendly queries and visualization tools, the BI package should offer 
real-time program feedback.  Many utilities have to wait an extended period to receive 
program evaluation impact assessments. A successful water conservation BI platform can 
monitor program outcomes in real-time by statistically matching program participants 
with a control group. This quasi-experimental research design allows for causal 
inferences of program outcomes. Figure 3 shows how program impacts can be assessed 
against a statistical control group of customers who did not participate in the conservation 
program.  The water conservation savings from the program begin accruing in the late 
fall, and increase steadily over the summer and into winter. This type of real time 
program monitoring allows for important mid-course program adjustments and cost-
benefit assessments--all in real-time based on actual program results.  In sum, a utility-
facing BI tool is an essential ingredient to transform utility data into business intelligence 
that can increase customer satisfaction, improve operating reliability, and reduce costs.   
 

 
Figure 3. Tracking Program Results 

 
Predictive Analytics  
 
Once the BI platform has warehoused all the relevant customer and program information, 
predictive analytics can be developed to provide overviews of conservation supplies at 
the aggregate or individual level.  The predictive analytics are represented in the 
Advanced Econometrics rectangle in the middle of Figure 2. The application of advanced 
econometric modeling allows for increased information gain from traditional utility data 
and readily available external data sources.   
 
Predictive analytics for water conservation begins with the development of benchmark 
water consumption and conservation supplies at every single family residence in a 
specific geographic area.  The Home Water Intensity Score (HISw) indicates the 
efficiency with which water is consumed at each residence. The HIS indicator utilizes the 
square footage of the property and the structures on the property in order to develop a 
water budget. The HIS score is a need indicator for water consumption measures at each 
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household controlling for weather and other important factors that can quickly and easily 
reflect household efficiency. 
 
Next, using the combination of data on usage, demographics, and real estate, the software 
estimates the cost-effective water conservation opportunities at each household.  
Customizable reports for individual households provide information related to efficiency 
gains, individualized prescription analytics, potential bill savings and household specific 
incentives available, and peer comparison reports.   
 

 
Figure 4. Customized Household Efficiency Report 

 
Any sophisticated targeting related to outdoor usage will have to employ geographic and 
real estate data at the very least in order to ensure a higher level of prediction for 
potential high impact customers.  The intensity score from the predictive analytics also 
allows utilities to identify homes with “leaks” and to offer them toilet repair kits, 
irrigation repair measures, and other leak mitigation measures.  
 
Barriers to BI + Predictive Analytics Adoption 
 
Realizing these potential benefits is not always easy for organizations. While data always 
speaks and is always predictive, Siegel (2013) notes that this “data effect” is a leap of 
faith for organizations to take prior to engaging in predictive analytics. They often don’t 
know that they will find prior to exercising their data muscles. 
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A successful business intelligence platform must meet the specific analytical needs of the 
utility provider.  One of the biggest mistakes that a corporation can make when choosing 
a business intelligence platform is in considering the data tools available without 
understanding how the software platform will fit into the overall corporate strategy. Big 
hardware and software providers are likely to push off-the-shelf BI “solutions” when the 
utility is looking for a customized DSM platform.  The packaged BI solution will 
probably not meet the operational efficiencies and customer satisfaction goals of the 
utility.  This assumes that an enterprise-wide BI solution can successfully be 
implemented.  A large electric utility in California is purported to has spent over $250 
million on a customer relationship management platform with BI applications, but 
software has yet to be fully implemented, and another large vendor has been contracted to 
finish the installation.   

 
The lack of financial and human resources to purchase and operate the BI + Analytics 
platform is also a major barrier. A successful platform should provide user friendly 
operations that less technically oriented staff can operate. Similarly, the outputs from the 
platform should seamlessly integrate with existing information technology platforms 
within the organization. On the budgeting side, and there exist opportunities to fund BI+ 
predictive analytics with avoided distribution investments. 
 

RESULTS 
 

The intensity score and other information in the predictive analytics platforms translate 
directly into more robust targeting for potential program candidates, and better ability to 
provide customer specific program options. High HISw households are the most cost-
effective candidates for targeted marketing of water conservation measures.   
 
Uplift Marketing 
 
The following example highlights how modeling results can be used to increase water 
savings by utility programs.  Statewide, about 25% of single family households that pay 
for their own electricity in California have front loading clothes washers.  High kWh 
customers show about a 5.6% higher probability of purchasing a front loading clothes 
washer than baseline households. Utilities could target these households, but they would 
be missing out on valuable information that can be gained from analyzing additional data.  
By fully utilizing the predictive analytics software, utilities could target households that 
have a 29% higher probability of purchasing a front loader clothes washer than baseline, 
or just high usage households.  By using the additional information gained from 
geographic, real estate, and demographic data the power of the predictive analytics can be 
greatly enriched and consumption patterns can be more easily detected.  
  
Not only will this allow for better targeting of households that have high potential water 
efficiency, but it allows for a more personalized approach to program offerings.  When 
households are correctly targeted, and potential behavioral characteristics are taken into 
account, a more personalized program can be offered.  If nothing else, this makes options 
more applicable to that individual household so that they do not have to spend time  
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Figure 5. Uplift Marketing for Front Loading Washers 

 
reading through an advertisement or pamphlet that is filled with generic program options 
that may not fit their needs.  The bottom line is that the application of predictive analytics 
through a dynamic user-friendly business intelligence platform, allows for higher 
program participation, greater customer satisfaction, and increased water conservation at 
a reduced cost.   
 
Identifying Communities for Conservation Targeting Using Real Estate Data 
 
The data analytics and visualization can be combined to provide striking maps that 
identify community potentials for conservations. As noted above, high consumption (low 
efficiency) tends to cluster in neighborhoods. This is due to homophily in part, but also is 
also related the built environment, especially in areas with large tract homes that share 
similar indoor and outdoor equipment. Homes that we built before 1980 are more likely 
to have 5.0 gallon per flush toilets, while homes built after 1994 complied with Federal 
Energy Policy Act (1992). While some households will have retrofitted their toilets, these 
are likely to occur in more wealthy households. Thus, an indoor water conservation 
program that targets toilet replacement is likely to be much more successful if it targets 
communities that are poorer, high occupancy, with older homes Housing developments in 
Southern California were often built in large tracts, where the homes, lot sizes, and 
landscape vegetation were very similar. As a result, conservation opportunities cluster in 
neighborhoods. . Figure 6 shows a heat map of the conservation supplies estimated using 
an intensity indicator similar to the one described in Section IV above. Further 
information on the clustering of high water intensity customers can be gleaned using 
geographic information system data to view conservation supplies at the individual 
household level (not shown). 
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Figure 6. Estimated Conservation Supplies by Zip Code 

 
CONCLUSION 

 
The need for water conservation is continually emphasized by our growing population, 
current drought in most of the Southwest, and the stress that we are placing on the water 
tables and river basins which we draw from.  Greater efficiency in consumption has been 
signaled as a primary goal due to its cost and feasibility.  Even if we were to come out of 
the drought, or find an alternative low cost option to increasing the water supply, greater 
efficiency measures will only complement those efforts.  While government entities and 
utility companies are on board with the need to pursue these efficiency measures, the 
incentive programs they offer are not being adopted at high enough rates.  There is a need 
to gain a better understanding of the customer base, what drives their consumption, and 
how to better customize efficiency program options to individual customers.  Utility 
companies do not always have the resources needed to undertake the research necessary 
to better target marketing and personalize customer options so they often resort to 
expensive inefficient mass marketing campaigns with eat into the overall profit margin.  
While outside consultants can be hired to create more sophisticated market analysis, this 
is usually very expensive and results in a one-time report instead of an ongoing analysis.  
A BI + predictive analytics software package can offer analysis and decision making 
support to increase the cost effectiveness of conservation programs, improve customer 
satisfaction, and enhance utility profitability.   
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IRRIGATION SYSTEM MODERNIZATION IN AUSTRALIA 
 

Damien Pearson1 
 

ABSTRACT 
 
Australia’s agricultural water supply networks are being modernized in response to recent 
severe drought. Water scarcity has focused attention on the need to invest in modernized 
delivery systems and on-farm water infrastructure. One key modernization project is the 
Northern Victoria Irrigation Renewal Project (NVIRP) which is modernizing the delivery 
assets of the Goulburn-Murray Irrigation District. This investment is improving the 
efficiency of these conveyance and distribution networks from 65% to 85% and will 
ultimately recover 345,000 acre-feet of water every year for further beneficial use.   
 
The successful implementation of the first phase of the NVIRP modernization project 
automated the district’s primary and secondary canals. Phase 2 is being delivered from 
2014-2018 and will see 2,200 miles of tertiary canals converted into gravity pipe systems. 
 
In parallel with these investments in delivery networks, significant investment has also 
been made in improving on-farm water use efficiencies. High performance surface 
irrigation systems are delivering on-farm application efficiencies in excess of 85% and up 
to 95% on the right soils.  
 
An independent review of the improvements made in the Murray-Darling Basin released 
by the Committee for Economic Development of Australia (CEDA) in 2011 states: “The 
value of these benefits in the Southern Murray-Darling Basin ran into the hundreds of 
millions of dollars per annum during the drought and represents a major success in water 
policy.” 
 

INTRODUCTION AND BACKGROUND 
 
The majority of Australia’s irrigated agriculture is supplied by gravity surface water 
conveyance networks. In general, Australia does not have the same deep and contiguous 
ground water aquifers located beneath key agricultural regions as are available in the 
United States. Surface water represents 74% of Australia’s water supply for irrigated 
agriculture.  Only 23% of irrigation water is sourced from ground water2.  
 
Australia’s agricultural surface water is typically diverted from rivers to gravity 
reticulation networks supplying irrigation farms within large and flat river basin terrain. 
In response to its variable climate, Australia has, over decades, developed large storage 
reservoirs which are designed to capture and store many years of agricultural and 
municipal water requirements. Unlike the United States, snowpack does not provide a 

                                                 
1 General Manager North America, Rubicon Water, 4563 Denrose Court Fort Collins, CO 80524. 
Damien.Pearson@rubiconwater.com. 
2 Source: Australian Bureau of Statistics 
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significant natural storage source in Australia; and so large surface reservoirs are key to 
providing a reliable water supply for Australia’s irrigated agriculture.   
 
Annual precipitation has proven to be highly variable in Australia.  It was common 
throughout the last century for Australia’s large surface storage reservoirs to be drawn 
down over prolonged dry periods. Long-term water availability is governed by the 
volume of precipitation which is captured and stored. In periods of extended dry, the 
precise management of stored water for maximum beneficial use becomes a very high 
priority.  
 
In general, stored surface water is conveyed to farms via gravity canal networks. The 
farmers that receive this water have historically employed surface irrigation. Surface 
irrigation (also known as flood irrigation) is used to water approximately 62% of all 
irrigated farmland in Australia. The land on which the farms have been developed is 
generally flat and surface irrigation provides an economic means of applying water with 
no reticulated power and no exposure to energy costs. Approximately 28% of Australia’s 
agriculture is watered by sprinkler irrigation and the remaining 10% is watered by micro 
irrigation. Due to the widespread use of surface irrigation, many of the on-farm efficiency 
improvements since the 1980s have focused on constructing sloping borders to achieve 
more efficient border check irrigation outcomes. Laser grading has been applied in 
Australia to create field slopes generally of 1:500 to 1:2000.  This work was supported by 
government funded Land and Water Management plans. Sloping borders are the common 
configuration for surface irrigation in Australia, the use of level basins is not widespread.  
 
The bulk of Australia’s irrigated agriculture is located in the Murray-Darling Basin, 
which crosses much of southeast Australia. The basin takes its name from its two major 
rivers, the Murray and the Darling. It is the country's most important river system. 
 
The key irrigation areas in the Murray-Darling basin are the Goulburn-Murray, 
Murrumbidgee, Murray, and Coleambally irrigation districts. Each of these districts are 
implementing the modernization programs outlined in this paper. As shown in Figure 1, 
these districts span the states of Victoria and New South Wales, which straddle the 
Murray River. The state of Victoria is approximately equal to Colorado in land area, and 
the Murray River is approximately as long as the Colorado River and has an equivalent 
discharge.  
 
Victoria’s key agricultural region is known as the Foodbowl. The Foodbowl consumes 
70-80% of the water used in Victoria, and produces $10 billion dollars of agricultural 
production including milk, stone fruits, grapes and tomatoes. Approximately $1.7 billion 
of this produce is exported annually.  
 
The Foodbowl region is supplied by a gravity canal network managed by Goulburn-
Murray Water. This region covers 840,000 acres of irrigated land supplied by 3,900 miles 
of open canals. These canals service 14,000 irrigators through 20,000 turnouts. Goulburn-
Murray Water has traditionally managed the canal flows through manual operation of 
approximately 8,000 drop-board regulating structures.  
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Figure 1. Modernized Irrigation Districts in the Murray Darling Basin.  

 
Pre-modernized Australian irrigation districts have been very well managed, considering 
the difficulties of matching supply to demand in gravity canal networks combined with 
traditional flood irrigation practices. These difficulties resulted in less than half of the 
water diverted for agriculture productively consumed by crops. 
 
Manual system operations limited the achievable efficiencies in these networks. The 
largest losses were during transportation of water and the largest of these losses were due 
to outfalls (spills). Even with a highly skilled and trained workforce, efficient manual 
operation of canals was a big challenge. Inefficiencies in water supply networks were 
caused by antiquated infrastructure and customer desire for improved service which 
placed priority on maintaining stable pool supply levels ahead of minimizing operational 
spills. 
 
Approximately 30% of the water that entered Australia’s pre-modernized open canal 
irrigation systems was unaccounted for or lost before it reached the farm. Some of these 
losses returned as recoverable fractions to the water system, but the majority of this water 
was no longer available for beneficial use. 
 
Figure 2 illustrates the key loss components in Australia’s pre-modernized agricultural 
water supply systems: 
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Figure 2. Typical Efficiency Levels in Pre-Modernized Australian Irrigation Systems. 
 
It can be seen in this figure that less than half of the water diverted from storage was 
productively used by crops. This figure is typical of pre-modernized irrigation system 
performance globally. Given the proportion of freshwater used by agriculture, recovery 
of these losses presented an opportunity to reclaim around one third of Australia’s 
freshwater for further beneficial use.  
 

THE MILLENNIUM DROUGHT — A CATALYST FOR CHANGE 
 
The start of this century witnessed the worst drought in Australia’s recorded history. This 
devastating drought ruined irrigators’ livelihoods, threatened to destroy ecosystems, and 
saw communities run dry. This unprecedented crisis triggered a major overhaul of 
Australian water law which was underpinned by an investment in one of the world’s most 
advanced modernized irrigation canal networks.  
 
By late 2000, it was clear that much of south-eastern Australia was in drought. The 
average Murray River inflows had reduced by 50% (compared to pre-1997 levels). The 
dry conditions continued and acquired an official name: the ‘Millennium Drought.’  By 
2003, the drought was described by the Australian Broadcasting Corporation as the 
“worst drought on record.” The 2006 annual rainfall in southern Australia was 40-60% 
below average. In November 2006, David Dreverman, Executive Director of the Murray-
Darling River Basin Authority, told The Guardian: "This is more typical of a one in a 
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1,000-year drought, or possibly even drier, than it is of a one in 100-year event." He 
added that the 2006 Murray Darling inflows were only 5% of average.  
 

 

 
Figure 3.  Environmental Impacts of Australia’s Millennium Drought. 

 
The Basin’s ecosystems were severely impacted. By 2007, more than 70% of the region’s 
River Red Gum forests were dead or dying. Water bird populations were less than one-
third those in non-drought years. Town water supplies fell perilously low. Many regional 
towns required water to be trucked in, and the city of Melbourne implemented the most 
severe water restrictions in memory. The city of 4.1 million people would have run out of 
water by July 2009 without these conservation efforts which saved 400,000 acre-feet per 
annum. Irrigation allocations were slashed, crops failed, and many farmers faced 
financial ruin. 
 
In the midst of the ‘Millennium Drought,’ water issues became a top government priority. 
In response to crisis, new water laws were drafted as part of the National Plan for Water 
Security, and a new statutory agency – the Murray-Darling Basin Authority- was created 
to manage the Murray- Darling Basin in an integrated and sustainable manner.  
 
The Authority released a major document entitled Guide to the Proposed Murray-Darling 
Basin Plan, outlining a plan to secure the long-term ecological health of the Murray-
Darling Basin. The plan proposed the investment of $10 billion to save the ecology of the 
Murray-Darling Basin. The specifics included $3.1 billion to buy back water allocations 
from willing sellers and $5.8 billion for infrastructure investment.  
 
The redrafting of laws opened new possibilities for new solutions. The government 
purchased environmental water rights to restore river flows. These were made available 
by buying water previously diverted to agricultural delivery systems, and in exchange 
helping irrigators by building more efficient delivery networks so that farmers would also 
get more water. 
 

MODERNIZATION SOLUTIONS 
 
Prior to modernization, the irrigation systems crossing the Murray-Darling Basin were 
losing more than one third of the water diverted each year. Due to the difficulties of 
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matching supply to demand in gravity canal networks, irrigation customers were 
receiving poor service due to inconsistent flows, four day lead-times on water delivery 
requests, inequitable supply between farmers and inaccurate measurement onto farms. As 
shown in Figure 4, prior to 2003 not much had changed in Australian canal management 
practices in 100 years.  

 
Inefficiencies in water supply networks were being caused by antiquated infrastructure 
and coarse and infrequent regulation adjustments made manually by adjusting traditional 
drop boards.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Australian Irrigation Canal Management Before Modernization — Comparison 
of System Operations in 1903 and 2003. 

 
An investment in infrastructure modernization was recognized as an opportunity to 
generate shared benefits. The investment would generate both water savings and 
improved levels of service to farmers which would accelerate on-farm investment and 
result in improved irrigation. This system investment would enable improved water use, 
more agricultural production and less runoff which would in turn result in catchment 
benefits such as reduced nutrients and salinity.  
 
The cost-performance ratings for various supply modernization options were considered. 
Water conservation investment decisions were driven by capital costs, operating costs, 
distribution efficiency and customer service outcomes.  
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Figure 5. Evaluation of Canal Modernization Alternatives. 

 
As shown in Figure 5, automated gravity canals were found to provide the best 
combination of capital costs, operating costs, distribution efficiency and customer service 
outcomes. Pilot studies of modernized gravity canal systems in the Coleambally 
Irrigation District and Goulburn-Murray Irrigation District had demonstrated that 
automated gravity canals could provide distribution efficiencies approaching those of 
pipelines. 
 
One of the centerpieces of the infrastructure investment committed during the 
Millennium Drought was the Northern Victoria Irrigation Renewal Project (NVIRP). The 
objectives of this project are to modernize the delivery assets of the Goulburn-Murray 
Irrigation District. The investment is designed to improve the efficiency of the 
conveyance network from 65% to 85% and thereby recover 345,000 acre-feet of water 
every year for further beneficial use. At the same time service levels to irrigators are 
improving significantly, allowing the full potential of on-farm water savings investments 
to be realized. 
 
The NVIRP project was designed to be delivered under two phases – Phase 1 was the 
automation of the primary and secondary canal system known as the “backbone”, and 
Phase 2 is the conversion of tertiary canals to pipes using natural gravity pressure. 
 
Phase 1 was deployed between 2008 and 2012. Nearly 12,000 automated gates and 
meters were installed to automate 1,875 miles of primary canals. The largest agricultural 
SCADA system in the world was deployed, spanning more than 7,445 RTUs over 
thousands of miles. Rubicon Water was chosen to deliver a Demand-Integrated Network 
Control solution throughout the district to optimize the delivery of water, eliminate spills, 
provide remote management and data collection and improve farmer service.  
 
Works also included the installation of accurate flow meters, and targeted lining of old 
earthen canals.  
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Sophisticated management software managed both demand and supply in the entire 
system to deliver water exactly when and where required.  Images of the works 
undertaken in the Phase 1 project are shown in Figure 6. 
 
This first phase of the NVIRP project is presently recovering more than 185,000 acre-feet 
of water every year within the canals of Northern Victoria. This investment is delivering 
shared benefits in the form of more water for farmers, the environment and urban supply 
in times of water shortage. This has led to increases in agricultural production, more 
efficient on-farm water use, more responsive water ordering, greater certainty for 
irrigators, and positive environmental outcomes.  
 

 
Figure 6.  Modernized Canals in Victoria’s NVIRP Project. 

 
In addition to tranforming the canal network from a supply-driven system to a real-time 
demand-driven system and thereby eliminating operational spills, the modernization 
project also included the installation of automated flow metering turnouts. These 
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automated flow control turnouts provide accurate and constant flows independent of 
fluctuations in canal supply levels. Among the many benefits provided by these fully 
automated flow control turnouts, farmers are now able to easily irrigate at night to reduce 
their evaporative losses and crop scorching. The new automated turnouts were sized to 
deliver larger flows than the previous turnouts had delivered, and these higher flow rates 
were a key part of improving the efficiency of surface irrigation as will be detailed below.  
 
A farmer survey conducted by Victoria’s Department of Sustainability and Environment 
documented the system benefits shown in Figure 73: 
 

 
 

Figure 7.  Government Survey of Benefits of Automated Canal Systems. 
 
Phase 2 of the NVIRP modernizaton project is being delivered from 2014-2018. This 
phase of the project is using new patented technologies described below. The objective is 
to convert 2,200 miles of tertiary canals into pipes with capacities from 21 to 35 cubic 
feet per second. The land served by these tertiary canals is very flat which means that 
head loss must be minimized for effective gravity deliveries. Because of the requirement 
to minimize head loss, Low Energy Pipeline technology has been developed which 
employs large diameter shared trunk pipes for low velocities which have multiple large-
diameter (2ft) outlet points to minimize head loss through the conveyance system.  
 
The farmers who will be served by these pipes do not want to be exposed to rising energy 
costs from pumping, and so presurized pipe networks are not preferred. Instead gravity 
pipes are being used to provide a zero or low power input solution. Images of these 
gravity pipes are shown in Figure 8. The use of shared trunk pipes as an alternative to 

                                                 
3Source: Random survey of 25 farmers, Goulburn-Murray Irrigation District 2008 Irrigation Modernisation 
Works Post Implementation Review, DSE 
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individual gravity pipes servicing each supply point is a solution that creates opportunity 
for significant cost savings.  
 

 
 
 

Figure 8.  NVIRP Phase 2 — Modernization of Tertiary Canals with Low Energy 
Pipelines. 

 
Key breakthroughs in these low energy pipeline systems have overcome several 
traditional challenges associated with gravity pipe delivery networks. Patents apply to 
these breakthroughs. 
  
Low head loss is being achieved by employing large diameter pipes, meters and valves. 
HDPE (High Density Polyethylene) pipe is being used to address the cost of large 
diameter pipes and provides excellent service life and maintenance characteristics.  
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Optimal pipeline sizing is achieved through the the tight management of flows and 
resultant pressure heads within the capacity of the system. The capacity is dynamically 
determined through the ongoing monitoring of pipe network flows and pressures. 
 
New valve and actuation technology has been developed to address cost issues with 
traditional large diameter valve actuation solutions. These valves (shown in Figure 8 
above) integrate cross-path acoustic transit time flow measurement with an accuracy 
better than ±2.5% as required by Australia’s AS4747 flow measurement standards.  
 
Control technology has been developed to address the interaction between neighboring 
valve operations at low pressure head. The hydraulic grade line within the shared 
common pipe is impacted by supply point operations. The control technology 
automatically maintains operations within pressure head boundary conditions and 
manages ‘valve interaction’ so that the impact of valve adjustments on other valves is 
minimized.  

   
 

Figure 9.  Hydraulic Grade Line Management of Shared Trunk Gravity Pipe. 
 
In instances of high demand, the system allows an irrigator to choose to pay the higher 
charge associated with increasing the delivery capacity by pumping instead of waiting till 
sufficient gravity supply is available. This presents a lower cost compared with 
pressurized pipeline as the pumps only run when needed (like a hybrid car engine). 
  
The Stage 2 NVIRP project is scheduled for completion in 2018 with total resultant 
increases in water availability of more than 345,000 acre-feet for further beneficial use. 
 

ON-FARM MODERNIZATION 
 
In parallel with the investments in conveyance networks, significant investment has also 
been made in improving on-farm water use efficiencies.  
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Funding for efficiency improvements has been made available by state and federal 
governments, in exchange for a transfer of water rights to be used for environmental 
purposes. Irrigators have found that the benefits of water savings realized through on-
farm infrastructure investment exceed the value of the water rights transferred in 
exchange for the investment funding. 
 
A large proportion of on-farm modernization in Australia is designed to leverage off the 
significant investments in laser grading of sloping borders made over the last decades, 
and also to leverage off the in-system canal improvements that have been described 
above.  
 
Well designed and managed gravity-fed surface irrigation systems have the potential to 
deliver on-farm application efficiencies in excess of 85% and up to 95% on the right 
soils. These efficiency levels are as good as pressurized sprinkler and drip systems. This 
form of surface irrigation is known variously as high-performance surface irrigation, 
precision surface irrigation or high-flow flood irrigation, and is becoming an increasingly 
popular alternative to pressurized systems in these times of rising energy costs.  
 
Figure 10 below summarizes research by the University of Southern Queensland 
highlighting the relationship between application efficiency and energy use. Near 
equivalent water savings can be achieved by high-performance surface irrigation without 
the increase in energy required by pressurized systems. 

 
Figure 10.  The Application Efficiencies and Energy use of Various Application 

Techniques4. 
 
Investments in high-performance surface irrigation represent a large proportion of the on-
farm water efficiency investments being made in Australia. 

The application efficiency of sloping border irrigation is commonly limited through 
runoff (or tailwater) at the end of the plot or by water infiltrating into the soil below the 
plant’s roots. 

                                                 
4  Kanya L Khatri and Rod Smith (2011), Surface irrigation for energy and water use efficiency, Irrigation 
Australia Conference. 
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By applying water at high flow rates, application uniformity can be increased, and both 
deep percolation and surface runoff can be reduced. 
 
To irrigate sloping borders using high-performance surface irrigation, water must be 
supplied onto farms at high flow rates. This is the reason that the turnout flow capacities 
were significantly increased in the in-system modernization projects such as NVIRP.  
Secondly, on-farm application systems need to be capable of applying water at high flow 
rates, which means large bay gates or valves.   Thirdly, on-farm systems need to be 
automated so that gates and valves can be programmed to open and close at a pre-
determined time to optimize application efficiency. Additionally, for the best possible 
efficiency, flow measurement and in-field sensors are needed to manage application and 
to measure the advance of the water front and the amount of soil infiltration as the 
irrigation progresses. 

With high flow rates, stopping an irrigation even a little late will mean that large volumes 
of water are lost to surface runoff in a matter of minutes, as well as causing excessive 
waterlogging, quickly eliminating any efficiency gains up to that point and reducing crop 
growth. Irrigation duration (or run-time) becomes critical to reaching higher application 
efficiencies: with high flow rates, the optimal run-time is much shorter and the accuracy 
and precision required to manage it increases (see Figure 11 below). 

 

Figure 11. Increased Efficiency and Decreased Duration of High-Flow Surface Irrigation. 

The logistics of manually opening and closing gates with short irrigation durations can 
become very difficult to manage and most farmers do not want to constantly ‘chase 
water’ as they open and close gates or valves as the irrigation sequence progresses along 
a series of bays. The solution to this challenge has been to automate high-flow surface 
irrigation to ensure gates or valves close precisely at the right cut-off points and an alert 
message is sent if they fail to close. 
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The importance of managing irrigation duration (or run-time) is compounded by the fact 
that the optimal cut-off point in a given bay changes with each irrigation event because 
conditions such as crop density and soil moisture deficit change. Traditionally, cut-off 
points have been determined by rules of thumb based on years of experience or by 
physically visiting a bay to see the progress of the water and then making an assessment. 
More recently, decision-making is being aided by simple field sensors located halfway 
along the length of a bay to remotely indicate the progress of the water front. 
 

Figure 12.  Automated High Flow Surface Irrigation Systems. 
 

Researchers from the University of Southern Queensland have been very successful in 
demonstrating and evaluating field sensors and software that dynamically calculates the 
optimal cut-off point in both bay (border-check) and furrow irrigation layouts. Sensors 
calculate flow rate and soil infiltration and software dynamically determines the optimal 
cut-off point for the current conditions, automatically closes the gate or valve and then 
schedules the opening of the next gate or valve in the sequence of bays. Not only does the 
system eliminate the guesswork required to determine irrigation duration, it also ensures 
cut-off points are automatically executed. 
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In Australia this technology is achieving application efficiencies similar to sprinkler and 
drip irrigation, making high-performance surface irrigation a cost-effective on-farm 
modernization alternative. 
 

CONCLUSION 
 
As a result of innovative systems installed within the Murray-Darling Basin’s major 
irrigation districts, canal distribution efficiencies have improved from around 65% to 
90% in those districts where modernization has been completed. More water is now 
available for farmers, the environment and urban consumers. Farmers can now irrigate 
more productively with high, consistent flows and near on-demand service. These 
irrigation districts are now more resilient in the face of reduced rainfall. 
 
An independent review of drought policies endorses the improvements made in the 
Murray-Darling Basin. The paper released by the Committee for Economic Development 
of Australia (CEDA) in 2011 states: “The value of these benefits in the Southern Murray-
Darling Basin ran into the hundreds of millions of dollars per annum during the drought 
and represents a major success in water policy 
 
For Australia, as the driest inhabited continent and with a climate characterized by high 
levels of variability, climate change poses a clear and present threat.  Demands for water 
will increase as Australia's population grows.  The NVIRP and associated water 
management systems demonstrate how improved efficiencies can ensure this precious 
resource is managed to meet growing demands and needs now and into the future. 
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ABSTRACT 

 
The original Carlsbad Irrigation Project was authorized by the Secretary of the Interior on 
November 28, 1905. In 1967, the Carlsbad Irrigation District (CID) entered into a 
rehabilitation and betterment program with the Bureau of Reclamation (Reclamation) for 
concrete lining and improvement of the irrigation distribution system. This program 
resulted in concrete lining and improvements to more than 90 miles of laterals and 9 
miles of canals, which significantly reduced water losses and provided a more efficient 
delivery of water. In 2010, CID and the New Mexico Interstate Stream Commission 
(NMISC) were concerned about potential water losses in the CID’s unlined canal 
sections.  According to their records, there was a 28% difference between the measured 
volume of water entering the CID Main Canal from Avalon Dam and the water volumes 
indicated by the CID water order records. At the request of the NMISC, WEST 
Consultants, Inc. (WEST) conducted a site visit and reviewed some of the measurement 
devices in use. WEST suggested that much of the apparent water loss might be the result 
of poor water measurement. Many of the observed water measuring devices were in poor 
condition and several may had been submerged. In 2012, CID applied for a Water Smart 
Grant from Reclamation, which was awarded later that year. The grant included: 
improvements in water measurement structures, a SCADA System for remote 
monitoring, and overshot gates for improved water measurement and control. The 
proposed monitoring would identify flows at key locations so that water losses could be 
identified. WEST installed the remote sites and SCADA system, with help from a local 
firm, K & B Technical Services, and is assisting the district in improving their measuring 
devices. This paper describes the installation and results of this grant.   
 

INTRODUCTION 
 
Carlsbad Irrigation District (CID) received a WaterSmart Grant from the Bureau of 
Reclamation (Reclamation) in the summer of 2012. WEST Consultants, Inc. (WEST) was 
hired in November 2012 to assist CID in implementing this grant. Keegan and Associates 
[later reorganized as K&B Technical Services, Inc.] (K&B) subcontracted with WEST to 
install electronic equipment. 
 
The intent of this project was to improve CID’s ability to manage their irrigation water 
deliveries to users and to develop more accurate canal water budgets. CID does not have 
remote monitoring of water levels or flows within the system. This makes it difficult for 

                                                 
1 WEST Consultants, 8950 South 52nd Street, Tempe, AZ 85284 bclemmens@westconsultants.com 
2 Carlsbad Irrigation District. 
3 K&B Engineering 
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CID managers to evaluate the performance of water deliveries to water users. Some of 
the structures that are used to measure water are in bad repair and may not be accurate. 
All this makes it difficult for management to determine locations where canal losses 
occur, and whether those losses are from seepage, excess delivery, or spills. In addition, 
the main canal has several locations where water levels are controlled by channel 
contractions rather than check gates. The result is that operators are not able to maintain 
constant water levels within the canal. This makes maintaining constant flow to lateral 
canals difficult. The project is intended to give CID some basic tools, from which CID 
can begin to improve operations. The main features of this project include: 
 

1. Improvement in current water measurement structures  
2. Implement a SCADA System with remote monitoring at key locations, including 

a. Flow measurement at key sites 
b. Canal water level measurement at key sites 

3. New overshot gates for water measurement and control (these have not been 
installed) 

4. Analysis of system losses based on information collected by the SCADA system 

SCADA SYSTEM 
 
SCADA Sites include a base station in the CID office and the following remote sites 
which transmit the collected data to the base station. 
 

1. Gaging station just downstream from Avalon Dam 
a. Measures water level, computes flow to main canal 

2. Head of the Main Canal where large weir is installed 
a. Measures water level, computes flow that continues in the Main Canal 

3. Check 12 and head of Lateral 12 
a. Measures water level in canal and in Lateral 12 (but downstream from 

first check), computes flow continuing in Lateral 12 
4. Check 18 and head of Lateral 18 

a. Measures water level in main canal and in Lateral 18, computes flow 
entering Lateral 18 

5. Check 24 and head of Lateral 24 
a. Measures water level in main canal and in Lateral 24, computes flow 

entering Lateral 24 
6. End of Main Canal (called Supply Canal) before it drains into reservoir on Black 

River 
a. Measures water level, computes flow that flows into the Black River 

7. Head of the Black River Canal at location of measuring flume 
a. Measures water level, computes flow that enters the Black River Canal 

from the Black River 
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8. Head of the East Canal 

a. Measures water level, computes flow entering the East Canal 
9. End of lined section of East Canal (below east lateral 10) 

a. Measures water level, computes flow that continues into the earth portion 
of the East Canal 

10. Head of Lateral 8 
a. Measures water level, computes flow entering Lateral 8 

12. Head of Lateral 10 
a. Measures water level, computes flow entering Lateral 10 

13. Head of Lateral 19 and 19A 
a. Measures water levels, computes flow entering Lateral 19 and 19A 

14. Head of Lateral 23 
a. Measures water level, computes flow entering Lateral 23 

CID provided stilling wells at each of these sites. In a few cases, existing stilling wells 
were utilized. K&B installed equipment at these sites. The equipment at each site 
included: 

• Steel Enclosure (E16126S or E16168S Nema4 steel enclosure) 

• RTU (Control Designs CD-110-B or CD-200-B Programmable Controller with 
backlit display) 

• Battery (12 volt 12 amp-hr) 

• Solar Panel (20 or 65 Watt) 

• Bubbler Unit (CD-103-1-5P, CD-103-2-5P, or  CD-103-3-5P) 

• Grounding Rod 
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Figure 1. Remote Monitoring Station at Avalon Dam, and stilling well where depths 
are measured by USGS. 

The gauging station downstream from Avalon is shown in Figure 1. USGS monitors the 
level in the stilling well just upstream from the wall shown in the figure (that is, at stilling 
well on the left side of the figure, with the GOES satellite antenna). CID prefers to 
measure the level at the stilling well shown in the center of the figure. The solar panel 
and antenna can be seen on this stilling well. The instrument shelter is inside the stilling 
well. The USGS developed a stage-discharge rating for this site, which the district uses. 
A bubbler in the CID stilling well is zeroed to the wall gage in the USGS stilling well.  
 
Bubbler units from Control Design, Inc. were used at all of these sites. These bubblers 
have a small compressor for pumping air through the lines. The controller in the RTU 
causes the compressor to start air flow. When the line has been evacuated the air flow is 
stopped to let the pressure stabilize, which allows the pressure to be read. This process is 
repeated several times, and the pressure readings averaged. The controllers can 
accommodate up to three bubblers, which can measure three separate water levels. The 
pressure transducer is dry and is installed next to the RTU and thus is not subject to the 
corrosive action of the water which can cause submerged pressure transducers to fail. The 
service life of these transducers should be significantly longer than submerged 
transducers. 
 
The bubbler is calibrated by using a manometer from which the water depth can be read. 
By changing the amount of water in this manometer, the slope of the transducer can be 
determined (Figure 2). The bubblers are zeroed by reading the depth of water through the 
flume and adjusting the offset so that the recorded water level matches the observed 
water level. 

 
Figure 2. Monitoring station at Lateral 8 with device for calibrating pressure transducer 

and recording of site data. 
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Figure 3. New RBC Flume at East Canal Head. 

 
FLUMES 

 
WEST evaluated the existing flow measurement structures. The Parshall flumes were not 
in as poor a state as previously thought, but a few modifications were made, and 
additional flumes were constructed to improve the overall water measurements. The 
following changes were made to help support the monitoring effort. 

 
1. A new long-throated (RBC) flume was constructed at the head of the east canal. It 

is submerged below about 10 cfs because a weir was constructed immediately 
downstream under the road crossing. (This extra weir can likely be removed). 
There was a gauging station at this site, with a rectangular cross section. 
Construction in the canal downstream changed the backwater conditions and it 
could no longer be used to predict discharge. A long-throated flume was designed 
by WEST and constructed by the district. This flume was rectangular and used a 
side contraction so that the canal would drain (Figure 3). In hindsight, this was a 
poor choice because of a constriction downstream. A combination side and 
bottom contraction would have been a better choice. 

2. A new broad-crested weir (sometimes called ramp flume or RBC weir or flume) 
was constructed near the end of the lined section of the east canal. The crest 
height for this flume was low to avoid overtopping the canal upstream. This was a 
good choice since submergence is not a problem at this site (Figure 4). 

3. A new RBC weir was constructed just downstream from the head of Lateral 10. 
This appears to be functioning properly (Figure 5). 
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Figure 4. RBC Weir (ramp flume) at end of lined section on East Canal. 

 

 
Figure 5. Flume and monitoring site for Lateral 10. 

 
4. A new RBC weir was constructed just downstream from the head of Lateral 12. It 

was constructed after the first check due to the short distance to the check and 
since the water level has to be very high to deliver water to the sub-lateral 
serviced by the first check. It is submerged when the second check is closed to 
deliver water to a sub-lateral to the south. So this structure will only measure 
water when flow is delivered to the east and north (Figure 6). 
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Figure 6. Flume on Lateral 12 under modular (free) and non-modular (submerged) 
conditions. 

 

 

Figure 7. Modified Parshall flume in Lateral 18A. Lower left; floor was poured level, 
note depth gage on wall of converging transition. Upper right: flume operating, note new 

wall gage on sloping wall in approach section where water level is more stable. 
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5. The Parshall Flume at Lateral 18A was modified because it was not constructed 
properly. It was modified into a long-throated flume. Concrete was poured to 
make the bottom level and mortar was added to the side walls to make the throat 
section straight and of uniform width (Figure 7). This flume is not monitored by 
the SCADA system. 

6. The Parshall Flume at Lateral 19A was modified because it was not constructed 
properly. It was modified into a long-throated flume. Concrete was poured to 
make the bottom level and mortar was added to the side walls to make the throat 
section straight and of uniform width. 

 

Wall gauges which read in cfs were made for these 6 gauges. Additional gauges were 
made for the large RBC weir in the main canal, which had been designed by 
Reclamation. A wall gauge in feet was mounted on the side wall, but this would require a 
table relating the reading on the gauge (distance along the sloped wall) and discharge. 
This table was provided to CID, but a wall gauge in cfs was also provided. CID staff can 
also use the vertical scale on the vertical stilling well and the rating table between depth 
and discharge. CID had one Parshall Flume for which a rating table was not available. It 
has a 2.5 ft wide throat. WEST provided CID with a rating table for this flume. Wall 
gauges in discharge units were also provided to CID for 2.5 ft, 3.0 ft and 6.0 ft Parshall 
flumes. CID can use these on which ever flumes they like. The existing Parshall gauges 
used at the monitoring locations are good measurement devices (Figure 8). 

 
Figure 8. Parshall flume in Lateral 24. 

 
As of mid-July 2014, most of these gauges were not installed. The gauges on the East 
Canal Head and the East Canal End were installed. But when these were checked in early 
July, it was discovered that they were mounted too high on the wall. It was discovered 
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that the surveying rod did not extend to the correct position because the positioning 
spacer had been lost. These gauges need to be re-surveyed and reinstalled. CID may have 
to wait until the off season to re-install these gauges, when the canal is dry. The gauge for 
the new flume at 18A was installed, but the vertical location needs to be checked. This 
gauge was installed on the east wall of the canal because the side slope more closely 
matches that assumed (1:1 horizontal to vertical). The gauge for the new flume on 19A 
was installed, but it was discovered that the side slope was wrong. It was mounted at 10 
cfs, so it should be approximately correct at that discharge, but would be in error at other 
discharges. The new gauges can be installed on the wall if the 10 cfs mark of the new 
gauge is placed at the 10 cfs mark for the old gauge. Because there were issues with the 
surveys for the other gauges, WEST recommends that this gauge also be resurveyed. 
RBC Weirs were designed for Lateral 9 and 26. The weir was constructed on Lateral 9, 
but the farmer complained that it decreased the flow he was able to receive. After 
reviewing the design, WEST and CID agreed and the weir was removed. Lateral 26 has 
some difficult seepage problems that required patching of the existing Parshall flume. 
This patching altered the flume such that it is no longer a useful measuring device. A new 
flume was to be installed downstream, but was never constructed. WEST also designed a 
new flume for the head of the Black River Canal so that the ditch rider could read flow 
changes more quickly. Now the operator makes a flow change and has to drive more than 
a mile on a very rough road to read the existing flume. This flume was never constructed. 
  

OVERSHOT GATES 
 
Part of the monitoring included overshot gates at Checks 12, 18 and 24, which represent 
changes in operator divisions. This would require removing the existing check gates. For 
Check 12, it would have also included modifying and existing weir structure into a 
measurement weir. This would have provided inflow and outflow measurements for each 
division. The monitoring system was set up to measure water levels both upstream and 
downstream from these check structures so that submerged overshot gage discharges 
could be estimated, if necessary. It is expected that these overshot gate would be 
constructed in the winter of 2014/2015. 
 

WATER ACCOUNTING 
 
The system was made operational in July of 2014, so records of water at these monitoring 
stations is presently being developed. With the current measurements, CID will be able to 
know inflows and outflows for the Main Canal, East Canal and Black River Canal. The 
data from the SCADA system will be used to determine average daily flows. Because not 
all inflows and outflows are monitored, canal operator records of average daily flow will 
be used for those sites. A water balance for each of these canals will be developed once 
data becomes available. 
 
Data from the remote sites is collected every 4 minutes and stored on the SCADA 
computer. The most recent flow rates and water levels are sent to a district web site, as 
shown in Figure 9. This is currently off-line, but will eventually be available to canal 
operators, growers, and other interested parties once it is set up on line.  
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Figure 9. SCADA summary screen for web page. 
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CLAMP-ON ULTRASONIC FLOWMETER AT THE HORSETOOTH 
RESERVOIR OUTLET: A CASE STUDY 

 
Amy L. Johnson, PE1 

 
ABSTRACT 

 
Horsetooth Reservoir is located on the front range of northern Colorado and is the largest 
east slope reservoir in the Colorado-Big Thompson (C-BT) project. It is a U.S. Bureau of 
Reclamation (Reclamation) project constructed in the 1940’s and 1950’s, which is jointly 
managed by Reclamation and the Northern Colorado Water Conservancy District 
(Northern Water). Water released from Horsetooth Reservoir serves municipal, industrial, 
and agricultural customers. The Horsetooth Reservoir outlet consists of two (2) 72-inch - 
steel pipelines, each controlled by a hollow jet valve. The flow range of each pipe is 5 
CFS to 750 CFS, for a total maximum flow of 1,500 CFS.  
 
In 2011, Northern Water installed a transit-time flowmeter on both outlet pipes to provide 
discharge measurements and to prepare for future remote actuation of the two hollow jet 
valves. Initially, an inline two-path transit-time ultrasonic flowmeter was preferred; 
however, an external clamp-on, multi-path transit-time ultrasonic flowmeter was allowed 
as an alternative bid, provided it met the preferred specifications listed. The selected 
meter was a Siemens SITRANS FUS101 Standard Clamp-on ultrasonic flowmeter with 
four-paths (8 sensors). This flowmeter had a manufacturer reported accuracy of 0.5%. 
Due to limited space around the outlet pipes, the installation of the sensors was atypical. 
In 2012 and 2013, flow measurements collected in the downstream channel helped verify 
the accuracy of the new ultrasonic meter.  
 
This case-study will discuss the reason for the meter installation, the selected meter 
specifications, the installation procedures, mounting improvements made by staff, and the 
subsequent field testing and flow measurement results. 
 

INTRODUCTION 
 
Colorado-Big Thompson water is collected on the west slope of the Rocky Mountains in 
Colorado and transported to the east slope, or Colorado Front Range, to be distributed to 
municipal, industrial, and agricultural users. On average, over 200,000 acre-feet of water 
is collected and distributed each year. Water supplied to municipalities year round serves 
about 860,000 people within the Northern Water boundaries. During the irrigation 
season, Northern Water also supplies water to more than 120 ditch, reservoir and 
irrigation companies serving more than 640,000 acres of farmland. Figure 1 shows the 
Northern Water East Slope Distribution System. 
 

                                                 
1 Project Manager, Northern Colorado Water Conservancy District, 220 Water Avenue, Berthoud, CO 
80513; ajohnson@northernwater.org.  
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Figure 1. Northern Water East Slope Distribution System 

 
Throughout the system, water deliveries are carefully monitored and recorded because 
each water “allottee” (a water user who has an “allotment contract” with Northern Water 
to deliver C-BT water for their use) has a limited amount of C-BT water that they may 
use each year. 
 
Water deliveries released from Horsetooth Reservoir have historically been measured in a 
rated section of canal downstream of the outlet valve house. When copper sulfate was no 
longer a water quality treatment option, algae problems in the canal caused significant 
flow measurement challenges at the rated section. “Shifts” were used on a daily basis to 
temporarily adjust the stage-discharge relationship curve compared to the known, 
calibrated, historical data. To alleviate the operational concerns and gain more accurate 
flow measurement, in 2011, Northern Water installed a transit-time ultrasonic flowmeter 
on the outlet pipes of Horsetooth Reservoir.  
 

FLOWMETER SELECTION PROCESS 
 
Two types of transit-time ultrasonic flowmeters were considered for this application: an 
“inline” system and a “clamp-on” system. Both types of meters operate on the same 
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transit-time theory: two sensors create a “path” whereby they send and receive a sound 
signal, measuring the time it takes for the sound to travel from one sensor to the other. 
The time is directly proportional to the velocity of the water in the pipeline and thus, flow 
rate can be calculated from the transit-time measurement. Multiple pairs of sensors can be 
installed on the same pipe to create multiple “paths” and increase accuracy and reliability. 
 
An inline flowmeter requires drilling holes in the pipe to insert the sensors and place 
them directly in the water. A clamp-on flowmeter has sensors that are mounted to the 
outside of the pipe and send the signal through the pipe material and the water. 
 
Northern Water operates an inline transit-time ultrasonic flowmeter at the outlet of Carter 
Lake (another reservoir in the CB-T system on the Front Range) and is pleased with its 
performance. That meter was installed at the same time the pipe was installed. For the 
Horsetooth Reservoir outlet, the inline flowmeter would require drilling holes in the 
existing steel pipes, with minimal clearances. After conversations with multiple 
manufacturers, an alternative meter was considered. Rather than drill holes in the outlet 
pipes for installation of an inline meter, a clamp-on, multi-path transit-time ultrasonic 
flowmeter was considered. The potential cost savings associated with the purchase and 
installation of a clamp-on type meter was appealing to Northern Water. 
 
The primary goal of the meter installation was to measure flow through each of the outlet 
pipes to at least 2% accuracy. Northern Water operations staff determined this accuracy 
would be better than the current rated section accuracy and would be sufficient for setting 
the deliveries from Horsetooth Reservoir.  
 
Provided the clamp-on style of meter could meet all of the specifications intended for an 
inline style of meter, manufacturers were allowed to provide an alternative proposal to 
the Request for Bid. The specifications specified an ultrasonic flow meter that met 
several criteria, a few of which are shown below: 
 

1) Transit-time ultrasonic flowmeter 
2) Minimum two-path system, including four transducers on each pipe 
3) Provide 2% or better accuracy over the range of possible flows (exception is at the 

far ends of the curve).  
4) Operating Air Temperature Range (-10 to 60 deg. C) 
5) Minimum of four (4) 4-20 mA analog outputs 
6) Minimum of four (4) 4-20 mA analog inputs 
7) Digital communication protocol MODBUS RS485 or MODBUS TCP for meter 

data transmission: 
a. Meter alarm (malfunctions, etc.) 
b. Trending information 
c. Data table (with Defined Variables and Registers) 
d. Path Flowrate 
e. High Flow 
f. Low Flow 
g. Section Full 
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8) LED Display (Newport Electronics or Equal)  , with the following list of standard 
features: 

a) NEMA 4/Type 4 Front Bezel 
b) 115 Vac 60Hz power supply or 10-32 Vdc 
c) +-0.1 % accuracy on the read-out 
d) 24 Vdc sensor excitation 
e) 4-digit  programmable  9 or 14-segment display 
f) Operating Temperature Range (0  to 50 deg. C) 
g) Include non-isolated  4-20 mA Output 

 
Additionally, Northern Water required the manufacturer to provide field services that 
included installation guidance, direction, and assistance as necessary for the proper 
installation of the metering system. Northern Water’s staff would provide the physical 
labor to install the flowmeter, transducers, cable, and mount the control panel under the 
direct supervision of the manufacturer’s field representatives. 
 
Two manufacturers each submitted the preferred in-line bid as well as the alternate 
clamp-on bid. After reviewing all bids, Northern Water selected the SITRANS FUS101 
Standard Clamp-on ultrasonic flowmeter with four-paths (8 sensors), ModBus RTU 
output, 4-20 MA output, and a manufacturer reported accuracy of 0.5%. 
 
The cost for the two transit-time clamp-on ultrasonic flowmeters was approximately 
$37,000. This included the initial field services assistance from the manufacturer as well 
as follow-up site visits to ensure staff that the meter had been installed correctly and was 
operating accurately. The cost shown here does not include Northern Water staff time 
during the selection or installation portion of the project. 
 

FLOWMETER INSTALLATION 
 
The Horsetooth Reservoir outlet pipes are located in a concrete tunnel below the dam 
with minimal clearance around them. Installation of the clamp-on sensors required some 
careful placement consideration and ingenuity from the Northern Water staff. 
 
The location of the meter sensors was based on the manufacturer’s minimum 
requirements of 10 PD (pipe diameters) upstream and 5 PD downstream from any pipe 
bends or appurtenances. The distance from the outside wall of the tunnel to the 72-inch 
outlet pipe was 24-inches and the distance from the interior tunnel wall to the pipe was 
30-inches, for both pipes. Figure 2 shows the plan view of the pipeline location within the 
tunnel and Figure 3 shows the cross section. 
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Figure 2. Outlet Pipe Location and Meter Location within Tunnel 

 

 
 

Figure 3. Outlet Pipe Cross Section 

 

Typical installation of the meter sensors would be to mount them to the outside of the 
pipe with a pipe strap at 45-degrees, 135-degrees, 225-degrees, and 315-degrees which 
keeps them off the bottom and the top of the pipe. The bottom of the pipe could have 
debris which would skew the flowmeter readings and the top of the pipe could have 
entrapped air which would also skew the flowmeter readings. 
 
Due to the tight corridor around the pipes and the difficulty accessing the outside of the 
pipe (staff would have to install a ladder to climb over the pipe and then work in the 24-
inch space between the pipe and the tunnel wall), a decision was made, (with the 
manufacturer’s approval) to mount the sensors all on the accessible side of the pipe, in 
the top half of the pipe, and offset from each other horizontally. Due to the clearance 
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issues, mounting the sensors on the bottom half of the pipe was likely to result in 
continual displacement as staff walked by and bumped into them. 
 
The steel pipe bands/straps provided with the meter were not strong enough to securely 
hold the sensors in place on the 72-inch outlet pipes. At the time, the manufacturer did 
not have an alternative recommendation or product to mount the sensors securely to the 
pipe, so Northern Water staff developed their own set of magnetic mounts. These mounts 
hold the sensors and attach to the steel pipe creating a more secure installation.  
 

 
Figure 4. Final Mounting Configuration and custom magnetic mounts 

 

 
Figure 5. Close-up of the custom magnetic mounts 
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Figure 6. Final Mounting Configuration and Magnetic Mounts 

 
Cables from the sensors were run on the roof of the tunnel approximately 30-ft to the 
location of the meter boxes. The meters contain displays that show the flow as well as 
many other parameters about the sensor including the quality of the transit-time signals. 
Northern Water ran additional cable from the tunnel upstairs to a digital readout for the 
valve operators. This provided the operators with an instant feed-back on the flow rate 
being released through each outlet pipe. The meter readings are also communicated back 
to Northern Water’s office through SCADA. In the future, new actuators will be installed 
to provide remote control of the valves from the Northern Water headquarters by using 
the SCADA connection. 
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FLOW TESTS AND VERIFICATION 
 
The ultrasonic flowmeter is specified with a 0.5% accuracy. Other methods of flow 
measurement previously used by Northern Water at the outlet are not as accurate. 
Common assumptions are that the rated section is estimated to be 5% accurate, manual 
stream gauging measurements with a Price AA current meter are estimated to be 1-3% 
accurate, and Acoustic Doppler Current Profiler (ADCP) methods are typically 1-2% 
accurate. Verifying the new ultrasonic flowmeter 0.5% accuracy in the field was 
therefore not possible. While the manufacturer stood by the accuracy claims of 0.5%, a 
comfort level was needed by staff and several flow measurement tests were run in 2012 
and 2013.  
 
In 2012, flow measurement tests using an ADCP (SonTek RiverSurveyor) unit resulted in 
a concern about the clamp-on ultrasonic flowmeter accuracy. While flow was measured 
very close with both methods at lower flow rates, a variation in measured flow increased 
as the flow increased. This instigated discussions with the manufacturer and additional 
field visits to check the ultrasonic flowmeter calibration. The manufacturer stood by their 
claim of 0.5% accuracy and provided additional instruction to Northern Water staff. 
Later, it was discovered that the ADCP flow measurements had been in error due to the 
set-up of that unit on that particular day.  
 
In 2013, another flow measurement test was conducted. The ADCP was used by 
Northern Water (and set up correctly) to measure flow in the channel downstream of the 
Horsetooth outlet. Additionally, a similar ADCP device was used to measure flow at the 
same location by a State of Colorado Division of Water Resources staff member. These 
two measurements were compared to the clamp-on ultrasonic reading at the same time. 
Over the course of a single day, the flow was increased from about 100 CFS to over 700 
CFS and then decreased back to about 100 CFS. With the exception of one outlier flow 
point, the results were very similar for all three measuring devices as indicated in Figure 
7. The outlier was caused because the water delivery change had not been completed 
prior to the ADCP measurements. 
 
With the 2013 field test and the additional manufacturer assistance provided in 2012, 
Northern Water staff was convinced that the ultrasonic flowmeter was accurate and could 
be used for setting the flow rate out of the Horsetooth valve house and for measuring the 
water released. 
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Figure 7. 2013 Flow Measurement Test Results 

 
CONCLUSION 

 
Northern Water installed a clamp-on transit-time ultrasonic flowmeter on each of two 72-
inch steel outlet pipes at Horsetooth Reservoir to improve flow measurement accuracy 
over the historic measurement device. Following challenging installation circumstances 
and creative mounting techniques, flow tests eventually convinced staff that the new 
meter was accurate and could be relied upon for future deliveries. 
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FEATURES OF THE SUPERVISORY CONTROL AND DATA ACQUISITION 
(SCADA) SYSTEM FOR CENTRALIZED OPERATION OF THE CENTRAL 

ARIZONA PROJECT CANAL 
 

Alex Khazanovich1 
Marcus Shapiro2 

 
ABSTRACT 

 
Irrigation and municipal supply are the primary uses of approximately 1.6 million acre-
feet of Colorado River water annually diverted at Lake Havasu and transported in the 
Central Arizona Project (CAP) canal to central and southern Arizona. The 336 mile CAP 
canal system consists of aqueducts, pumping plants, check structures, turnouts, inverted 
siphons, pipelines, tunnels, and a pumped storage reservoir. A Supervisory Control and 
Data Acquisition (SCADA) system is employed to remotely operate the canal 
infrastructure, which is spread out across a large geographical area. Since the original 
SCADA system was commissioned in 1987, it has undergone two major upgrades, with 
the most recent one completed in 2012. This paper provides an overview of the CAP 
SCADA usage, system redundancy, strategies for administering the SCADA system, as 
well as a discussion of hardware and software issues encountered, and lessons learned 
during the most recent upgrade. In addition, CAP staff will outline the features of the 
CAP-developed suite of custom software called the Aqueduct Control System (ACS) that 
helps further automate operation of the system. 
 

INTRODUCTION 
 
The purpose of the Central Arizona Project (CAP) is to transport Colorado River water 
for use in Maricopa, Pinal, and Pima counties, which are located in central Arizona. CAP 
annually diverts approximately 1.6 million ac-ft of Arizona's 2.8 million ac-ft Colorado 
River allocation. The design flow of the canal is 3,000 cfs, although it tapers down 
incrementally to 600 cfs at the end of the system near Tucson, Arizona. The CAP canal, 
shown in Figure 1, spans 336 miles and includes 14 pumping plants, 39 radial check gate 
structures, numerous turnouts for water deliveries, inverted siphons, tunnels, pipelines, 
and a pumped storage reservoir. 
 
Water is lifted a total of 1,250 ft to arrive in Phoenix, Arizona and another 1,380 ft to the 
terminus of the system near Tucson, Arizona. Construction began in 1973 and was 
substantially complete in 1993 at a total cost of approximately $4 billion. The first 
deliveries of water occurred in 1985. In addition, CAP operates six direct groundwater 
recharge facilities. 
 

                                                 
1 Central Arizona Project, P.O. Box 43020, Phoenix, AZ  85085-3020, 623-869-2056,   
akhazanovich@cap-az.com. 
2 Central Arizona Project, P.O. Box 43020, Phoenix, AZ  85085-3020, 623-869-2528,          
mshapiro@cap-az.com. 
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This paper describes overall canal operations, providing a framework for summarizing 
the history of SCADA at CAP and discussing the 2012 SCADA upgrade project, 
including objectives, challenges, lessons that were learned, operational tools, and system 
administration. 
 

 
Figure 1. CAP System 

 
CANAL OPERATIONS 

 
It takes about three days for water diverted at Lake Havasu to reach Phoenix and another 
two days of travel time on to Tucson. Conventional canal operations require customers to 
commit to water deliveries days in advance so that the water is available in the right place 
at the right time. The CAP canal was designed to operate according to the controlled 
volume methodology, which facilitates changes in flow by allowing minimal changes in 
both storage volume and water depths within each section of the canal (Gooch & Graves, 
1986). This provides flexibility to respond to unplanned changes in customer demands, 
often resulting from monsoon storms, and other emergency situations including plant 
failures (Buyalski, Ehler, Falvey, Roger & Serfozo, 1991). In between pumping plants 
the gravity flow of water is controlled by radial check gate structures located 
approximately every 6-7 miles. Controlled volume operations require simultaneous check 
gate position changes, which are facilitated by remote operations from a central control 
center. 
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Storage Features 
 
Two storage features are also utilized for canal operations.  The first feature is the section 
of canal after water is pumped from Lake Havasu and through Mark Wilmer Pumping 
Plant.  It is oversized, with roughly three times the bottom width of normal canal sections 
and no check structures, to provide inline storage.  A significant amount of energy 
(electric power) is required to lift water approximately 820 ft into this first section of 
canal.  Inline storage makes it possible to optimize energy usage by pumping more 
heavily during non-peak periods and temporarily storing the water so that it can be 
delivered in the rest of the system to meet customer demands. 
 
Lake Pleasant, the second storage feature, was created with the completion of New 
Waddell Dam and is connected to the main CAP canal by a relatively short section of bi-
directional canal. A pump-generation plant allows CAP to utilize Lake Pleasant as a 
pumped storage reservoir, making it possible to manage power operations by pumping 
into the reservoir from fall until spring when power resources are more available and then 
releasing water from the reservoir during summer months. Lake Pleasant also allows 
CAP to meet customer demand while performing maintenance activities on the 
infrastructure located between Lake Havasu and Phoenix, Arizona. 
 
Scheduling 
 
Operational scheduling occurs on annual, day-ahead, and real-time time frames. A suite 
of software tools, called Aqueduct Control System (ACS), has been developed to assist in 
producing a daily pump and power schedule using inputs that include canal geometry, a 
turnout schedule representing customer demands, available pumps, operational strategy, 
and current water levels, or volumes, stored in the canal. 
 
Centralized Operations and Supervisory Control 
 
Centralized operations rely on equipment and monitoring devices located at each site, 
which can be grouped in to three broad types:  check gate structures, pumping plants, and 
turnouts. A SCADA system is employed to facilitate the communications with each of 
the remote locations, to monitor the local sensors, and issue control commands. The 
SCADA computers communicate with each individual site using a single communication 
channel, which presently is a high-speed networking protocol. The SCADA system 
receives readings from the sensors to monitor that all the system components are 
operating as desired and all devices are in their proper states. Operators make changes to 
gate openings and start and stop pumps as needed to maintain the required water flows. 
The SCADA system monitors abnormal conditions and alerts operators by generating 
alarms.  
 
Check structures (Figure 2) are used to control the flow of water within the canal sections 
and contain the following equipment: 
 

• Water level sensors for forebay and afterbay 
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• Gate position sensors 
• Gate actuators, which move the gates up or down until a desired position is 

reached 
 

 
Figure 2. Check Gate 

 
Pumping plants (Figure 3. Pumping PlantFigure 3) use large electrically driven pumps to 
pump the water to higher elevations. Pumping plants contain the following equipment: 
 

• Dozens of monitoring sensors, such as vibration, oil temperatures, associated with 
each pump motor 

• Electrical meters to monitor voltage and current at each pump and associated 
distribution transformer equipment 

• Valve position sensors and actuators 
• Flow meters 
• Contactor relays to operate the pump motors 
• Actuators and sensors for operating trashrakes at the pumping inlets 
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Figure 3. Pumping Plant 

 
Turnouts are locations where water is diverted to the customers. They typically contain: 
 

• Flow meters to measure water deliveries to the customers 
• Sluice gates with position sensors and actuators to move gates into the desired 

position or remotely operated pumps  
 
All of the local site devices are controlled by Programmable Logic Controllers (PLCs), 
which connect to each device using discrete wiring. The PLCs contain basic control logic 
for interlocks, sequencing, and other local operations. There is also monitoring of backup 
power sources, environmental conditions, and security and access sensors. The controls at 
the individual sites allow a local user to operate equipment and monitor key information 
at each site, which may be needed in case of emergency. This type of manual operation is 
not practical as a normal means of operating the system. 
 

HISTORY OF THE CAP SCADA SYSTEM 
 
The United States Bureau of Reclamation (Reclamation) was responsible for the original 
supervisory control design objectives. The primary objective was to centralize operations 
in order to operate according to the controlled volume methodology. Other specific 
objectives identified included system stability from both operational and customer 
perspectives, responsiveness, and profit. Recognized constraints were the geometry of the 
canal prism, drawdown criteria, and a lack of wasteways or emergency canal storage. 
(Gooch & Graves, 1986) 
 
The initial SCADA system was referred to as a Programmable Master Supervisory 
Control (PMSC) system and was commissioned in 1987. It was manufactured by 
MODCOMP, which provided both the minicomputer hardware and software for the 
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solution. In addition, historical data storage and retrieval components were operating on 
DEC VAX computers. The local sites were controlled by Johnson Controls RTUs, which 
communicated with the SCADA master station using telephone lines and microwave 
links. 
  
In 1998 the original SCADA system was replaced with a UNIX based system running on 
four DEC Alpha computers. The operator stations were originally Windows NT and 
eventually upgraded to Windows 2000 PCs. This system provided improved functionality 
over the original one, in addition to being more supportable. For example, the ACS 
programs runtime was reduced from 20 minutes on MODCOMP to only 10 seconds on 
the UNIX system. In 2008 an upgrade of the remote sites was completed. In recent years 
communication links have also been upgraded as CAP has been replacing buried copper 
communication lines with fiber optic cables. 
 

2012 SCADA UPGRADE 
 
In 2012 CAP's SCADA system underwent a major upgrade. The new system is entirely 
Windows-based, and in addition to addressing the supportability issues due to hardware 
obsolescence, provides improvements in reliability and security, as well as enhanced 
functionality. Upgrade objectives were identified as part of the scope of work: 
 

• Utilize current technology (hardware and software) 
• Manage risk associated with operations during upgrade, especially cutover period 
• Maintain and enhance existing functionality 
• More versatile trending tools 
• Convert existing displays and reports 
• Develop reporting tools 
• Use version management for displays and custom code 
• Increase security features 
• More flexible alarm package 
• Remove protocol converters 
• Fully redundant system 

 
This upgrade resulted in several key benefits: 
 

• Greater supportability – no out-of-date, unsupported hardware or software 
• Higher performance 
• Easier to use 
• Use of current technologies, which makes the system easier to maintain 

 
Although several things worked smoothly, there were issues that were challenging, 
requiring resolutions that resulted in large part due to meticulous planning: 
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Successes 
 
Cutover. Canal operations were split between the old and the new SCADA systems 
during the cutover. Parts of the system had to be controlled using the old system, while 
sites that had already been cutover were controlled from the new SCADA system. 
 
Point-to-point checkout. Completed successfully, required tight coordination between 
field crews and control room-based checkout teams, as well as system administrators to 
expeditiously make needed changes 
 
ACS implementation. With this upgrade, the ACS software was re-written in a .NET 
environment. While the functionality of the Fortran-based code was preserved, the code 
was completely re-architected and re-written, resulting in higher performance, greater 
supportability, and a very user-friendly operation. To have the ACS software ready for 
deployment in time for the system cutover, the development was staged on virtual 
machines with copies of our database and the requisite software components. We were 
able to negotiate with the vendor to get copies of the virtual machine with all the SCADA 
components. This way, the bulk of coding was completed before the new hardware was 
delivered to site. 
 
End user training. While the new system involved some re-training of the end users, the 
switch to the new system went smoothly. This was due to several factors: the system uses 
the familiar Windows user interface, the functionality of the SCADA components was 
implemented to mimic the look and feel of the previous SCADA displays, and the 
desktop lockdown policy exposed only the minimum of the system components, needed 
for the users to operate the system, and not get into trouble tweaking configuration. 
 
Lessons Learned 
 
There were several lessons learned that will be beneficial for the next upgrade.  
 
Display Resolution. Watch for monitor resolution and aspect ratio. Our operators utilize 
26" monitors with resolution of 1920x1200 (aspect ratio of 16:10). For cost-saving 
reasons, the engineers' computers use 24" monitors, which have a more common 
resolution of 1920x1080 (aspect ratio of 16:9, similar to HDTV). This minor difference 
in resolution has serious implication for the users. The obscured bottoms of the displays 
are where many of the navigation and command buttons are located, and not being able to 
see them hampers display usability. Moreover, we found that the engineers' computers, 
which are normally used to build and modify displays, end up rescaling the displays, and 
skewing all the components, which requires to manually reposition many of them to 
make the displays usable. While we had implemented a workaround, by purchasing the 
proper resolution monitors for a single engineering workstation, the preferred approach 
would be to purchase all monitors of proper resolution, allowing each engineer to 
perform full display editing at his own workstation. 
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Display migration. While the vendor undertook the migration of the displays from the old 
to new system using automated tools, there was still a significant amount of manual effort 
needed to tweak the display components to make the process graphics look good. The 
lesson – automation often requires some manual intervention. 
 
Training. Windows and SQL Server administration expertise are extremely useful for 
system administrators. Also, it is helpful to schedule the vendor's SCADA training close 
to the time of the acceptance testing and commissioning – doing it too far in advance 
makes it difficult to retain and apply the information until the time when you can actually 
start using it, without some re-training. 
 
Delays. Delivery delays have other costs, too – due to a long delay in staging and testing 
the system, the warranty ran out on some components, which turned out to be defective, 
and had to be replaced at our expense. Had there not been a delay, the warranty would 
have covered the repair. Even for non-defective equipment, the elapsed warranty costs 
should be considered. For the future projects we will consider including contractual terms 
to be compensated for the supplier-caused delays, such as having them purchase extended 
warranties. 
 
Testing procedures. While the testing procedures often cover core system functionality, 
this functionality is usually known to work properly. The focus should be increased on 
custom functions and site-specific features. The site acceptance test should also include 
administrative functions, such as backups, update procedures, and integration with 
ancillary systems. While we were able to implement these on our own, it would have 
been much easier to do so with the vendor's assistance. 
 
Migrating process history. This has proven to be a real challenge. In our old system, we 
maintained three months of process history on line, stored on the hard disk, with older 
data being archived to magneto-optical disks. On the new system we store a year of 
historical data on line. The rest is archived on removable hard disk media. However, 
since the historical data formats are different between the old and the new systems, we 
have not been able to make the old process history available to the new system users. 
There are multiple issues there, such as incompatibilities in employed database structures, 
directory format, and storage media. 
 

SCADA ADMINISTRATION AND TOOLS 
 
CAP SCADA consists of three major components: 
 

1. Realtime  - providing realtime system control, and data communications with 
remote field devices 

2. Historical – data historization, long-term storage and retrieval 
3. User Interface – workstations used by the operators and engineers to view real-

time and historical information, usually in an easy to visualize, graphical format 
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Due to historically established mode of operations, we maintain a number of legacy-
based operating practices, such as code-based Select-Before-Operate command sequence 
for major pieces of equipment. This helps prevent inadvertent operations of heavy 
equipment and the unscheduled (and hence expensive) power usage and extra wear and 
tear on equipment related to starts and stops. 
 
System Redundancy 
 
Since we need to operate the canal around the clock, 24/7/365 system availability is of 
prime importance to our organization. To enable that, all of the SCADA components are 
redundant. We use redundant domain controllers, realtime and historical servers. Our 
control room stations are configured for redundancy, so the operators can perform their 
functions when the primary stations are down for maintenance. The process data is stored 
in duplicated storage arrays. The backups are stored at a secure offsite location. 
 
System Administration 
 
We utilize the staff of two system administrators to administer, maintain, and continually 
enhance the system. We strive to follow the industry best practices with regard to keeping 
our system secure and available. We constantly monitor the state of our hardware and 
software, performance of the servers and databases. 
 
In addition to the core SCADA functions, we have additional systems to ensure correct 
operation of SCADA-related equipment 
 

• Alarm management 
• Process historian tools 
• PLC configuration management  

 
ACS 
 
In addition to base SCADA functionality, CAP has implemented a number of functional 
extensions, which are collectively designated as ACS. The initial iterations of ACS were 
written in Fortran and Assembler, and utilized the computer technologies of the 80s, with 
some data hardcoded in the programs, and more dynamic data stored in the text or binary 
files. They were executed as command line tools, and the user interface primarily 
consisted of entering cryptic 3-character commands one at a time. 
 
Coinciding with the 2012 system upgrade, ACS was rewritten, to utilize the current 
technologies of .NET and object-oriented programming. The configuration and operating 
data is now stored in the SQL Server tables. The Window Forms based user interface 
represents a significant improvement in usability over the original version. The major 
functions performed by the ACS are: 
 

• Generating water delivery (turnout) schedules, based on customer demand 
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• Generating pump operating schedules, taking into account maintenance schedules 
and delivery demand 

• Automatically sequencing pump start and stop activities, based on the approved 
schedule 

• Calculating power usage schedules for coordination with electricity suppliers 
 
Additionally, ancillary components of ACS help operators continuously monitor 
deviations from scheduled pump and turnout flows. While initially ACS was intended as 
a set of tools to extend control functions and reporting capabilities of the stock SCADA 
software, since the latest upgrade and migration to COM structure, the components of 
ACS are used to drive enhanced functionality in user displays. Custom-developed as part 
of the ACS component structure COM objects help integrate into user displays the 
information stored in the database tables and normally not easily accessible. 
 

CONCLUSION 
 
CAP has successfully utilized remote operations of its aqueduct system to fulfill its 
mission to deliver water to Arizona since water deliveries began in 1985. The SCADA 
system facilitates efficient, reliable, and safe operation of the CAP system with minimal 
staff relative to the number of personnel that would be required to support manual 
operations. Advances in technology necessitate constant system administration activities, 
while providing opportunities for improved functionality and efficiency. Careful planning 
mitigates much of the risk associated with major SCADA system upgrades and the 
lessons learned during the last SCADA upgrade at CAP in 2012 will be helpful for fine 
tuning the next upgrade process.  
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REHABILITATION OF SRP’S HORSESHOE DAM OUTLET WORKS, 
PROVIDING IRRIGATION FLOW SINCE 1945 
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ABSTRACT 
 
The Salt River Project (SRP) embarked on a rehabilitation program for the River Outlet 
Works (ROW) of Horseshoe Dam. The ROW was constructed in 1945 near the end of 
World War II.  It consists of a 126-foot high, 9-foot diameter steel cylinder gate 
contained within a circular concrete intake tower, and connected by a concrete draft tube 
to a 720-foot long, horseshoe shaped tunnel. Releases through the ROW are controlled by 
opening and closing the 9-foot diameter steel cylinder gate through a vertical range of 
about 3.3 feet. 
 
This paper will present the design challenges of rehabilitating the dam facility. 
Rehabilitation objectives included the following: 

• Add redundancy in flow control. The cylinder gate presently is the sole source of 
control of releases from the reservoir. 

• Eliminate vibrations. The gate and intake tower experience severe vibration during 
operation, particularly at partial gate openings. 

• Replace broken guides, rollers and corroded steel components of the cylinder gate. 

• Improve hydraulic performance. The ROW has poor hydraulic performance due to a 
variety of factors. 

• Reduce transient pressure within the tunnel. Unsteady flow surges result in high 
transient pressures within the tunnel. 

• Provide remote control of reservoir releases by SRP’s Association Dispatch Center. 

• Remove existing and reduce future sediment deposition in the tunnel. 

• Perform condition assessment of the tunnel. 

The final rehabilitation concept required no diversion, dewatering, or sediment 
excavation at the tower. Removal of the nozzle at the outlet of the tunnel and providing 
large diameter outlet pipes and control valves improved the system hydraulics and 
maintained the ROW conveyance capacity to about 1,850 cfs. 
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INTRODUCTION 
 
A water storage reservoir and dam at a horseshoe bend of the Verde River was conceived 
in the late 1800s. The Rio Verde Company filed a claim for the site in 1889, and in 
preparation for dam construction, drilled a 730-foot diversion tunnel. However, the dam 
and associated spillway were not constructed at that time.  In 1945, the tunnel was 
enlarged and completed for the Horseshoe Dam River Outlet Works (ROW) by the Salt 
River Valley Water Users’ Association (currently known as Salt River Project [SRP]).  
 
The dam and ROW construction was a result of an agreement in 1944 by SRP, Phelps 
Dodge Corporation and the federal government as a water exchange between the Black 
River, a tributary of the Salt River, and the Verde River. Phelps Dodge sought copper ore 
as part of the war effort and required SRP water from the Black River for the copper 
extraction and processing. The overall dam size was subsequently enlarged in an 
agreement with the City of Phoenix and the dam spillway gates were installed in 
conjunction with the ROW construction. The auxiliary fuse plug spillway was added as a 
result of U.S. Bureau of Reclamation (USBR) dam safety studies. Figure 1 is a historic 
photo of Horseshoe Dam discharging during a high reservoir period.  Note the ROW 
discharge just to the right of the spillway discharge. 
 

 
Figure 1. Historic Photo of Horseshoe Dam (from SRP files) 

 
A key component of the ROW is the steel cylinder gate that is located at the upstream 
end of the tunnel and contained within the outlet works tower. The cylinder gate allows 
the release of Horseshoe Reservoir water to the Verde River through the tunnel. The 
cylinder gate has had a history of adverse performance. Shortly after the cylinder gate 
was placed in service in the late 1940’s, the gate seal assembly came disconnected from 
the cylinder. Parts of the assembly were found in the tunnel and the rest in the Verde 
River. The cylinder gate seal was modified at the time when it was reassembled. The 
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source of that failure was not identified but may have been caused by vibration of the 
cylinder gate. In fact, the cylinder gate has a history of vibration problems that are severe 
enough that the tower commonly shakes during specific ranges of gate operation. Figure 
2 shows the intake tower under construction in 1944. 
 

 
Figure 2. Intake Tower Under Construction (from SRP files) 

 
Because the cylinder gate is the only method to control discharges through the ROW, it 
has been operated in a range from partial to full open positions. Throttling of the gate 
through its lower discharges has led to cavitation damage to the gate seal and seat. The 
gate has had minor repairs, but has not had significant rehabilitation in its 65 year life. 
 

REHABILITATION ALTERNATIVES 
 
Specific goals were set by SRP to rehabilitate the Horseshoe Dam ROW. These goals are: 

1. Either partial rehabilitation of the cylinder gate that would only include guide and 
cable replacement along with cylinder gate corrosion protection; or full rehabilitation 
of the cylinder gate that might include replacement of the gate cylinder or gate seat in 
addition to the partial rehabilitation items. 

2. Improve the hydraulics of flow through the ROW to eliminate the vibration and 
shaking of the tower, and to eliminate the unsteady flow surges within the tunnel. 

3. Provide two points for flow control for safety and redundancy. 

4. Automate the control valve to allow the Association Dispatch Center (ADC) to 
remotely operate the valve and to coordinate releases with Bartlett Dam releases. 

5. Increase the discharge capacity of the ROW to the extent practical and economically 
viable. 
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6. Avoid sediment deposition in the tunnel. 

 
Several alternatives were evaluated and considered for their ability to address the 
necessary rehabilitation of the Horseshoe Dam River Outlet Works system. All the 
alternatives generally included partial to full rehabilitation of the ROW tower and 
cylinder gate and the construction of a downstream outlet works flow control structure. 
Four alternatives were ultimately evaluated in detail, including the following: 

1. Verde River and tributary diversion and pumping, reservoir sediment excavation at 
12:1 from bottom of tower, full tower and cylinder gate rehabilitation, and bifurcated 
pipe outlet works structure with control gates only on each pipeline. 

2. Verde River and tributary diversion and pumping, steel sheet pile cofferdam 
construction to access bottom of tower, full tower and cylinder gate rehabilitation, 
and bifurcated pipe outlet works structure with control gates on each pipeline. 

3. Verde River and tributary diversion and pumping, Pipe-Z sheet pile cofferdam 
construction to access bottom of tower, full tower and cylinder gate rehabilitation, 
and bifurcated pipe outlet works structure with control gates on each pipeline. 

4. Inflatable pipe plug to isolate tunnel from Verde River flow, partial cylinder gate and 
tower rehabilitation, and bifurcated pipe outlet works structure with both isolation and 
control gates on each pipeline. 

 
The four alternatives listed above were evaluated for their feasibility, constructability, 
and construction cost. Each of the alternatives were also evaluated for its potential 
environmental impacts. Based upon the evaluation criteria, the fourth alternative 
identified above was selected. That alternative resulted in the best opportunity to meet the 
rehabilitation goals with the least cost, while also having the potential for minimal 
environmental impact. The alternative also provides an option for isolating the ROW 
tunnel in the future without considerable cost or disturbance to the existing ROW tower, 
cylinder gate, or tunnel. 
 
The selected alternative provided a rehabilitated ROW through partial replacement and 
repair of the existing tower and cylinder gate.  This provided flow control of Horseshoe 
Reservoir discharges through the construction of new downstream valve control facilities 
and a new building structure. Additionally, the existing cylinder gate will be closed only 
during those occasions when isolation of the tunnel may be desired. 
 
Construction of the selected alternative was divided into two phases. Phase 1 consisted of 
the rehabilitation of the cylinder gate and tower, manufacturing of the pipe plug, and 
inspection of the tunnel. Phase 2 is the construction of the new ROW building. Phase 1 of 
the construction was completed in April of 2014 and Phase 2 began in August of 2014. 
 

CYLINDER GATE REHABILITATION 
 
The existing hydraulic control is a cylinder gate mounted within an intake tower. The 
gate is 9 feet in diameter, about 126 feet high, and is positioned over an 8-foot, 6-inch 
diameter orifice in the draft tube (Elevation 1907.5 feet). Opening of the gate is 
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accomplished by raising the gate vertically with a hoist mounted in the top of the intake 
tower. 
 
When opened, water passes through the space between the bottom of the gate and the seat 
in the orifice.  The gate is constructed of steel plate forming the 9-foot diameter cylinder 
and is stiffened internally by angles welded circumferentially to the cylinder and by 
cross-bracing. 
 
The cylinder is operable but needed considerable rehabilitation in order to address 
existing corrosion and extend the gate’s useful life.  A sketch of the main components of 
the cylinder gate is shown in Figure 3. 

 
Figure 3. Sketch of the Intake Tower Components 

 
The rehabilitation of the cylinder gate consisted of the following items: 
 
Corrosion Protection 
 
Review of the findings from a corrosion condition inspection and discussion with SRP 
staff determined the degree of rehabilitation and corrosion protection recommended for 
the cylinder gate. Corrosion protection was performed on the trashrack bars, the outside 
cylinder gate down to the reservoir level of about elevation 1950 ft and to the bottom of 
the cylinder on the interior.  The corrosion protection approach generally consisted of the 
following approach: 

• Cleaning, Decontamination, and Surface Preparation  
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o Low pressure (3,500 psi) waterblasting – Loose coatings, mill scale, and foreign 
matter was then removed with putty knives.  No sandblasting was allowed. 

o Decontamination – Application of material known as Chlor-Rid, which removes 
ferrous and ferric salts.  These salts can cause premature coating failure. 

o Surface Preparation – low pressure waterblasting again prior to coating 
application 

• Coating Application – Prime and surface epoxy paint 

 
Tower 
 
The concrete of the tower was in excellent condition. There were a few areas of concrete 
spalling that were repaired. 
 
Wire Ropes 
 
The replacement of the wire ropes (cables) that hoist the cylinder gate up and down was 
recommended. This was based upon the age of the existing wire ropes, rather than visible 
indication of corrosion or deteriorated condition.  These wire ropes were replaced as part 
of the cylinder gate construction rehabilitation. 
 
Guide Rollers 
 
New guide rollers that limit lateral movement were installed as appropriate and feasible. 
 
Slide Guides 
 
The upper sets of slide guides were repaired. One of the lower two sets of slide guides is 
below the sediment accumulation level. 
 

TUNNEL INSPECTION AND REPAIR 
 
Historic photos of the tunnel construction are shown in Figure 4. Those photographs 
indicate a complete concrete lined tunnel excavated through rock. Inspection of the 
tunnel in 2000 by the U.S. Bureau of Reclamation indicated that the tunnel is in excellent 
condition. The cross sectional area of the tunnel is about 125 square feet. Assuming a 
historic maximum discharge through the tunnel of about 2,200 cfs, the maximum water 
velocity experienced through the tunnel has been about 18 feet per second. A practical 
upper limit to flow velocity through a concrete lined tunnel is about 25 feet per second. 
Therefore, the maximum practical discharge through the ROW is estimated when the 
reservoir is at its full condition of about 120 feet of head is about 3,125 cfs. 
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Figure 4. Construction Photos of ROW Tunnel (from SRP files) 

 
The tunnel was inspected again in March of 2014. Inspection was accomplished by man 
entry into the tunnel and performing a visual inspection. As much as 3 feet of sand 
deposit was in place during the inspection, therefore, the invert of the tunnel was not 
assessed. The tunnel was considered to be in good condition with only minor seepage at 
intermittent locations down the crown centerline construction joint.  Weep holes, 
approximately 3 inches in diameter, were found along the wall of the tunnel, near the 
floor. 
 
Under present operations, the tunnel is not pressurized except under transient conditions.  
Because the system was designed with upstream control through the cylinder gate, flow 
through the tunnel is uncontrolled and consists of reaches of supercritical flow and 
extreme surging. These transient conditions exist due to alternating flow control from 
upstream at the cylinder gate to downstream at the tunnel outlet. The extreme transient 
pressures that occur exceed the static maximum reservoir level. In the future, with the 
cylinder gate open and the downstream valves closed, the tunnel will be pressurized to 
reservoir water surface elevation, improving flow conditions, allowing larger flows to be 
conveyed, and eliminating large transient pressures within the tunnel. 
 

VALVES AND CONTROL VALVE BUILDING AT TUNNEL OUTLET 
 
Ultimate Design Concept 
 
Figure 5 shows the final design for the ROW building. The final ROW design features 
the following major components: 

• The cylinder gate is to remain open at all times, except during tunnel dewatering and 
inspection. The gate will be closed for tunnel dewatering and inspection. 

• Two pipes for discharge.  

o The first pipe discharges from the tunnel to a 108-inch pipe, then reduces to a 96-
inch pipe upstream of the isolation valve; then reduces again to an 84-inch pipe 
before reaching the proposed flow control valve.  



226 Planning, Operation and Automation of Irrigation Delivery Systems 

 

o The second pipe tees off the 108-inch pipe as a 48-inch pipe and increases to a 60-
inch pipe after the flow control valve. 

• One pipe discharge designated for a hydro turbine which tees off of the 108-inch pipe 
as a 24-inch pipe and increases to a 36-inch pipe downstream of the turbine. 

• A 96-inch butterfly valve for isolation and an 84-inch fixed cone valve for flow 
control on the large discharge pipe. 

• A 48-inch knife gate valve for isolation and a 42-inch jet flow gate valve for flow 
control on the small discharge pipe. 

• A 24-inch butterfly valve for isolation on the hydro turbine line. 

• Magnetic flow meters on each discharge pipe (three total for 96-inch, 48-inch, and 
24-inch diameter pipes). 

• A hydro turbine unit for 40 kw electric generation. 

• Provide remote, local, and manual operations of control gates. 
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Figure 5. ROW Final Design 

 
CONTROL OF WATER DURING CONSTRUCTION 

 
The use of an inflatable pipe plug was proposed to seal off the tunnel during the tunnel 
inspection and construction of the new ROW building. The proposed inflatable rubber 
seal pipe plug would have four inflatable rubber seal tubes (see Figure 6). The four 
inflatable annular-shaped tubes (similar to inflatable tires) would be securely connected 
to a 36-inch diameter minimum vertical steel pipe to 45-inch diameter maximum vertical 
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steel bypass pipe at the center of the 16-foot long pipe plug. There would be two adjacent 
inflatable tubes secured near the upper portion of the steel bypass pipe (within the 
cylinder gate) and two adjacent tubes secured near the lower end of the pipe plug (within 
the tunnel entrance). The steel bypass pipe would be open at both ends to allow passage 
of air and personnel through the pipe plug.  
 

 
Figure 6. Exhibit of Inflatable Pipe Plug 

 
Slip-on flanges would be welded on the top and bottom of the steel bypass pipe to allow 
for any future connections or modifications. The pressurized air lines to each of the four 
inflatable tubes would be connected from within the steel bypass pipe.  The lines were 
brought up through the top of the pipe plug to the platform area of the intake tower. In 
addition to the four air lines, there would be a remote camera conduit and four coated-
steel lifting cables connected to the top of the pipe plug. All lines and cables would be 
bundled and conveyed up the cylinder gate to the intake tower top platform for proper 
connections. Camera(s) were proposed for the bottom of the pipe plug, as well as near the 
top, in order to provide as much video as possible to set and monitor the pipe plug 
assembly. 
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An unexpected finding occurred during the rehabilitation of the cylinder gate.   During 
the removal and replacement of the cylinder gate cables, the counterweight was 
disconnected allowing the cylinder gate to bear down with its full weight to the gate seat. 
Additionally, plumbing the cylinder gate improved its seating. Under those improved 
conditions the cylinder gate achieved near complete seal with only minor and controllable 
leakage. Thus the use of the pipe plug was no longer required in order to seal off the 
tunnel from the reservoir. This ultimately eliminated the need for the pipe plug in order to 
complete the tunnel inspection. 
 

CONCLUSION 
 
Several conclusions were made from the rehabilitation of the Horseshoe Dam cylinder 
gate: 

• Design life for many facilities often exceeds and needs to exceed common 
expectations for engineering projects.  The Horseshoe Dam Outlet Works cylinder 
gate, tower, and tunnel have been in operation for almost 70 years and the current 
maintenance rehabilitation effort is intended to extend required replacement for as 
much as another 30 years or more.  Maintenance of these facilities is a key in keeping 
the dam outlet works facility operational. 

• The proposed use of a pipe plug for tunnel inspection and ROW facility construction 
was estimated to save approximately $11 million over the construction of cofferdams 
and site dewatering.  Project feasibility due to the higher cost and constructability of 
the cofferdams and site dewatering could have jeopardized the potential success of 
the project. 

• The intended upstream control of the Horseshoe Dam Outlet Works created poor 
hydraulic conditions, surging transient waves, and reduced the potential flow 
discharge. Revising the ROW to downstream flow control will improve hydraulic 
flow conditions, eliminate damaging transient surges, and stabilize flow discharges. 

• Ultimate ROW design was an iterative process that varied significantly from the 
initial design approach and concepts.  The final design was strongly influenced by the 
decision to utilize tried and tested flow control valves  
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ABSTRACT 
 
The Irrigation Training and Research Center (ITRC) and Walker River Irrigation District 
(WRID) collaborated on WRID’s Water Gauge Improvement Project with support from 
the Bureau of Reclamation, U.S. Department of Interior in Carson City, Nevada.  This 
paper presents a summary of the proposed plan and implementation for improving water 
gauges in WRID with strategic engineering recommendations for new hardware and 
control equipment; water management strategies; flow measurement devices; and 
integration of a new district-wide SCADA system.  Field investigations and engineering 
analyses were carried out by the ITRC in 2009 to inspect existing WRID infrastructure, to 
review current operational procedures, and to interview district staff.  This information 
was analyzed and compiled to summarize the scope of work for system improvements.  
The ITRC prioritized the order of engineering implementation and automation 
recommendations, provided planning-level cost estimates, and has assisted WRID in 
organizing implementation over the past five years.   
 

INTRODUCTION 
 
The recommendations in this paper are guided by successful experiences of many other 
irrigation districts with the transformation of old, manually-operated canal systems into 
modern projects operated with high levels of water delivery service and a clear 
accounting of water diversions.  A successful irrigation modernization program must 
maintain an appropriate balance of technical upgrades and management sustainability.  In 
the case of WRID, the motivation for irrigation modernization is the need for robust and 
cost-effective measurement and control of flows diverted from the Walker River.  These 
flows are monitored by a Supervisory Control and Data Acquisition (SCADA) system, 
and can now be managed remotely through SCADA. Figure 1 shows a location map of 
irrigation facilities and USGS hydrologic monitoring stations in the Walker River Basin. 
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bert@wrid.us 
3 Consultant and Former General Manager, Walker River Irrigation District, 410 N. Main Street, Yerington, 
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Figure 1.  Irrigation facilities and USGS hydrologic monitoring stations in the Walker 

River Basin 
Project Objectives 
 
This project was designed to implement automated flow control to produce better flow 
rate and volume measurement of water deliveries as well as provide remote monitoring 
and control of the water deliveries. 
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In addition, the district-wide SCADA system established in the project will form the 
backbone for future automation to be installed at other canal headworks.  The project also 
included the upgrading of check structures in the Saroni Canal.  The improved water 
level control structures keep turnout deliveries constant. 
 
Review of Original (pre-Modernization) Water Operations 
 
WRID operates five divisions covering approximately 80,000 acres in Nevada and 
California.  There are approximately 50 sub-systems using irrigation water supplied in 
part by WRID including community ditch systems. 
 
WRID pre-modernization system operations were characterized as follows: 
• The headworks of a typical canal usually consists of one or two wooden slide gates 

with manually-operated steel lifting mechanisms (with hand wheels).  One or two 
separate sets of slide gates were installed in some sites – with the downstream one (if 
it existed) operating as flow control.  The canals had various types of spill structures; 
if located upstream of a Parshall flume, the structures maintained a desired flow rate 
in the canal through manual adjustments to the spill settings. 

• Push-up diversion dams were built across the Walker River with large native rocks and 
streambed materials at the diversion points.  This maintained a minimum hydraulic 
head across the canal headworks when river levels were low.   

• The diversion channels at a canal headworks typically had a continuous return flow 
structure (of various designs) that served somewhat to keep water levels constant at the 
flow control gates by returning a portion of the diverted flow.   

• The main conveyance canals had flashboard check structures of varying designs for 
maintaining canal water levels for turnouts. 

 
Water orders are filled as follows: 
• Ditchtenders take water orders from customers.  Some water orders come straight to 

the WRID office. 
• Ditchtenders turn in water cards every day at 1:00 p.m.  The summary reports of daily 

allocations (same as the delivered volume) are based on the compiled information 
from all the water cards. 

• A daily water schedule is allocated to all canal systems and direct turnouts according 
to the determined natural base flow by the water master.  A scheduling meeting is 
held every afternoon (at 1:00 p.m.) with the water master and ditchtenders to analyze 
the next day’s customers’ water requests that are made to ditchtenders compared to 
the determined natural flow. 

 
PROJECT SUMMARY 

 
Project Components 
 
A total of 17 sites were included in the plan for WRID.  Implementation of the 
recommendations were intended to provide benefits for WRID and its customers by 
improving the accuracy of measured diversions from Walker River and enhancing the 
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real-time control capabilities of water managers.  The system improvements also provide 
a foundation for future modernization programs and improved transparency of water 
management in the District.  Completion of final designs required some additional 
information such as local survey data and the preparation of drawings, in addition to an 
evaluation and field testing of communications options.   
 
Cost Summary 
 
The initial Water Gauge Improvement Project cost estimate was $3.5 million (refer to 
Table 1).  Annual O&M costs were estimated to be about $131,000.  This cost was 
primarily for maintenance of the SCADA system.  It was expected that the district would 
enter into a service agreement with an appropriate integration firm for periodic, semi-
annual and annual check-ups of the SCADA system.   
 
Table 1.  WRID system improvements cost estimate summary overview 

Component 
Sub-Total 

Cost† 

Annualized 
Capital 
Costs 

Annual 
O&M 
Costs 

Project Design, Engineering and Administration $568,000 $49,000 - 
Site Preparation, Surveying, and Civil Works $313,000 $22,000 - 
Canal Measurement and Control Upgrades 
(17 SCADA Sites and Base Station) 

$2,475,000 $233,000 $129,000 

Canal Water Level Control Upgrades with 
Long-Crested Weirs (3 New Structures) 

$96,000 $6,000 $2,000 

Total $3,452,000 $310,000 $131,000 
†  Includes Mobilization (5%) and Engineering & Project Management (15%), plus Contingency 
(25%) 
 

TECHNICAL SCOPE OF WORK 
 
The following section specifies the major “package” components that were part of the 
upgrades for each canal headworks.  These major components included: 
1. A self-contained motorized slide gate(s) in a district-standard configuration 
2. A broad-crested weir (built from concrete) to replace the existing Parshall flume(s) 
3. A SCADA Remote Terminal Unit (RTU) for automatic control of the slide gate(s) 

and communication with the office base station in Yerington 
4. Various modifications to the existing spill structures (depending on site conditions) 
 
Overview of Water Management Strategies 
 
Implementation of the water gauge improvement projects created new management 
capabilities for water managers in WRID.  The key strategies include the following: 
1. Control of diversions based on maintaining a constant target flow rate from canal 

headworks along the Walker River to match ordered demand for each canal system.  
Each canal headworks is equipped with new automated flow control gates and control 
systems for this purpose. 
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2. One person in the office can observe flows at key points throughout the service area; 
eventually, information from storage reservoirs will also be available.  This central 
water manager makes decisions on a more frequent basis as part of a real-time and 
coordinated approach to water distribution throughout WRID’s points  This involves 
the new automated hardware at the canal headworks, but also more significantly, 
active, real-time management of the system. 

3. Existing flashboard check structures were evaluated and prioritized for upgrading 
with long-crested weirs.  The improved canal water level control at turnouts means 
that large changes in canal flow no longer affect the system’s capability to provide 
steady and measureable water deliveries.  Operators have the ability to run lower or 
higher canal flows in order to meet irrigation demands while keeping more constant 
turnout flow rates. 

4. The start of each canal is equipped with an upgraded water measurement device to be 
used in the new automated control system.  Accurate measurement of canal 
diversions is important for proper management of scarce water resources.  Knowing 
the actual amount of water delivered to the canals allows for a more complete 
understanding of the water demands in the system, and makes water records for 
individual accounts more precise.  The flow rates and volumes of water delivered to 
the different canal systems is also critical information for water users in assessing and 
upgrading their own on-farm water management.   

5. New SCADA capabilities facilitate real-time remote monitoring of conditions 
throughout the Walker River Basin.  Changes to canal flows can be made at specified 
times with accurate measurement of the current and historical CFS, as well as the 
delivered volume in Acre-Feet.  The water operations and record-keeping practices 
have been simplified.   

 
Automated Flow Control Gate Package. A major element in planned upgrades is the 
introduction of automated flow control gates at the headings of the selected canal 
systems.  As part of this process, the existing slide gates were removed and replaced with 
a new headgate automation package that includes: 
1. Fabricated aluminum slide gate(s) containing: 

a. Gate frame with guide rails, seals, and cross bars (self-contained) 
b. Reinforced rectangular gate leaf 
c. Stainless steel threaded shaft 

2. Electric motor gate actuator (several standard sizes based on site conditions) with: 
a. Local control switches/pushbuttons 
b. Top mounting (on top of gate frame) 
c. Hand wheel for manual operation 
d. Internal gate position sensor 
e. Internal end-of-stroke limit switches 
f. Solar power 

3. SCADA controller and communications 
 
The objective was to have a district-standard slide gate and actuator package in WRID 
at all district canal headings.   
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The slide gate(s) require the following specifications: 
• Series 8200 Fabricated Slide Gate (by Fresno Valves and Casting Inc., Selma, 

California) or approved equivalent 
• Gate material (frame, slide and reinforcing):  aluminum 
• Stem material:  stainless steel 
• Flat back mount (secured to either a concrete headwall or angle iron) 
• 3-sided J-seals (sides and top) 
• Flush bottom seal 
 
The electric motor actuator requires the following specifications: 
• Rotork IQ Series or approved equivalent 
• Series IQD10, multi-turn [Direct current, 24 VDC] 
• Local controls (local/stop/remote) 
• Internal position sensor with 4-20 mA AO or Modbus Interface Card (2-wire RS485) 
• Torque switch protection and over-temperature protection 
• Side-mounted hand wheel 

 
The SCADA integrator is responsible for all the connections from the actuator to the 
control system and for the design and installation of the solar power system. 
 
In order to fabricate the gates, the manufacturer requires information such as the opening 
width and frame height.  The self-contained frame design can be mounted in place of the 
existing tandem wooden headgates using either anchor bolts into the existing concrete 
walls or anchoring to new pieces of angle iron that are mounted to the concrete walls. 
 
Flow Measurement Upgrades with Broad-Crested Weirs 
 
Properly designed, constructed and maintained water measurement devices are a key 
component of the proposed irrigation modernization improvements in WRID.  In 
addition, accurate flow measurement structures were required for integration with the 
new automated flow control gates.  These structures were installed at the headworks of 
each canal system identified in the plan.   
 
Several issues with the existing Parshall flumes at the canal headworks were observed 
during the initial site investigations of the WRID system including: 
• Maintenance.  The Parshall flumes were mostly constructed of mild steel and did not 

have anodes for corrosion protection.  The condition of some flumes was poor enough 
that they had to be rebuilt instead of just primed and painted.  For long-term use any 
re-painted steel flumes had to be equipped with anodes, at additional cost.  Pitting and 
uneven surfaces of old steel flume walls/floors can decrease accuracy.  

• Moss problems.  Medium-to-heavy levels of moss growth were observed at every 
Parshall flume visited.  Figure 2 shows an example of moss growing at the entrance 
to the Parshall flume in the S.A.B. Canal.  This growth affects the hydraulics of the 
structure enough to lower its accuracy.   
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Figure 2.  Moss growth on the entrance to the Parshall flume in the S.A.B. Canal 

 
• Over-designed capacity.  The original Parshall flumes (or pairs of flumes in some 

cases) were over-designed relative to the maximum canal flow rate they were 
intended to measure.  For example, a 6-ft Parshall flume has a free flow discharge 
capacity of 103 CFS at a measuring head of 2.5 ft; however, most of the existing 6-ft 
Parshall flumes were only handling flows of about 25-30 CFS.  It is more difficult to 
accurately measure lower flow rates with higher capacity Parshall flumes. 

• Non-standard conditions.  Most of the examined Parshall flumes were generally 
within the design tolerance of the key dimensions.  Parshall flumes are designated by 
the width of the throat section (W), and generally this dimension was within a few 
hundredths of a foot of the requirement.  However, most of the entrance conditions to 
the existing Parshall flumes did not have the recommended wing walls or rounded 
corners that help to reduce turbulence.  This is particularly important in the case of 
flumes where the readings are taken manually with a staff gauge.  It was observed 
that many of the existing Parshall flumes were difficult to accurately read within 
±0.01 ft on the staff gauges.  In addition, the canal banks upstream of many flumes 
were encroaching on the entrance section so that aquatic weeds or tree branches were 
partially obstructing the flow. 

• Lack of stilling wells.  All the flow measurement structures utilized at the upgraded 
canal headworks required stilling wells for the protection of electronic sensors.   

 
It was doubtful that using the existing Parshall flumes provided any long-term benefits to 
WRID as part of the water measurement and automated control upgrades.  Parshall 
flumes are generally no longer recommended and have not been built in modern 
irrigation projects for a number of years due to the superior advantages of the broad-
crested weir.  Additionally, many of the canal headworks do not have sufficient hydraulic 
head (drop in water surface) for acceptable controllability of automated flow control 
gates.  At places where the existing head available is less than 1 or 2 feet, there was a 
drop on the downstream side of the Parshall flume.  For example, at the Colony Canal 
there was only about 1 foot of drop across the slide gate headworks at high flows, but on 
the downstream side of the flume there was a drop of 0.75 ft. 
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It was recommended to replace the Parshall flumes at these locations with properly-
designed broad-crested weirs, so this additional head could be utilized for control of the 
automated flow control gates (i.e., the water downstream of the flow control gates would 
be lowered).   
 
Before a final design decision could be made about the suitability of broad-crested weirs 
at each of the identified locations, however, topographic survey data needed to be 
collected and analyzed to determine if there was enough hydraulic head available.  The 
broad-crested weir was determined to be the best device for applications in WRID (for 
open channel flow measurement) based on the following characteristics: 
• Accurate over the entire range of flows  
• Simple, easy-to-understand readings that are easily verifiable in the field 
• No required manual adjustments, on-going calibration checks, or excessive 

maintenance 
• Vandalism resistant 
• SCADA compatible 
 
Figures 3 and 4 show examples of the recommended type of measurement structure. 
 

 
Figure 3.  Concrete broad-crested weir built in a rectangular cross-section (Truckee 

Carson ID) 
 

   
Figure 4.  Concrete Replogle flume in the Hollow Tree Drain (Grassland Water District) 
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The broad-crested weir (e.g., Replogle flume, ramp flume or long-throated flume) is a 
flow measurement device with a proven track record and thousands of successful 
installations in irrigation districts.   
 
An advantage of installing new broad-crested weirs in the WRID canals is that they will 
require minimal maintenance except for periodically checking the site to clean moss off 
the concrete ramp.  It would also be easy to integrate these new flumes into the proposed 
SCADA system.   
 
The Replogle flume will provide an accurate measurement of flow rate.  As with the 
Parshall flumes, the Replogle flume allows for rapid stabilization of flows when the gates 
are changed and rapid feedback to the RTU controlling the radial gates.  The operator is 
able to monitor the flow rate from the district office and change the target flow rate, in 
addition to having the option of overriding the automatic function and manually controlling 
the gates. 
 
ITRC Flap Gates for Automatic Spills. Spill structures were updated at a number of canal 
headworks sites.  In many of these sites there were several feet of drop in the water 
surface between the canal and the river where the spill was returned.  In these places, the 
recommendation was to install an ITRC Flap Gate to provide a constant water level 
(within ±0.05 ft) while serving as an automatic continuous spill. 
 
The justification for upgrading the existing flashboard spill structures was that at the 
same size (i.e., the same width), the ITRC Flap Gate can pass significantly more water 
while maintaining better water level control.  For example, a 4-ft wide flashboard spill 
would pass about 10 CFS with a depth of about 1 ft (head) on the weir, and the same weir 
could pass about 30 CFS, but the water depth would have to increase to 2 ft.  A 4-ft wide 
ITRC Flap Gate can pass from 0 CFS to about 50 CFS with only minimal changes in the 
upstream water level. 
 
There are important operational justifications for having continuous spills upstream of the 
automated flow control gates.  The automated flow gates do not have to move as 
frequently if operators can always divert more water than is required for irrigation 
demands.  It has no effect on the overall amount of water diverted from the river because 
the ‘excess’ water is immediately returned to the same reach of river.  In addition, the 
continuous spills provide an inherent safety feature in the event there are any problems 
with the gate automation. 
 
A spreadsheet design program allows users to customize the gate size and weight for the 
desired location.  The updated design spreadsheets are available at 
http://www.itrc.org/reports/flapgate.htm.4 
 

                                                 
4 The design spreadsheet provides no analysis of the structural soundness or integrity of a gate or of the 
supporting structure. 
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WRID SCADA SYSTEM 
 
SCADA is a valuable tool for enhancing water management.  The SCADA component of 
this project involved the design, deployment, calibration, documentation, and verification 
of industrially-hardened hardware and software for new canal control and measurement. 
This system can be remotely accessed in real-time from a base station computer and 
mobile laptops running specialized human-machine interface (HMI) software.   
 
The new WRID SCADA system has improved the reliability and flexibility of water 
deliveries throughout the service area.  Other benefits of SCADA include real-time water 
accounting, upgraded record-keeping capabilities for historical analysis and forecasting, 
and faster response times to user inputs and alarms.  Future web-based reporting for 
water use or water quality datasets will also be facilitated by this well-designed SCADA 
system. 
 
The implementation of the WRID SCADA system involved a series of steps: 
1. Radio testing and evaluation of practical, cost-effective communication options 
2. Presentation to district staff and board members of the Water Gauge Improvement 

Project and decisions about the scope, schedule, and budget for implementation 
3. Meetings and field visits to selected sites to finalize details of the hardware 

requirements, along with any structural modifications involved 
4. Preparation of the final RFP 
5. Hardware installation, implementation, calibration, testing, etc. 
6. Field verification 
7. Training and on-site service support 
 
The use of robust equipment and software conforming to standardized specifications, 
along with following some basic rules and practical techniques, ensure the 
implementation of a properly engineered SCADA.  This type of system is reliable and 
can be expanded into the future.  The following requirements were used to design of the 
new WRID SCADA system: 
• Open system architecture 
• A robust high-speed data radio network 
• Industry-standard hardware components with Windows-based software 
• System scalability 
• High system reliability with redundancy of critical systems 

 
Example Site at River Simpson 1 Canal 
 
The location of the River Simpson 1 Headworks SCADA project at the diversion from 
the West Fork of Walker River is shown in Figure 5.  This diversion is downstream from 
the Plymouth Canal Diversion. The design capacity of the canal headworks is 
approximately 60 CFS, with an average capacity of 34 CFS. 
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The layout of the old existing water control and measurement infrastructure at the 
headworks of the River Simpson Canal is also shown in Figure 5.  The configuration and 
function of the old existing structures consisted of: 
1. Two (2) 5-ft wooden slide gates (manually operated) 
2. A 6-ft Parshall flume 
3. No spill structure on the spill channel back to the Walker River 

 

Walker River 

River Simpson Canal

Slide gates headworks 

Spill channel 

Existing Parshall flume 

 
Figure 5.  Location map of the River Simpson 1 Headworks on the Walker River 

 
The WRID SCADA project at the River Simpson 1 Headworks involved the following 
features: 
• Communication tower 
• Two new automated flow control gates (48” by 60” Series 8200 fabricated slide gates 

by Fresno Valves and Casting) installed in a new reinforced concrete headwall 
structure 

• Resettable flow rate target accessible via the ClearSCADA HMI workstation at the 
headquarters office and from SCADA-equipped laptops 

• Solar-power (12/24 VDC) to power the system 
• Implementation by a team including: 

- WRID:  installation of gate hardware, vandalism enclosure, and stilling wells 
- Fresno Valves and Casting:  gate hardware and electric motor drive system 
- Integrator:  SCADA integration, RTU, redundant gate and water level sensors, 

HMI programming, radio communications 
• Uses district-standard hardware/software 

N 
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• Flow rate (CFS) and water level data (Feet) transmitted to the base station at the 
WRID headquarters office every 1 minute via radio 

• On-site display of flow rate (CFS) and upstream water level (Feet), and other control 
parameters, in addition to local data logging and storage 

 
Modernization Improvements.  The upgrades at the River Simpson 1 Headworks consisted 
of: 
• Adding a controller and establishing communications with the antenna tower across the 

river for remote communications to the district’s headquarters office in Yerington, 
Nevada 

• Installing a new ITRC Flap Gate (see Figure 6) in the existing open spill channel for 
maintaining fairly constant water levels on the new automated slide gate.  The flap 
gate was designed with a capacity for continuous spill up to approximately 25 CFS 
(approx. 4-ft wide and 2-ft deep). 

• Replacing the existing Parshall flume with a new Replogle flume that is linked to the 
SCADA system for automatic control of the slide gate.  The new flow measurement 
structure was installed in roughly the same location as the existing Parshall flume. 

 

 
Figure 6.  River Simpson 1 Headworks upgrades   

 
SCADA System Operations. An overview of the new SCADA system components at the 
River Simpson 1 Headworks is shown in Figure 7.   
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West Walker River 

New remote terminal unit
(Automatic Control)

N
River Simpson Canal 

2x Automated Flow Control Gates 
 

River Simpson Canal 
Site 1 
Automated Flow Control 

2x new water level sensors 
in a new stilling well 

2x new water level sensors 
in a new stilling well 

New ITRC Flap 
Gate Spill 

New Replogle flume 

 
Figure 7.  Schematic overview of the SCADA system at the River Simpson 1 Headworks 
 
The main Remote Terminal Unit (RTU) was pre-assembled, bench-tested, and made 
ready for operation by the Integrator prior to delivery to WRID.  Alteration, logic 
functions, metering, alarm, and all other control components used in the monitoring 
system are performed by the SCADA system.  The “district standard” RTU consists of a 
stand-alone distributed control center with self-contained electronics and sensor systems 
including a graphical operator interface terminal.  The control system consists of a 
SCADAPack 32/350 PLC or approved equivalent to control the timing of operation, gate 
alteration, control, and alarm functions, in addition to other specified equipment.  A 
single PLC was used to control the gate. 
 
Other components of the system include water level sensors; gate position sensors; an 
autodialer for emergency notification of alarm conditions (via the office HMI software); a 
battery backup system; and hand/off/auto selector switches and misc. electrical wiring. 
The water levels sensors upstream and downstream of the check structure (a total of four 
sensors) were provided and installed by the Integrator. 
 
The SCADA system for the River Simpson 1 Headworks automated gates performs the 
following functions: 
1. User-defined automated flow rate control  
2. Remote manual control of the fabricated slide gates to target gate openings 
3. Remote monitoring of RTU status (intrusion alarm, battery voltage, etc.) 
4. Remote monitoring of the flow rate (CFS) through each gate 
5. Remote monitoring of the upstream water level in the river intake channel 
6. Remote monitoring of the downstream water level in the Replogle flume 
7. Remotely select which of the two redundant sensors (for every measurement) should 

be considered the “primary” sensor for control purposes 
8. Remotely (but via a secure mode) change key controller setpoints 
9. Remotely change the operation mode from automatic to manual (if necessary) 
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All construction and implementation has been completed at the River Simpson 1 Canal 
site with all components operating accurately and efficiently. 
 

MODERNIZATION SITE-SPECIFIC DETAILS 
 
The following sections show some of the details on the implementation of modernization. 
Figures 8 through 13 demonstrate the extensive scope of the work to date and thereby 
show the utility of the plan. 
 
Saroni Canal 
 

 
Figure 8.  Layout of the existing Saroni Canal diversion from the West Walker River 

 

New poured reinforced concrete flow measurement structure. 
Approximate length of new structure = 30 feet (existing = 12 feet)

Cross-section in the canal profile will be similar to existing steel 
structures (2x 6-foot wide Parshall flumes).  The existing stilling 

well will be replaced with a similar design and dimensions.

Upgrading of existing headworks with motorized slide gates with 
automated control and telemetry. 

2x steel sluice gates (approximately 6-feet wide) will be installed 
in a new reinforced concrete structure near the entrance to the 
canal.  The sluice gates will be solar powered (24 VDC).  A new 

electrical cabinet with controller and solar panel will be 
mounted on a vertical steel frame adjacent to the gates.  A radio 

antenna mast will be installed next to the electrical cabinet. 

Retrofit a single (1x) steel gate at an 
existing Danaidean gate structure. 

A single 4-foot wide mechanical water 
control gate - ITRC Flap Gate (with no 

electronics or motor ) will be installed in 
the existing concrete outlet.

Walker River

Saroni Canal

 
Figure 9.  Layout of the modernized Saroni Canal Headworks on the Walker River 

 
The existing Saroni Canal diversion consisted of a 75-ft rock weir for diverting irrigation 
water, a 4-ft flashboard structure for continuous spill back into the river, two wooden 
slide gates used for rough flow control purposes, a combination water level control 
structure with 4-ft Danaidean gate and 6-ft flashboard bay, and two 6-ft Parshall flumes.  

River diversion weir 

Slide gate headworks 

Flashboard spill 

Danaidean gate and 
flashboard spill 

Parshall flumes 

Saroni Canal 

West Walker River 
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One of the modernizations consists of two new automatic flow control gates to replace 
the two slide gates at the start of the canal.  
 
An ITRC Flap Gate replaced the existing spill structure located upstream of the existing 
slide gates.  These slides gates continuously spill approximately 30-35 CFS to maintain 
fairly constant water levels.  A 30-ft long-crested weir was incorporated into the structure 
for emergency spill purposes to automatically spill excessive amounts of water that could 
occur in high river conditions.  The existing concrete flashboard structure was in poor 
condition and was removed when the spill structure was installed.  
 
At the tunnel inlet upstream at the canal headworks, it was more economical to install 
new automated flow control gates instead of building a new structure downstream of the 
Danaidean gate and create it to function as a continuous spill. 
 
The Parshall flumes were replaced with a single broad-crested weir that is connected to 
the SCADA system for automatic control of the new slide gates.  Buried electrical 
conduit connects the two water level sensors installed in a stilling well and the new 
broad-crested weir to the new RTU that was installed adjacent to the new flow control 
gates at the canal headworks. 
 
Upgrading the structures has had many positive outcomes, some of which include: 
1. Better water delivery service to turnouts.  The hydraulic head on the turnouts does not 

vary nearly as much with time. 
2. Less rodent damage to canal banks.  If the water levels are more stable, the rodents do 

not have as much opportunity to dig into wet, but unsaturated, soil.5 
3. Fewer accidental spills; low-risk inherent safety for operations. 
4. Better worker safety conditions; safer access to control structures. 
5. Less-frequent adjustments and more efficient use of labor resources. 
6. Ability to operate at higher flow rates.  If the water can be maintained at more stable  

                                                 
5 This is a common situation but it is not known at this time how much of a problem rodents cause in 
WRID. 
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freeboard – allowing higher flow rates. 
 
Plymouth Canal 
 

 
Figure 10.  Layout of the existing Plymouth Canal diversion from the West Walker River 
 

 
Figure 11.  Layout of the modernized Plymouth Canal Headworks on the Walker River 

 
The existing water control and measurement infrastructure at the headworks of the 
Plymouth Canal consisted of two 6.25-ft wooden slide gates (manually operated), a 4-ft 
flashboard spill structure for continuous spill back to the river, a 5-ft aluminum slide gate 
with non-functional on-site automated control system (manually operated), and a 6-ft 
Parshall flume.  Modernizations made did not include the two slide gates at the start of 
the canal.  They were left as-is and are normally operated almost wide open.   
 
One modernization that was incorporated was overhauling the existing flashboard spill 
structure with a new ITRC Flap Gate.  The existing headgate was upgraded and includes 
a controller and data radio modem and antenna tower for remote communications to the 
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district’s headquarters office in Yerington, Nevada.  The existing control panels were 
removed and replaced with a new RTU by the Integrator.   
 
Another modernization was the installation of a new water gauge (broad-crested weir) 
which incorporated water level sensors for use with the new automated control code.  The 
existing Parshall flume was replaced with a broad-crested weir that is connected to the 
SCADA system for automatic control of the slide gate.    
 
Fox-Mickey Canal 
 

 
Figure 12.  Layout of the existing Fox-Mickey Canal diversion from the East Walker 

River 
 

 
Figure 13. Layout of the modernized Fox-Mickey Canal split 

 
The existing water control and measurement infrastructure at the headworks of the Fox-
Mickey Canal consisted of a 40-ft diversion weir, two 8-ft wooden slide gates (manually 
operated), a spill structure with a 4-ft flashboard bay and a 48-inch slide gate, two 7.5-ft 
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slide gates (manually operated), a spill structure with an 18-inch slide gate, and two 6-ft 
Parshall flumes.  Modernizations made did not include two slide gates at the start of the 
canal, which were left as-is and are normally operated almost wide open. 
 
One modernization that was incorporated was the overhauling of the existing slide gates 
with the new design that consists of an ITRC Flap Gate, which maintains fairly constant 
water levels on the new automated slide gates by continuously spilling approximately 50-
60 CFS.  The two slide gates downstream of the spill structure were removed and 
replaced with two new automatic flow control gates.  In addition, the Parshall flumes 
were replaced with a single broad-crested weir that is connected to the SCADA system 
for automatic control of the new slide gates.  The flow measurement structure was 
installed at a location further upstream in order to reduce the length of buried conduit 
required.  Buried electrical conduit connects the two water level sensors installed in a 
stilling well at the new broad-crested weir to the new RTU that is installed adjacent to the 
flow control gates at the canal headworks. 

 
CONCLUSION 

 
The ITRC has input a system of remote monitoring and control that has improved water 
delivery for WRID.  The ITRC has implemented numerous new flow measurement 
devices, new hardware and control equipment, as well as discussed water management 
strategies with WRID.  There has been no compromise on quality of the engineering 
design, electronics, and SCADA systems, because in the long run using high-quality, off-
the-shelf technology is more economical based on the published experience of the ITRC.  
The ITRC has approached the modernization strategy by using the simplest device when 
possible, such as long-crested weirs.  Costs on some items can vary widely depending 
upon challenges with communications, decisions about who does the construction and 
gate installation work, un-anticipated structural problems, prevailing wages, etc.   
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REGULATION OF AGRICULTURAL GROUNDWATER NITRATES IN 
CALIFORNIA 

 
Charles M. Burt1 

 
ABSTRACT 

 
An Agricultural Expert Panel was established to provide advice on how to improve 
regulatory programs that address agricultural contributions to nitrate in groundwater.  The 
Panel recommended a strong shift emphasis away from modeling and groundwater 
studies, toward reduction of on-farm deep percolation and reduction of applied nitrogen  
(source control).  A simple A/R metric was recommended to evaluate the effectiveness of 
nitrogen management on individual fields.  The A/R metric is a ratio of the applied 
nitrogen to nitrogen removed, to be evaluated over multiple years. 
 

INTRODUCTION 
 
Many of California’s aquifers have locations in which nitrate levels exceed the Maximum 
Contaminant Level (MCL) of 45 ppm (as Nitrate) which has been set by the California 
Department of Public Health (CDPH) as a drinking water standard. Figure 1 shows 
maximum detected groundwater nitrate levels in two areas of California. 
 

 
Figure 1. Maximum reported raw-level nitrate concentration in community public water systems 

and state-documented state small water systems, 2006–2010 (Harter and Lund, 2012) 
 

                                                 
1 Chairman, Irrigation Training and Research Center (ITRC), California Polytechnic State University (Cal 
Poly), San Luis Obispo, CA.  USA  93407-0730. cburt@calpoly.edu 
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The California State Water Resources Control Board (State Water Board) is mandated to 
protect both surface and subsurface water quality.  Legally, the State Water Board is 
empowered to require potential polluters to modify practices if there is even a possibility 
that those practices would negatively impact public health.  The State Water Board can 
also require that potential polluters conduct research to prove that certain practices are 
not detrimental.  However, the State Water Board must also be careful to not impose 
unduly harsh regulations and thereby disenfranchise (in this case) the agricultural 
community. 
 
California has Regional Water Quality Control Boards (Regional Water Boards) located 
throughout the state.  These Regional Water Boards have independently developed 
programs to address the groundwater nitrate issue as it relates to agriculture – known 
collectively as the Irrigated Lands Regulatory Program (ILRP).  Many committees, task 
forces, and hearings have been organized to weight in on the topic.  It has been quite 
contentious.   
 
The State Water Board is comprised of appointees that must juggle the technical and 
political aspects of water quality regulation and water rights.  The State Water Board has 
a large professional staff in Sacramento.  The Regional Water Boards consist of 
professional staff and administrators, with local advisors.   
 
Agricultural Expert Panel (Panel) 
 
Because of the controversial nature of some of the Regional Board decisions, the State 
Water Board created an Agricultural Expert Panel (Panel) to address thirteen questions 
related to the implementation of the ILRP.  The Panel was also given leeway to deviate 
from those specific questions, and to provide opinions on what the Panel members 
believed to be other key related issues.  The Panel members were deliberately selected to 
be individuals with a good knowledge of practical field problems, and who emphasize 
pragmatic solutions.  The members were: 
• Dr. Charles Burt (Panel Chairman), Irrigation Engineer and Soil Scientist, Irrigation 

Training and Research Center, California Polytechnic State University, San Luis 
Obispo 

• Dr. Robert Hutmacher, Extension Specialist, UC Cooperative Extension, Westside 
Research and Extension Center, Five Points 

• Till Angermann, Hydrogeologist, Luhdorff & Scalmanini Consulting Engineers, 
Woodland 

• Bill Brush, Certified Crop Advisor, Almond Board of California, East San Joaquin 
Water Quality Control Board, Modesto 

• Daniel Munk, Farm Advisor, UC Cooperative Extension, Fresno 
• James duBois, Grower, Reiter Affiliated Companies, Santa Maria and Oxnard 
• Mark McKean, Grower, Central Valley Region, Riverdale 
• Dr. Lowell Zelinski, Agronomist, Precision Ag Consulting, Paso Robles 
 
The Panel reviewed a large volume of material from various coalitions, regional boards, 
agricultural groups, environmental groups, and other organizations.  The Panel also 
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received valuable input throughout the process in the form of both written and verbal 
testimony and critique.  It was clear that tremendous efforts have been made historically 
to understand and begin to regulate groundwater nitrate problems – which were the major 
focus of the Panel’s efforts. 
 

A SHIFT IN REGULATORY EMPHASIS 
 
Having benefited from the ability to view the regulatory process in hindsight, and without 
being burdened by the weight and bruises of historical battles on the subject, the Panel 
recommended a philosophical shift in the emphasis of regulatory efforts and energy.  At 
first, the Panel called this a “paradigm shift” but that wording was unacceptable to some 
of the regulators.  They have, after all, invested a lot of energy into attempts to develop 
good programs and to them the wording appeared to discredit their previous efforts.  
Certainly, attempts to modify regulatory efforts involve more than technical 
considerations. 
 
The Panel understood that the primary future source of nitrate additions to the 
groundwater will be via agricultural fields.  The fundamental reason for the 
recommended emphasis shift in regulatory action lies in the word “future”. 
 
The Panel began to understand that many of the existing and proposed regulatory efforts 
are related to better understanding the regulatory value itself – which is high nitrates in 
groundwater.  As a consequence, existing and proposed regulatory monitoring and 
research puts a large emphasis on understanding the characteristics of how the nitrate 
moves into first encountered groundwater, how the groundwater moves, and how nitrate 
levels in the groundwater might be tied to surface discharges.   
 
The Panel saw the emphasis on groundwater studies as being reactive, rather than being 
proactive.  The facts are: 
1. What is seen in the groundwater today is, by nature, the result of history.  It does not 

necessarily indicate the impacts of current farming practices. 
2. The nitrate levels in groundwater, while providing a regulatory trigger, will be merely 

symptoms of surface (e.g., farming) practices. 
3. Attempts to completely understand the groundwater and vadose zone characteristics 

and movement, plus the associated nitrate movement and transformations, are 
extremely expensive, inexact, and do little to solve the problem.   

 
Some in the agricultural community were very disturbed about regulatory agency plans to 
require an extensive and expensive network of monitoring wells.  Panel members were 
concerned that detailed monitoring and modeling efforts would consume scarce economic 
references and in the end, not produce any tangible improvements in groundwater quality.   
 
Fact #1 from the list above can be supported by an examination of how surface 
conditions have changed over time.  As an example of how crop types have been 
modified in one district over the course of 22 years, Figure 2 was provided in testimony 
by Dr. Joel Kimmelshue of Land IQ (Kimmelshue and Tillman, 2014). 
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Figure 2.  Crop type maps of North Kern Water Storage District, 1990 and 2012 (Kimmelshue 

and Tillman, 2014) 
 
Principles for the Development of a Regulatory Program 
The Panel proposed a comprehensive regulatory program which is proactive.  It focuses 
on efforts to minimize the loads of nitrates to the groundwater, without trying to 
understand all the details of the groundwater itself.  There are several over-riding 
principles that guided the Panel’s development of a recommended program: 
1. This is a non-point-source pollution problem, which requires a significantly different 

approach than past water quality regulatory programs that have focused on point-
source problems. 

2. Good nitrate management is essential across the board for agriculture, and should not 
just be restricted to areas that presently have high levels of detected nitrate in 
groundwater.  This is contrast to regulatory agency plans to spend resources on 
developing indices to identify characterize fields by soil type, irrigation method, crop 
type, and other such factors.  The Panel members heard testimony about the need for 
large research efforts to properly target problematic fields.  The Panel members saw 
those research efforts as unnecessary and without much merit.   

3. Nitrate does not move below the crop root zone unless water deep percolates.  The 
mechanism of nitrate transport requires water.  Therefore, good irrigation 
management is an essential part of the solution.  It should be noted that some 
agricultural groups argued that irrigation water management was a separate issue and 
the Panel had no business bringing this topic into the mix. 

4. The whole process of nitrate leaching by irrigation and rain water is extremely 
complicated, has a variety of poorly or uncontrolled aspects (such as timing and 
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amounts of rainfall), and will require active participation by, and innovation from, the 
agricultural community.  There is a definite social aspect to this regulatory program. 

5. If more nitrogen is applied to a field than is removed, over the long term, most of the 
excess nitrogen applications will be leached to groundwater.  It is that simple.  We do 
not need models to tell us this. 

6. As a corollary, there have been decades of demonstrations, research, and practical 
implementation of practices that reduce deep percolation of irrigation water.  The fact 
that many people (regulatory, academic, and the farming community) are unaware of 
this historical research and active implementation by progressive farmers, does not 
justify repeating the research to prove that there a link between surface practices and 
groundwater contamination. (Note:  By this time, a reader can imagine that many in 
the “research community” were not very pleased by the Panel’s recommendations.) 

7. The Panel recommends a relatively simple metric to identify progress for this 
particular regulatory issue.  The metric, to be measured and reported by farmers is the 
“A/R ratio”, where: 

 A/R ratio =  Nitrogen Applied(Nitrogen removed via harvest)  (Nitrogen sequestered in the permanent wood of perennial crops)  
 
 “Nitrogen Applied” includes nitrogen from any source.  Example sources are 
organic amendments, synthetic fertilizer, and irrigation water.  
 

8. It will take many years to develop and implement a complete program.  Education 
and knowledge transfer must be on-going.  There must be a strong appreciation by the 
regulating agencies of such facts as: 

a. Historical university and consultant recommendations for nitrogen 
applications have focused on maximizing yield, rather than simultaneously 
minimizing nitrate leaching. 

b. We do not know the appropriate A/R ratio values to expect under different 
climate, crop, and other conditions. 

c. Information of existing A/R ratios is minimal. 
d. We have not yet even determined how to best measure the nitrogen removed 

via harvest, for proper reporting of the A/R ratios for a wide assortment of 
crops. 

9. Annual reported values of the A/R ratio have minimal value in evaluating the 
effectiveness of nitrogen management because of the large seasonal variations in crop 
yields (removal), precipitation, nitrogen transformations in the soil, etc.  However, 
multi-year averages of the A/R ratio will provide valid information for assessment. 

10. Sustainable irrigated agriculture requires some leaching of the root zone to remove 
accumulated salts.  Nitrates will of course also be leached along with the salts.  
Therefore, it is impossible to completely avoid nitrate deep percolation. 

 
Recommended Regulatory Program 
The Panel recommended a comprehensive regulatory program to minimize nitrate 
movement to the groundwater.  A quick read of the list may make it appear to be almost 
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identical to existing programs.  The resulting report by the Panel (Burt et al, 2014) 
discusses important differences, and includes many required details. 
 
The Panel also defers to the recommended coalitions, with approval from the Regional 
Water Boards, to refine many programmatic details.  The key elements of the 
recommended regulatory program are: 
1. Establishment of coalitions to serve as the intermediate body between farmers and the 

Regional Water Boards. 
2. Adoption of the A/R ratio as the primary metric for evaluating progress on source 

control, with eventual impact on the groundwater quality. 
3. Development of a very strong, comprehensive, and sustained educational and 

outreach program.  Such a program will require different materials and presentation 
techniques for different audiences, such as individuals who may need certification, 
managers of irrigation/nutrient plans, irrigators, and farmers/managers. 

4. Creation and implementation of nitrogen/water management plans that are truly plans 
rather than just a listing of best management practices.  These must be customized by 
features such as crop and locale. 

5. Reporting of key values, by farms to the coalitions. 
6. Long-term monitoring of nitrate levels in aquifers to determine trends. 
7. Targeted research that will directly help the agricultural community to maintain 

and/or improve yields while simultaneously decreasing the A/R ratio on individual 
fields. 

8. Use of multi-year reported values and monitored trends by the coalitions to inform 
the agricultural community of progress, to improve understanding of what is 
reasonable to attain and expect, and to sharpen improvement efforts. 
 

The Panel believed that an effective regulatory program must be developed in light of 
how well it will be accepted, and how effectively it can be implemented, by the regulated 
entities.  This is one of the essential aspects of a non-point-source pollution regulatory 
program related to nitrate in groundwater.  The complexity of irrigation and fertilizer 
management is so great that success of any regulatory program will be highly dependent 
upon acceptance and understanding of that program by the regulated entities.  It is simply 
impossible for a regulatory agency to properly dictate and verify the details of irrigation 
and nitrogen management for thousands of individual fields; positive grower participation 
is an absolute requirement.   
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FIELD TESTING OF AN AUTOMATED SURFACE IRRIGATION SYSTEM 
 

Tom Gill1 
Dale Lentz2 

Khaled Bali, Ph.D.3 
 

ABSTRACT 
 
Researchers at the University of California Extension’s Desert Research and Extension 
Center (DREC) along with Engineers from the US Bureau of Reclamation’s Hydraulics 
Laboratory are field testing an automated surface irrigation system at a demonstration 
field at the DREC farm near Holtville CA.  Technologies that have been developed as a 
part of this project include field turnouts that are cost effective and compatible with the 
automated operation, a portable irrigation advance sensing station, and control algorithms 
that require limited irrigator inputs.  The targeted performance level for this project is 
reduction of field runoff losses from a typical rate of 15% to 5% or less of the applied 
volume of irrigation water.   The system has been designed with a high degree of 
portability that will enable a farm operator to re-locate the automation system from one 
field to another with modest effort.  During 2014 the project team is working to improve 
and simplify required user inputs and performing field evaluation of control and 
communications equipment alternatives that may offer improved system affordability. 
 

INTRODUCTION 
 
An earlier paper (Gill et.al. 2013) was presented on this project at the USCID Conference 
held April 16-19 2013 in Phoenix AZ.  Project activities conducted prior to the earlier 
paper were largely focused on development of field turnout structures that would be 
affordable for agricultural water systems and that would be compatible with automated 
operation.  Prototype turnout systems developed  include a tip-up valve and a pinch 
valve, both of which utilized flexible plastic irrigation tubing as a key component, along 
with a hydraulically operated turnout that utilized energy from the water level differential 
between the canal and field to turn on and off flow into the field.  Discussions of 
development and testing of these turnout technologies are included in the earlier paper.  
The current paper documents subsequent project activities and developments.     
 

DEMONSTRATION SITE LAYOUT 
 
The field demonstration site is a border irrigated field that extends to the northern edge of 
the DREC research farm.  The site is a sloped field with a run length of approximately 
1200 feet.  Border section ridges are spaced 60 feet apart.  The Reclamation-DREC 
demonstration site includes five border sections.  A parallel demonstration project being 
carried out by Rubicon Water is installed on a sixth border section located between the 

                                                 
1 Hydraulic Engineer, US Bureau of Reclamation, Denver CO. tgill@usbr.gov 
2 Hydraulic Engineer, US Bureau of Reclamation, Denver CO. dlentz@usbr.gov 
3 Irrigation/Water Management Advisor and County Director, University of California Desert Research and 
Extension Center, Holtville CA, kmbali@ucdavis.edu 
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second and third border sections of the Reclamation-DREC plot.  Figure 1 is a Google 
Earth satellite image showing the location of the demonstration site. 
 

 

Figure 1.  Demonstration Field Site 

Irrigation water for the DREC research farm is delivered through the Imperial Irrigation 
District (IID) canal system.  In Figure 1 the boundaries of the DREC research farm are 
shown as blue lines.  The automated surface irrigation plot location at the farm is outlined 
in red.  The field is irrigated from an open canal running along south edge of the field.  
Water in the canal flows from west to east (left to right in Figure 1).  Flow in the canal is 
measured at a long-throated flume located approximately 240 feet upstream from the 
demonstration plot.   
 
The long-throated flume is equipped to electronically sense water levels both in the 
approach and throat sections of the flume.  This enables flow to be measured using the 
venturi solution (Gill and Niblack 2009) in conditions where the flume is excessively 
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submerged for critical flow conditions to develop as flow passes through the flume throat.  
Runoff from the field enters a runoff collection canal that runs from east to west along the 
north edge of the plot.  Runoff flow ultimately enters the IID drain system at the 
northwest corner of the research farm.  
 

SELECTED FIELD TURNOUT STURCTURES 
 
As noted in the Introduction section of this report, a key focus of the initial stages of this 
project was to identify cost-effective field turnout structures that can perform reliably 
with automated operation.  Following the field testing documented in the 2013 paper one 
additional turnout structure was installed and field tested.  This turnout structure 
consisted of two rectangular steel tube frames and a flexible membrane made of material 
used for truck tarps.   
 
One of the rectangular frames is oriented vertically.  The second frame is hinge-mounted 
to the vertical frame.  In raised (closed) position the hinged frame is approximately 
horizontal.  The hinged frame may be rotated downward 45o to the fully lowered (open) 
position to allow flow to pass over the tarp membrane.  The fitted tarp is installed on both 
frames by sliding the frames into pockets sewn into the edges of the tarp.  The gate is 
raised and lowered by a 12 volt DC linear actuator that is attached to both frames. 
 
A repeatedly encountered problem with earlier efforts in developing an automated 
surface irrigation system was that the positioning of a gate in closed position required a 
high degree of precision.  The limit switches being used to stop gate movement in the 
closed position could not perform with sufficient precision to avoid leaving some gate 
slightly open during one gate closing cycle or with other gates, going past the desired 
stopping point and creating an overload that burned out actuator motors.  
 
With the tarp gates the rotating frame is raised until the outer edge of the frame is above 
the water level in the canal to fully shut off flow.  This gate provides a wide tolerance 
range for stopping the gate movement in closed position.  The tarp gate system was 
developed as a “drop-in” design whereby the entire gate/control system (including 
electronic control equipment) is installed by lowering the vertical frame into slots in a 
formed concrete opening.  Figure 2 shows a concrete gate installation site opening before 
the tarp gate is installed.  Figure 3 shows a newly installed tarp gate. 
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Figure 2.  Tarp gate installation opening formed in canal embankment 

 

Figure 3.  “Tarp Gate” Field Turnout 
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The drop-in installation method is seen as a simplification that can significantly reduce 
installation costs for an automated surface irrigation system.  It also offers a high degree 
of portability that would enable the automated system to be removed from a field and 
installed at a different location as issues in the event that operations are changed in the 
future  (i.e. changing arrangements between land owners and tenant producers). 
 
A second configuration of a tarp gate installation was included to demonstrate suitability 
of the system for fields where existing high capacity culverts have been installed through 
the canal embankment.  Numerous fields in Imperial Valley are configured with slide 
gates installed in the canal lining and culvert pipes behind the gates that convey flow 
through the canal embankment.  The culvert outlet tarp gate installation would require 
limited modification to current installations that are configured in this manner. Figure 4 
shows a culvert outlet tarp gate installation. 
 

 

Figure 4.  Tarp gate installation on a canal embankment culvert outlet 

An additional the tarp gate system offers over other prototype turnouts that were 
developed as part of this project is a desirable turnout flow capacity.  During initial field 
tests after the tarp gates were installed, the tarp gates would readily pass the 
approximately 5 ft3/s capacity of the canal.   
 
During field testing with previously installed turnout devices, flow had to be scaled back 
to avoid overtopping the canal.  Faced with the choice of fabricating and installing higher 
capacity versions of these previously tested turnout systems or installing tarp gates for all 
project field sections, the project team felt the positive aspects of the tarp gate system 
warranted using this turnout ystem for all field sections.  Figure 5 shows the additional 
tarp gates being installed. 
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Figure 5.  Tarp gate installation at all test plot border sections 

 
APPLIED FLOW MEASUREMENT STATION 

 

During earlier field testing with the lower capacity turnouts it was observed that the 
existing long-throated flume was excessively submerged as the canal filled a level needed 
for irrigation of the demonstration plot.  Figure 6 shows the flume operating under 
excessively submerged conditions where flow measurement is not feasible.    
 

 

Figure 6.  Excessively submerged long-throated flume 

Modifications were made to the flume in an attempt to achieve the flow measurement 
capability needed for the automation system.  The flume crest was raised to force flow to 
accelerate to a higher velocity as it passes over the flume crest.  An exit ramp was added 
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to reduce head losses as flow moves away from the flume.  A level sensing system was 
installed that would measure water levels in both the approach and throat sections of the 
flume in order to calculate flow using the venturi solution.   Figure 7 shows the modified 
flume along with the level sensing configuration for measuring water level in stilling 
wells linked to taps in the approach (1) and throat (2) sections of the flume.  A 
downstream tap/stilling well (3) is used to monitor canal filling during irrigation startup. 
 

` 

Figure 7.  Long-throated flume modified with raised crest and exit ramp added 

From past field studies with long throated flumes configured for flow measurement using 
the venturi solution, it has been shown that flow measurements with suitable accuracy for 
irrigation may be obtained with submergence rates well beyond the modular 
submergence limit for critical flow conditions to be developed in the flume (Gill and 
Niblack, 2009).  The geometric flume modifications along with the level sensing system 
installed enabled the flume to function for measuring flow rates for this project.   
 
Figure 8 shows the flume in operation after these modifications were had been made.  
The perceptible dip in the water surface as flow passes over the flume crest provides the 
conditions that enable the venturi solution to be utilized for calculating flow rate. 

1 

2 

3 
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Figure 8.  Modified flume performing venturi solution flow measurement 

 
CONTROL SYSTEM COMPONENTS 

 
Master Control Station 
 
The master control station is located at the flume.  The bubbler level sensor is operated 
by the master control unit.  The master station is able to communicate by radio with all 
other sites and directs the communications between stations of the automation system.  
The master station and solar charging system may be seen in the top center of Figure 8. 
 
Turnout Control Stations 
 
There is an independent control station for each field section turnout.  The master station 
will contact a turnout control station to direct it to open the turnout as flow is being 
turned into a field station.  The master station will subsequently contact the turnout 
control station and direct it to close the turnout after the target volume of water has been 
applied to that section.  As noted in discussion of the tarp gate turnouts, the turnout 
control units are mounted on the tarp gate structures.  A turnout control unit and solar 
charging system may be seen on the culvert outlet tarp gate installation in Figure 4. 
 
Field Advance Sensing Station 
 
A field advance station is equipped with a conductivity sensor to determine when surface 
water has arrived at the sensing location during an irrigation.  Initially the field advance 
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station was set up with a solar charging system at a fixed location on the border ridge 
between the first and second field sections.  Conductivity sensors were placed mid width 
of both the first and second field sections.  Wires linking the sensors to the control unit 
were buried a few inches below the field surface.   
 
The “fixed location” of the initial field advance sensor proved vulnerable to operation of 
farm equipment.  Following a tillage process that took the field advance sensing station 
out of service, the configuration of this station was reconsidered.  The fixed location 
station arrangement was abandoned in favor of a portable field advance sensing station 
that is placed at the desired location in a field section just prior to an irrigation and is later 
removed from the field section after it is irrigated.  Figure 9 shows a portable field 
advanced sensing unit. 
 

 

Figure 9.  Field advance sensing station 

The portable field advance sensing unit is battery powered.  Since it is intended to be 
installed just prior to an irrigation and removed from the field following an irrigation, the 
battery powering operation of the station are recharged between irrigations.  Eliminating 
the solar panel reduces the bulk and cost of this station and deletes a fragile component 
from the equipment this (now portable) station. 
 
Runoff Flow Measurement Station 
 
A runoff measurement station was initially installed in the runoff canal at the point where 
flow passes from the runoff canal into an IID drain canal.  During early testing it became 
apparent that a significant volume of runoff water would need to accumulate in the runoff 
canal before flow over a measurement weir would start.  Additionally, the travel distance 
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between the demonstration plot and the IID drain entry site would represent a significant 
lag time before runoff feedback would be available for processing.  Figure 10 shows the 
initially installed runoff measurement site. 
 

 

Figure 10.  Initial runoff measurement site 

The initial runoff site shown in Figure 10 included a submersible pressure transducer 
(installed in the dark pipe seen attached to the canal lining) to sense water level and the 
control equipment mounted to pipe pole (in the center of the photo).  A contracted 
rectangular weir was to be fabricated and installed in the stop-log structure seen at the 
end of the canal.     
 
After the shortcomings of the IID drain entry measurement site were recognized, the 
station was dismantled and a new runoff measurement station was installed to measure 
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flow as it runs off the first field section into the runoff canal.  Figure 11 shows this station 
as it is being constructed. 
 

 

Figure 11.  Installation of field section #1 runoff measurement station 

For the field section #1 runoff measurement station shown in Figure 11 a trapezoidal 
flume was installed to measure flow as it flows from the initially irrigated field section 
into the runoff canal.  The solar charging system and control equipment from the 
dismantled runoff station at the IID drain entry were relocated to this site.  A bubbler 
level sensor will be used to measure water level in the approach section of the trapezoidal 
flume.  This runoff measurement station will enable a more accurate and timely 
accounting of runoff from the initially irrigated field section. 
 

AUTOMATION SYSTEM OPERATION 
 
To initiate an automated irrigation, the master station is first placed in “auto” mode.  This 
may be done using on-site by key-press entry following prompts from the on-board 
display, or it may be accomplished remotely by radio-transmitted commands.  Once the 
master unit has been put in auto mode it begins to monitor flow levels at the flume and in 
the canal below the flume.  
 
When the canal has filled to a predetermined level needed for the irrigation, the master 
unit records the start time and contacts the field section #1 turnout control station.  The 
turnout control is directed to open the turnout.  Next the master unit contacts the field 
advance sensing station and sets it in “sensing” mode to detect the arrival of irrigation 
water.  The master unit will continue to measure flow at the flume at a selected time 
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interval (i.e. 3 minutes).  An incremental flow volume is computed as a product of the 
measured flow rate and the time interval between measurement cycles.  The incremental 
volume is added to a running volume total beginning with the opening of the turnout. 
 
When water reaches the field advance station, that station notifies the master unit.  For 
test operations to date, once the master station has received notification that flow has 
reached the field advance station, the master station will calculate a target application 
volume for the field section as a function of the volume that has been applied at the time 
water reached the field advance station.  This is also calculated as a function of the 
position of the advance sensor along the field run length.   
 
The master station will continue monitoring flow rate and incrementing the running 
volume total until the target volume is reached.  When the target volume is reached, the 
master station directs the turnout control of the next field section to open, then directs the 
turnout control of the current field section to close.  For operation of the demonstration 
plot with uniform field section geometry and uniform soil type the same target volume is 
used for irrigation of all subsequent field sections. 
 
The operating code has been developed with the assumption that water delivery to the 
field canal is controlled by a water delivering entity (i.e. an irrigation district).  Once the 
master unit is placed in “auto” mode it will monitor flume condition until flow is detected 
before proceeding on to other automated operating functions.  With modest code editing 
the system would be capable of opening a gate or starting a pump to initiate the flow of 
water as part of the start of an irrigation. 
 
Presently the program code does not close the field turnout for the last field section to be 
irrigated after the target volume has been applied.  The end-of-irrigation actions that may 
need to be taken can be highly site specific.  The code could readily be modified to shut 
off water at the source (close a canal gate or shut off a pump) or to open a downstream 
check to allow flow to proceed to another location.  For the demonstration plot the 
necessary irrigation shut down tasks are being performed manually. 
 

REFINING THE TARGET VOLUME IDENTIFICATION PROCESS 
 
The appropriate target volume can vary significantly from irrigation to irrigation.  With a 
recently tilled field, there will be more void spaces in the soil as a result of tillage 
operations and the volume of water required to fully irrigate each field section will be 
high.  For fields with growing crops, the stage of crop growth and associated resistance to 
movement of water through the field may significantly impact the volume of water 
required for an irrigation.  Other elements affecting required irrigation volume can 
include temperature, wind and/or recent precipitation events.  
 
In field testing to date for this project the field advance sensor has been located at mid 
run of the first field section – approximately 600 feet from either end of the field.  The 
volume of applied water at this half way point had been measured by the master station.  
An algorithm based on research data from irrigation studies with similar soils was 
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developed to predict the additional volume that would be needed to fully irrigate the field 
section.  The magnitude of the challenge of developing a predictive algorithm that could 
provide suitable accuracy was soon recognized. 
 
Accounting for each of the variables that can affect the required application volume in a 
program algorithm requires working with assumptions that add uncertainty in system 
performance for which field verification for each potential set of conditions would be 
desirable to ensure robust operations.  In order to eliminate reliance on a predictive 
function, the project team is looking at placing the field advance sensor at a location 
along the field run which would be considered the “cut-off” location.  For a manually 
operated irrigation this would be an advance distance at which an experienced irrigator 
would feel confident that water already applied to the field section was a sufficient 
volume to complete the irrigation water advance across the remainder of the field. 
 
With the field advance station positioned at the cut-off location, the target volume would 
become the running volume total at the time water reached the field advance sensor in the 
first field section.  With our demonstration site setup field runoff will be measured at the 
recently installed trapezoidal flume in the first field section.  As the second field section 
is being irrigated the runoff volume from the first field section will be measured and a 
runoff volume computed by the runoff station.  The runoff volume from the initially 
irrigated section will transmitted to the master unit where the runoff volume will be 
compared with the volume (the target volume) that was applied to that field section.  If 
the measured runoff is not within the desired range (5% or less), the target volume for 
subsequent field sections will be reduced by an appropriate portion of the measured 
runoff volume. 
 
An alternative means of triggering the transitioning of the irrigation through each field 
section would be to place a field advance sensor in each field section at the desired cut-
off location.  This mode of operation would be practical for field sections with varying 
section geometries or varying soil types.  Based on visual assessments of runoff volume 
from initially watered field sections the field advance sensor placement in subsequent 
field sections could be adjusted as the irrigator deems appropriate to limit field runoff.  
The portable configuration of the advance sensing station would make this mode of 
operation feasible.  Multiple advance sensing stations could be used with two or more 
stations rotated as the irrigation progresses across a field. 
 
The practice of cut-off location placement of the field advance sensing station – as 
opposed mid run placement and development of a robust predictive algorithm – is seen as 
a more user-friendly approach that may eliminate a need for input of a range of 
conditions specific to the current irrigation.  It may also represent an operating method 
that is more intuitive for experienced irrigators. 
 

CURRENT PROJECT STATUS 
 
As this paper is being completed, most of the project objectives have been accomplished.  
Prototypes of multiple field turnout control devices that are compatible with automated 
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operation have been developed and field tested.  The project has opted to proceed using 
the tarp gates as a cost effective and simple turnout control mechanism.  A portable field 
advance station has been developed and field tested.  This component will enable a high 
degree of flexibility in how the automation system may be configured and operated. 
 
Program code for operation of each type of station used in the automation system has 
been developed and field tested.  As field tests continue, some minor code modifications 
are anticipated as system functions (i.e. target volume identification methods) are refined.  
Following the test schedule planned for the remainder of 2014, this system will be an 
option for irrigators seeking improved irrigation efficiency to consider. 
 

CONCLUSION 
 
Successful development and field testing of a prototype automated surface irrigation has 
nearly been completed at the University of California Desert Research and Extension 
Center near Holtville CA.  This cooperative effort between Reclamation and the DREC 
staff has been developed on a sloped, border irrigated field.  With minor modifications 
the system would be viable for level basin border irrigated fields.  It could also be readily 
adapted for use with gated pipe irrigation systems and some other methods utilized for 
furrow irrigation.  
The primary focus of the project team in developing this system has been water 
conservation.  For commercial producers, potential labor savings with this system may 
well be an equally significant economic benefit that can be realized. 
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ABSTRACT 
 
The ET Toolbox was developed by the Bureau of Reclamation (Reclamation) to estimate 
high-resolution daily rainfall and water depletions (crop and riparian vegetation 
evapotranspiration and open water evaporation) within specified river reaches. The initial 
plan was to input these daily values to Reclamation’s river and water accounting model 
for the Middle Rio Grande, but, this direct link has not been developed because of 
various problems such as a lack of sufficient, accurate data. Nonetheless, ET Toolbox has 
proven to be useful for water managers and others interested in water management issues. 
A readily accessible Internet site was developed (http://www.usbr.gov/pmts/rivers/ 
awards/Nm2/riogrande.html), and available information includes near real-time rainfall, 
estimated and actual evapotranspiration (ET), and stream flow conditions. This 
presentation will give an overview of ET Toolbox, show some of the data available on 
the website, and discuss how it is used. 
  

INTRODUCTION 
 
The EvapoTranspiration Toolbox system (ETT) was developed as a suite of tools for 
water managers and water users in the Middle Rio Grande Valley of New Mexico, USA.  
Its primary purpose is to estimate depletions, including crop and riparian vegetation ET, 
and open water evaporation, contrasting those values against daily rainfall inputs, when 
present.  While the ETT is specific to the MRG valley and adjacent areas, it is an 
evolution of the Agricultural Water Resources Decision Support (AWARDS) system.   
The purpose of the AWARDS system is to improve the efficiency of water management 
and irrigation scheduling by providing guidance on when and where to deliver water, and 
how much to apply. The AWARDS system is based on modern remote sensing, 
communication, computer, and Internet technologies. 
 
Central to the remote sensing technology used in the AWARDS system is weather 
surveillance radar.   A network of over 140 NEXRAD (NEXt generation weather 
surveillance RADar) systems exist across the United States, located so that the radar’s 
230 km radius coverages overlap in most areas.  NEXRAD data is combined with data 
from climate stations, and forecast model projections through an automated collection 
and processing system; being made available through an internet portal to various users 
as depicted in Figure 1. 
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Figure 1.  General design of AWARDS system 
 
In the case of ETT, computed depletion values are intended, amongst other things, for 
input into the Upper Rio Grande Water Operations Model (URGWOM), the river 
modeling and water accounting system used by area water management entities 
(Reclamation, US Army Corps of Engineers, New Mexico Interstate Stream 
Commission, Middle Rio Grande Conservancy District, U.S. Fish and Wildlife Service, 
etc.).  This intended use of ETT as an input to URGWOM considerably influenced ETT’s 
GIS database.  Additional purposes include presentation of near real-time rainfall, ET 
depletion and rates, and stream flow conditions through a publicly accessible Internet 
site. These data can be used by water managers, river operations and irrigation district 
personnel, the scientific and farming communities, and the general public who may be 
interested in water management issues. 
 

BUILDING THE EVAPOTRANSPIRATION TOOLBOX 
 
Origins 
 
Development of the ET Toolbox began in 1995.  At that time, the need for depletion-
based water management was emerging in the Rio Grande Basin.  Drought, endangered 
species, interstate compact issues, and increased competition for water placed new 
challenges on a very old and traditional supply-based system.  Water managers realized 
there was virtually no real-time, or near-real time, information available on the 
consumptive use of water within the basin to guide water operations.  Reclamation’s 
Albuquerque Area Office became aware of the AWARDS (Agricultural WAter 
Resources Decision Support) system at the Lugert-Altus Irrigation district in southwest 
Oklahoma, and believed a similar system would be of great utility in the MRG region.  
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With the assistance of the New Mexico Interstate Stream Commission (NMISC), and the 
Middle Rio Grande Conservancy District (MRGCD), Reclamation’s River Systems and 
Meteorology Group in Denver began active development of an AWARDS system for the 
MRG region 1998.  This project quickly evolved into what became known as the ETT. 
 
ETT Function 
 
The ETT is an automated information system developed for Internet accessibility.   The 
intended function is to inform water managers and users by providing easy access to 
rainfall and crop water use estimates, leading to estimates of water demand and 
operational changes to the river system. Like similar AWARDS systems , ETT uses 
rainfall estimates based on NEXRAD data.  Initially the ETT AWARDS system used the 
NEXRAD Hydroview Multisensor Precipitation Estimation System (MPE) program 
(radar and gage) hourly product produced by the National Weather Service’s (NWS) 
River Forecast Centers (RFCs) on a 4 km grid scale. 
 
In 2007 the precipitation estimation system was substantially revised, incorporating 
Quantitative Precipitation Estimation and Segregation Using Multiple Sensors 
(QPESUMS, or just QPE) on an approximate 1-km grid.   QPE data are automatically 
collected into the AWARDS/ET Toolbox computer through File Transfer Protocal (FTP) 
from the National Severe Storms Laboratory (NSSL).  National Digital Forecast Database 
(NDFD) weather forecasting data are used for calculating the seven-day forecast ET. This 
forecast is on a 5-km grid.  Days 4-7 forecast rain are obtained from the National Centers 
for Environmental Prediction (NCEP) on a 1 degree by 1 degree resolution. 
 
Automated climate stations in AWARDS system transmit surface climate data via radio 
signal, phone, or satellite to local computer systems. Daily data are automatically 
collected from local computer systems, via File Transfer Protocol (FTP) and WWWget 
(Wget; a computer program that retrieves content from web servers), into the 
AWARDS/ET Toolbox computer.  Finally, ET is calculated for the area.  Climate data 
used for calculating reference ET are ideally the maximum and minimum temperatures, 
average relative humidity, average wind speed, and solar radiation for the previous 24-
hour Mountain Standard Time (MST) day.  At present, climate data is limited and a 
simplified ET calculation (Hargreaves) is being used.  ETT data is collected and 
processed at Reclamation’s Denver center, on IBM hardware running Linux CentOS.  
 
 
Crop coefficients are applied to computed reference ET values to provide numerous final 
output products. Reservoir operators, water managers, and on-farm water users access the 
Internet ETT  products for crop water use estimates for crops, riparian consumption, and 
open water evaporation, that assist in making operational decisions. 
 
In summary, the inputs of the ETT are: 
1) Daily NEXRAD (QPE) precipitation estimates 
2) Daily and hourly weather station data 
3) Static GIS base images 
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4) NDFD 7-Day forecast weather data (rainfall for days 1-4 only) 
5) NCEP forecast precipitation for 4-7 days 
6) Acreage and vegetation classification (MRGCD crop reports, IKONOS, etc.) 
 
Inputs are then used to produce the ETT outputs: 
1) Daily NEXRAD (QPE) rainfall images 
2) Daily and hourly weather station data (hourly for information only) 
3) Reference ET by weather station 
4) Crop and riparian ET by weather station 
5) Open water evaporation by weather station 
6) ET charts containing past ET, forecast ET, NDFD, NCEP, and effective rainfall 
 
GIS d\Database 
 
ETT depends on the acquisition of timely climate data, and the processing of that data to 
daily ET values.   However, there are numerous steps in between, and the creation of 
these steps in an electronic and automated process was a challenge for developing the 
ETT.   To have utility for water management, ETT required a geographic framework 
within which to present climate and water use data.   The ETT thus required the 
development of a GIS database.    
 
The ETT GIS database specifies crop, riparian, and open water acreage within 1 km x 1 
km grid cells along the Middle Rio Grande.  GIS land use classification has evolved and 
been refined over time.  Originating from a 1993 Land Use Trend Analyis (LUTA), it 
was refined through a combination of 2000 IKONOS satellite imagery at 4 meter multi-
spectral resolution and 2001 Utah State University (USU) aerial photography at .5 meter 
resolution. IKONOS imagery is used from Cochiti Dam to Elephant Butte Reservoir 
headwaters (Reaches 1-8). The USU was used for a small part of Reach 3, Reaches 4-7, 
and part of Reach 8. Wherever the USU exists, it superceded IKONOS data. In 2002 
riparian GIS mapping efforts by the Middle Rio Grande Endangered Species 
Collaborative Program (MRGESCP) were obtained, providing a comparison for the 
IKONOS riparian analysis.  
  
GIS land use classification is critical for the ETT, and is not static.  Comparisons of the 
LUTA, IKONOS, USU, and MRGESCP analyses have been made in several years 
(available from the ETT).  A major update was made in 2004 when the entire year back 
to January 1 was re-processed using the latest IKONOS and USU classifications.  In 2013 
the GIS database was again revised, with agricultural lands updated with 2012 MRGCD 
crop reports.  Actual acreages for individual irrigated parcels, and the crops being 
produced, were integrated into the ETT GIS database through ARCGIS shape files. 
 
All vegetation data sets, regardless of origin, have been transposed to the QPE grid cell 
resolution. Grid cells are summarized, assigning a single land use data set to each reach, 
providing a means to summarize ET into specific groupings.  Grid cells are assigned to 
near-by weather stations, and then single or multiple climate station, or multiple climate 
stations assigned to each reach. Grid cells can easily be reassigned whenever new 
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weather stations are installed, land use data sets become available, or groupings are added 
or modified.  The 1 km x 1 km grid cells (Figure 2) provide the base upon which all 
subsequent QPE and ET computations are based. 
 
In the initial ETT, MRGCD divisions (nearly equivalent to river diversion points) were 
used as geographic delineations for ET calculations.  MRGCD provided base GIS layers 
with crop acreage and canal system layouts, as well as flow data locations for both the 
canals and river system.  The divisions are Cochiti, Angostura (presented in the ET 
Toolbox as Albuquerque), Isleta (presented in the ET Toolbox as Belen North and Belen 
South), and San Acacia (presented in the ET Toolbox as Socorro).  In 2007, the 
geographic delineations in the ETT were revised to correspond to river reaches, as 
defined by the existing URGWOM model, and in keeping with the purpose of ETT to 
provide consumptive use estimates for the URGWOM model.  URGWOM reaches 
correspond closely to USGS stream gauge locations, allowing for a cross-check on ETT’s 
calculated depletions.  The current river reach system used in ETT is as follows:  
  
River Reach 1 Cochiti Dam gage to San Felipe gage 
River Reach 2 San Felipe gage to Alameda gage 
River Reach 3 Alameda gage to Central Avenue gage 
River Reach 4 Central Avenue gage to Isleta gage 
River Reach 5 Isleta gage to Bernardo gage (Hwy. 346) 
River Reach 6 Bernardo gage to San Acacia gage 
River Reach 7 San Acacia gage to San Marcial gage (includes the Bosque Del Apache) 
River Reach 8 San Marcial gage to north end of Elephant Butte Reservoir 
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Figure 2.  ETT webpage illustrating Reach 5 GIS database, river system, irrigation 
channels, USGS streamflow gauges, and 1 km x 1km gridcells 

 
NEXRAD 
One of the principal components of the ETT is data from NEXRAD (NEX-generation 
RADar).  NEXRAD provides the basis for QPE.   The ETT receives data from four high- 
resolution S-ban Doppler weather radars (Figure 3).  These stations are: 
 
KABX,  Albuquerque, New Mexico 
KFDX,  Cannon AFB, Clovis, New Mexico 
KHDX,  Holloman AFB, Alamogordo, New Mexico 
KEPX,  El Paso, Texas 
 
NEXRAD provides precipitation data in the form of a mosaic map, which is overlaid on 
the ETT GIS database, allowing  ETT to derive a QPE for each 1km x 1 km grid cell.  
NEXRAD data is processed into the ETT on an hourly basis through an automated FTP 
routine.  Initially QPE’s were updated hourly on the ETT website.  For savings in data 
storage, and simplicity of the website, this was later revised so that a daily 24-hour 
rainfall composite appears each morning on the website, allowing the viewer to 
determine approximately the intensity and distribution of precipitation around the MRG 
valley on the previous day.  Hourly QPEs continue to be processed, but are maintained 
for viewing only for a short time, and are not archived as the 24 hour composite images 
are. 
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 Figure. 3. NEXRAD radar installation 
    
    
Climate Station Data 
 
Climate station data is used by ETT to perform  reference ET (ETO) calculations.  The 
initial ETT depended on data from the New Mexico State Climatology Center (NMSCC), 
and various NWS stations.  Beginning in 1999, the MRGCD constructed a number of 
climate stations on agricultural lands specifically to provide data to ETT.  Data from 
these stations included temperature, precipitation, relative humidity, solar radiation, and 
wind speed.  Data are supplied as an hourly mean, min, max, or total, as appropriate, as 
well as corresponding daily values. 
 
Maintaining reliable input of weather station data from a variety of sources has proven to 
be one of the largest challenges for ETT.  At one time or another difficulties have been 
encountered getting data, or with the quality of the data, from virtually all sources.  
Physical maintenance of the stations has been a problem.  MRGCD in particular has 
found it difficult to keep stations operating.  With potentially as many as 20 sites, no 
more than 16 have ever been in operation at one time.  Telemetry problems, vandalism 
and animal damage, landowner issues, and normal deterioration of sensors are common.   
At present, only about four of the MRGCD stations still produce data.   
 
The NMSCC has gone through cycles as well.  Station locations have changed, sensor 
mountings have been modified, programming revised, and data feeds interrupted.  Many 
of the NWS sites are not well suited for agricultural ET calculations.  For example, the 
official NWS Albuquerque station is affixed to the side of a concrete parking structure, 
surrounded for great distances on all sides by paving and buildings.   
 
Forecast Data 
 
ETT also uses forecast data.   During daily processing of ETT, the National Digital 
Forecast Database (NDFD) is accessed, and a 7 day forecast for specific climate data for 
the MRG basin is downloaded.  These data (5 km grid) are processed into the ETT 
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database, associated with specific grid cells in the same manner as actual climate data, 
and used to generate a forecast ETO.   A 4 to 7 day precipitation forecast is obtained from 
the NCEP (1 degree, or approx. 20 km, grid) and overlain on the ETT 1km grid.  This 
produces a precipitation forecast in a format compatible with the QPE from NEXRAD 
data.  As each day passes, actual data replaces that from the NDFD and NCEP, when 
available.  
 
Streamflow Data 
 
An important component of ETT, but not related to the calculation of ET values, is 
streamflow data.  This may be either flow in the river, or MRGCD irrigation facilities.  
As with other ETT data, the collection of streamflow data is automated, and from a 
variety of sources.  United States Geological Survey (USGS) stations provide most data 
for river flows, obtained directly from USGS.  Data from Reclamation and USACE 
reservoirs enters ETT through the same system, being collected through the USACE and 
an automated WGET routine, which can also serve as backup for the USGS data feed.  
MRGCD irrigation channel data is collected by MRGCD and delivered to ETT through a 
separate FTP routine.  Data is collected every 30 minutes. 
 
The collected streamflow data is displayed on the ETT website via a number of 
“schematic” pages.  These show various flow gauges arrayed throughout the area as they 
relate to one another functionally, rather than against the backdrop of the GIS database.  
Major USGS stream gauges along the river are an exception however, and are displayed 
in their true geographic location on certain pages.  The availability of streamflow data 
serves two purposes in the ETT.  It provides a practical “one-stop” approach to collecting 
the hydrologic information water managers in the MRG use daily (Figure 4), and allows 
the user to comparatively reference effects of actual water depletions against computed 
water demand.  One of the streamflow schematic pages is arranged to illustrate this, 
depicting the change in flow from one river gauge to the next side by side with the 
computed depletions between the two points (Figure 5).  A recent (2013) addition to ETT 
is water quality data accessible through a few of the streamflow sites. 
 

    
   Figure 4.  Flow schematic with stream-          Figure 5: Streamflow  vs. calculated  
                       flow data.                                                           depletions. 
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ETT Data Flow 
 
The following diagram (Figure 6) illustrates the principal data inputs, and resulting 
outputs, of both the AWARDS and ETT processes.  Many inputs are shared between both 
AWARDS and ETT, and outputs from AWARDS are used in ETT. 
 

 
Figure 6.  ETT data flow, relationship between AWARDS and ETT 

               
Temporal considerations 
 
To ease the interfacing of various data feeds, all time-related information used throughout 
the ETT Toolbox system is rectified to Mountain Standard Time (MST) throughout the 
year. Therefore, during Mountain Daylight Time (MDT) temporal scaling will be one 
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hour behind clock time.  This produces a little confusion for some users, but possibly not 
as much as the use of the more traditional Universal Coordinated Time (UCT).  
 
Reference ET Calculation 
 
ETT initially utilized a Modified-Penman Equation, along with many crop and riparian 
coefficients used provided by New Mexico State University (Bawazir and Sammis).  This 
Penman calculation referenced to grass (ETO in inches).  This required daily weather data 
inputs consisting of maximum and minimum temperatures, relative humidity, solar 
radiation, and wind.  In early 2012 the ETO calculation was modified to the ASCE 
Standardized method.  Approximately mid-year 2012, the ETO calculation was again 
modified to use the 1985 Hargreaves method.  Hargreaves is a simple temperature-based 
equation. All ET values wihtin ETT are now based on this method, and all of 2012 was 
recalculated back to January 1.  Lack of quality data for wind, solar radiation, and 
humidity forced this decision.  When reliable data is again become available, ETT will 
resume use of the ASCE Standardized method for ETO calculation.  ETO calculation is in 
inches. 
 
The ETO calculation should be performed with actual climate data.  However in recent 
years, due to problems with climate stations, ETT has increasingly relied on NDFD data.  
While this is not the preferred approach, comparisons of forecast data and actual climate 
data by ETT have shown good agreement.  ETO is forecast 7 days out but since forecast 
data is replaced daily, when it is used for ETO calculation in place of climate station data, 
the forecast is only one day in advance.     
 
The data available through ETT readily allows calculations of ETO  by other methods as 
well.   A number of these are done automatically, for comparison purposes, and the 
results stored in internal files.  These other methods are: 
 
1. Penman-Monteith Combination 
2. 1982 Kimberly-Penman as used in Reclamation’s Agrimet Program 
3. An earlier version of the  Modified-Penman referenced to grass (Sammis et al., 1985) 
4. American Society of Civil Engineers’ (ASCE) Standardized method based on the 
ASCE Penman-Monteith Equation 
     
Daily Consumptive Use 
 
Calculation of daily ET values, and Daily Consumptive Use (DCU) values in the ETT are 
based upon Reference ET (ETO) and vegetative coefficients (KC).  KC values are 
temporally variable, and dependent upon a particular crop or vegetation type.  KC may be 
determined by one of the following methods, as appropriate.  Start and stop dates are 
determined by spring and fall temperatures.  No ET is calculated (i.e.,set to zero) before 
start dates, and after stop dates. 
 
Development – Stage: as modified from the FAO-56 manual by researchers in the Middle 
Rio Grande.  This method is used for Alfalfa and Pasture (Figure 7).   
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Figure 7. Alfalfa KC curve (stage), start and stop dates determined by temperature at the 

North Bosque weather station in 2011 
 
Development – Temperature: as modified from the FAO-56 manual by researchers in the 
Middle Rio Grande.  This method is used for other crops, including corn, vegetables, 
irrigated trees, and riparian vegetation (Figure 8). 
 

 
Figure 8. Corn KC curve (temperature), temperatures at the North Bosque weather station 

in 2011 
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Daily ET, in inches, for the various vegetation types found in ETT is found using the 
formula: 

Daily ET= (KC) (Daily ETO) 
 
where (Daily ETO) is the Reference ET as calculated by ETT for a particular date, and 
(KC) is determined by one of the methods described above. 
 
Open Water Evaporation 
 
Evaporation from the surface of the Rio Grande, and wetted sands of banks and bars, is a 
major contributor to water depletion in the Middle Rio Grande valley.   ETT calculates 
evaporation based on surface area. A FLO-2D model estimates daily surface area of the 
Rio Grande from daily discharge values provided from the USGS streamflow gaging 
system.  The determination of area of wet sands within the Rio Grande corridor is the 
difference between the bank-to-bank area minus the FLO-2D area. Evaporation is 
assumed to occur from the surface and shallow sub-surface area difference.  Through 
2012 monthly coefficients for use in calculating open water evaporation were based on 
those used by Reclamation for open water in the Parker Dam to Imperial Dam reach 
along the Lower Colorado (Jensen, 1998) (Figure 9). 
 

 
Figure 9:  Open water KC curve (Jensen), 2011 

 
 
In 2013 a revised methodology for open water evaporation coefficients was adopted.  
This was based on work done at New Mexico’s Sandia National Laboratories (Roach, 
2013) (Fig. 10).  The newer method resulted in an increase of about 50% in annual open 
water evaporation in the MRG, addressing concerns that open water evaporation 
historically had been substantially under-estimated by ETT. 
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Figure 10.  Open water KC curve (Roach), 2011 (for comparison with Jensen 2011 

values) 
 
Elephant Butte Reservoir defines the downstream limit of the MRG valley.   Real-time 
elevation data are acquired through USACE, and applied through an area-capacity table 
to determine the water surface acreage of the reservoir.  ETO from the Hargreaves 
equation is calculated from nearby weather stations and open water coefficients are 
multiplied by the reference ET to derive evaporation. This value is then multiplied by the 
water surface area, resulting in open water evaporation in acre-feet. 
 
Final Processing to Daily Consumptive Use Values 
 
Once the Daily ET is calculated, ETT derives  Daily Consumptive Use (DCU).  ETT 
acreage data is transposed to the 1 km grid cell resolution providing an acreage amount 
for each vegetative type (or open water) in the cell.  DCU for the cell is then calculated 
for each vegetative type (or open water) , in acre-feet, using: 
 

Vegetative type DCU = (Daily ET)(Acres)/12 
  
All of vegetative and open water DCU values are summed to arrive at an estimated 
consumptive use for each grid cell. The NEXRAD estimated daily accumulated 
precipitation (in acre-feet) is then subtracted: 
 

Total Grid Cell DCU = Sum of Vegetative type DCU’s − Precipitation 
 
All of the grid cell totals are summed for each river reach and diversion: 
 

River Reach DCU = Sum of Total Grid Cell DCU values within the river reach 
 

Diversion DCU = Sum of Total Grid Cell DCU values within the diversion 
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The DCU values in acre-feet per day are converted to an equivalent daily mean rate of 
flow in cubic feet per second (cfs) for use by water managers and incorporation into the 
URGWOM model. 
 

cfs = acre-feet/1.98347 
 
Final Output 
 
ETT was envisioned as a near real-time, practical tool for water managers and irrigators.  
Its final outputs are primarily graphical in nature, showing trends over time of various 
indicators of hydrologic conditions in the MRG area.  The broadest of these conditions is 
a summary of all evaporative and ET based depletions between Cochiti and Elephant 
Butte reservoir (Figure 11).  This provides water managers with a tool to estimate the 
water which must be supplied to the area to produce an intended result.  In practice, it has 
been found that the actual computed DCU value from ETT is not critical.  The DCU 
trend over is what actually informs management decisions.  If DCU drops, or is predicted 
to drop, then water managers may reduce releases from storage from upstream reservoirs.  
If DCU is increasing, then more water will be required from those reservoirs.  The MRG 
is home to a number of endangered species, and particular flow conditions at points in the 
river may be required for the health of those species.  Trends in the DCU provide an 
important guide in maintaining those flow conditions.   
 

 
Figure 11.  Summary of total MRG DCU, and separated into components (agricultural 

ET, riparian ET, and open water evaporation) 
 
It is also possible to select an output of DCU for a pre-defined reach of the MRG (Figure 
12).  This is particularly useful for setting releases from storage for agricultural 
deliveries.  Several of the reach boundaries correspond closely with diversion points for 
the MRGCD canal system.  If the MRGCD wishes to have a certain amount of water 
arrive at a particular diversion weir, it can add that amount to the sum of individual 
reaches upstream and arrive at an estimate of how much water must be released from 
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storage to produce the intended diversion rate.  For purposes such as this, the use of 
trends is particularly useful.  The actual DCU value is often not critical, but the relative 
change from a past condition to some future condition is, and water managers can easily 
evaluate that change through the ETT outputs.   
 

 
Figure 12.  DCU for ETT Reach 5 

 
All computed DCU values, either aggregate or components, total or by reach, may be 
viewed in tabular format as well.  The ETT provides this on a daily basis, as a continuing 
table throughout each calendar year.  This data has proven very useful for subsequent 
hydrologic analysis of MRG consumptive use.  Previous years are archived and available 
through the “Historic Data” section of the AWARDS site.  
 
Although not really an output from ETT, real-time stream gauge data are available 
through the ETT.  This represents USGS gauging stations on the Rio Grande, 
Reclamation and USACE reservoir storage, USFWS operations on a National Wildlife 
Refuge, and MRGCD canals, drains and wasteways.  Stream gauge sites are linked from 
the flow schematic diagrams, expanding to display 20-day hydrographs of discharge (cfs) 
and water level (stage, ft) (Figure 13). The availability of this information through the 
same internet site as the DCU outputs allows water managers to easily compare 
operations, depletions, and resultant conditions, and is conducive to efficient active 
management of water in the MRG.  
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Figure 13. Flow schematic (left), expanded to show hydrograph for SOCCN gauge (right) 
 
 

CONCLUSIONS 
The ETT was developed by Reclamation to provide a practical tool to assess calculated 
depletions against water operations in the MRG.  It represents a novel approach in its 
harvesting of data from numerous sources and combining that data to create new and 
useful outputs.  The use of NEXRAD data to generate QPEs on a 1km grid allow water 
managers to react quickly and precisely to the erratic patterns of summer precipitation in 
the MRG, which can be locally intense, but is often limited in areal extent.  The output of 
DCU values by ETT assists water managers to match supply with demand, and has 
resulted in real and significant water savings in the region.  The collection and display of 
data, including streamflow and DCU, through a single publicly accessible website has 
streamlined water management and helped to create a level playing field where water 
managers, irrigators, recreationists, and even news media can view the same information, 
encouraging cooperation and trust amongst varied stakeholders. 
 
One original purpose has yet to be fully realized.  ETT was intended to supply 
consumptive use information directly into the URGWOM model, used by Reclamation 
for water accounting in the Rio Grande basin.  The primary limiting factor for this 
purpose has been the lack of quality climate data for ETO calculation.   Traditional 
climate  stations are often not well suited for ETO use, as they tend to be located in areas 
atypical of conditions where agricultural and riparian ET is occurring.  Purpose built 
stations constructed by MRGCD, NMSCC, and others have also been problematic, being 
subject to physical damage and vandalism, uncertain calibration, and inconsistent 
methods of data collection.  Although ETT and its users expect to eventually resolve 
these difficulties, others who might be considering such a system should be aware of the 
importance, and potential difficulty, of maintaining high quality, real-time climate data 
from stations properly sited in agricultural and riparian areas.    
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FLOW MEASUREMENT OPTIONS FOR CANAL TURNOUTS 
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ABSTRACT 

 
Volumetric record-keeping, billing, and allocations at irrigation district delivery points 
(turnouts) are the norm, rather than the exception for most California irrigation districts.  
However, many older districts are just beginning these efforts, and other districts are 
trying to improve existing hardware and procedures.  Volumetric accounting with high 
accuracy and a reasonable price presents unique engineering challenges for irrigation 
districts because of the variety of existing structures and configurations at irrigation 
delivery points.  Because it is likely that irrigation districts will attempt to utilize existing 
devices, or slightly modify them, there is a need for standardized installation and/or 
calibration.  This paper discusses three efforts to adapt, improve, and/or calibrate existing 
technologies for flow rate and volumetric metering of canal turnouts.  
 

INTRODUCTION 
 
In the most basic form, all irrigation turnouts, or delivery points, serve two purposes: 
• Starting and stopping the flow of water 
• Control of delivered flow rates – typically provided by a mechanism such as a valve 

or gate.  In other cases, the turnout mechanism is adjusted wide open, and the turnout 
flow rate is determined by something such as the number of alfalfa valves or 
sprinklers open downstream. 

 
Modern turnouts are also capable of: 
• Flow measurement – an instantaneous quantification provided by various methods.    

o For some turnouts, a supplementary device measures the flow rate (with 
various levels of accuracy) and displays the result digitally or with an analog 
gauge.   

o More frequently, field measurements of the mechanism’s opening, upstream 
and (sometimes) downstream water levels are applied to an equation or rating 
table.  In these cases, the turnout structure itself is used as the flow 
measurement device, without auxiliary equipment. 

• Volumetric totalizing – an accumulation of the flow measurement over time.  The 
accumulation can be completed by either: 

o Automatically mechanical or electronic methods, or 
o Manually “averaging” multiple, discrete flow measurements over an irrigation 

event.   
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Poly), San Luis Obispo, CA.  USA  93407-0730. kfeist@calpoly.edu 
2 Chairman, Cal Poly ITRC.  cburt@calpoly.edu 



290 Planning, Operation and Automation of Irrigation Delivery Systems 

Regulations now mandate that in the near future, many California agricultural irrigation 
turnouts must be configured to provide flow measurement and volumetric totalizing of 
delivered irrigation water.  Furthermore, the measured quantities must also meet specific 
accuracy standards for new and existing flow measurement devices (CA SBX77 2009). 
 
In most cases accurate flow measurement requires, among other things, satisfactory 
hydraulic conditions both upstream and downstream of the flow measurement location.  
For this reason, flumes are not recommended immediately downstream of a bend in the 
canal.  Similarly, propeller meters are not recommended for installations immediately 
downstream of a partially closed butterfly valve.  In these examples, it is unlikely that the 
instantaneous flow measurement would reflect the actual flow rate.     
 
From an engineering perspective, achieving flow measurement and automatic volumetric 
totalizing within acceptable accuracy stipulations has become relatively straight-forward 
for most pipeline turnouts because: 
• The hydraulic conditions upstream and downstream of the flow measurement device 

can be easily “standardized” with a length of straight pipe.  The exact length of 
straight pipe required by each product is specified by the manufacturer.  If there is too 
little room to fit straight pipe lengths or a skewed flow profile cannot be corrected 
with straight pipe, commercially available “straightening vanes” can be installed to 
correct poor upstream hydraulic conditions.   

• The round pipe cross section provides a clean and an easily calculated flow area. 
• There are numerous commercially available “flow meters” (utilizing various 

technologies) that provide flow measurement and automatic volumetric totalizing 
with more than acceptable accuracies.  Many can also be delivered with factory 
calibration certificates traceable to the National Institute for Science and Technology 
(NIST).   

• If the piping system is designed properly, the flow meter can be easily removed and 
re-calibrated by the manufacturer or other entities. 

• Flow meters can be easily installed with standard, commercially available fittings. 
 
For the reasons above, meeting flow measurement and volumetric totalizing regulations 
for new or existing pipeline turnouts has become more of an economic analysis than an 
engineering topic.   A variety of irrigation districts simplify the challenge by requiring 
that farmers install accessible, properly installed magnetic or propeller meters 
downstream of their filter systems when the farmers install a drip/micro system. 
 
Conversely, meeting flow measurement mandates for canal turnouts is more complex.  
Although there are good solutions for new canal turnouts, there are very few new canal 
turnouts being constructed and it is prohibitively expensive to replace each non-
conforming structure at the district level. As such, the remainder of this paper will focus 
on the options for utilizing existing structures for flow measurement as well as options 
for retrofitting existing canal turnout structures to meet flow measurement regulatory 
obligations. 
 



 Flow Measurement Options for Canal Turnouts 291 

 

A major constraint for canal turnout flow measurement is access to existing physical 
configurations. In general, most canal turnout structures and accompanying gate/valve 
mechanisms are installed in the canal.  The structure discharges into a buried pipe under a 
canal access road.  The buried pipe may or may not daylight on the farm side of the 
access road with various arrangements.  This physical configuration limits flow 
measurement options to one side of the buried pipe or the other, and many districts have 
limited (or no) jurisdiction to install devices on the farm side of the turnout.   
 
The size and placement of a flow measurement device is also constrained by other 
factors.  The device cannot obstruct normal canal maintenance operations, or be 
vulnerable to damage from access road traffic (Burt 2010).  In addition to these factors, 
flow measurement devices are also susceptible to typical problems experienced in most 
open channel applications such as sedimentation, trash and biological debris, and 
vandalism.  Despite these challenges, canal turnout flow measurement has been 
successful at various levels. 
  
Most existing canal turnouts fit into one of the following categories: 
• Simple canal gate that was never designed to provide a means of flow measurement 

or volume totalizing.   
• A “rated” gate to which a prescribed formula or rating table is used in conjunction 

with field measurements such as the upstream and downstream water levels, and the 
gate opening.  Examples include:  

o ARMCO metergate 
o IID jack gate 
o Constant head orifice 

• A simple canal gate, combined with an auxiliary and dedicated flow measurement 
device including: 

o Open propeller meters 
o Portable or permanent Acoustic Doppler Velocity Meters (ADVMs) and 

similar electric devices 
• Relatively new, complete gate and flow measurement packages (e.g., the Rubicon 

SlipMeter) 
• Pumps, which for the purposes of this paper are considered pipeline turnouts 
 
This paper discusses three specific efforts to work with existing structures to improve 
accuracy.  The three examples are: 
1. Verifications of ARMCO meter gate rating tables for standard and non-standard 

installations 
2. A calibration system and procedure for IID jack gates 
3. Pilot installations of an adjustable, flow measurement orifice for non-standard canal 

turnouts 
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METERGATE CALIBRATIONS 
 
Overview 
 
Metergates are the most common canal turnout structure in California irrigation districts 
(ITRC 2002), although many (if not most) do not have a proper downstream stilling well.  
Since the early 1900’s metergates have been commercially available from various 
manufacturers as an integrated canal turnout package, functioning as both a flow control 
and flow measurement device.  Metergates are standard round canal gates with a specific 
configuration, as shown in Figure 1, which serves to “standardize” the downstream 
hydraulic conditions for field measurements. 
 

  
Figure 1. Metergate installation requirements (USBR 1997).  Recommended 

modifications are noted in Burt and Howes (2014). 
 
Flow Measurement.  The difference in head pressure between the upstream and 
downstream sides of the gate mechanism and the gate opening are determined during an 
irrigation event and applied to manufacturer-provided rating tables (USBR 1997). 
 
Volumetric Totalizing. The irrigation water volume delivered during an irrigation event 
can be calculated with the following equation: 
    

                                                  = ∑ ( 	× ) 	×                             Equation (1) 
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Where, 
V = volume delivered (Acre-feet) 
Qi = instantaneous flow measurements (ft3/sec) 
n = number of observations made 
t = times between measurements, (hours) 
3600/43560 = conversion factor 

 
Calibration Evaluation 
 
Many existing metergate installations do not meet the prescribed installation 
requirements; for example, the downstream water level measurement connection is often 
not installed 12” downstream of the gate face.  For these and other non-standard 
metergate installations, applying the standard rating tables provides an unknown flow 
measurement uncertainty. 
 
ITRC evaluated standard metergate rating tables for both standard and non-standard 
installations (Howes and Fulton 2013).  Round and square gates of various sizes were 
included in the evaluation. 
 
Results. A summary of the results from the evaluation is provided below (Burt and 
Howes 2014):   
1. A high level of flow measurement accuracy (+/-5%) was found if all of the following 

conditions are met: 
a. The gate opening is between 20% and 75%  
b. The top of the gate is submerged by a minimum of one-half the gate opening 
c. The location of the downstream water level measurement is between 4” to 12” 

downstream of the face of the gate 
2. A downstream water level measurement location between 4” and 12” downstream of 

the gate face does not have a significant effect on the flow rate obtained using the 
existing rating tables unless the gate is open more than 70-75% (percent of fully 
open).   

3. Supply canal (tangential) water velocities did not seem to have a significant impact 
on the flow through the turnout gates. Supply channel velocities up to 1.9 feet per 
second (fps) were examined. 

4. Higher flow measurement uncertainty (error) occurred at gate openings less than 
20%.  

5. Optimum range of operation for the highest accuracy was an opening between 20% 
and 75% under most conditions.  Smaller gate openings seemed to be more 
problematic than larger gate openings. 

6. Increased flow measurement uncertainty occurs if the upstream gate face is not 
submerged by at least one-half the gate height (or diameter).  USBR recommends 
upstream gate submergence of at least a full gate height (or diameter).   

 
During the evaluation, practical installation and operational recommendations were 
developed for metergates: 
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1. The buried pipe downstream of any metergate needs to remain full to enable 
downstream water level measurements.   

2. Upstream submergence of at least one-half the gate height (or diameter) is required.  
3. The true gate opening needs to be known.  This is typically different than simply 

measuring the vertical gate movement from the seating position because of: 
a. Tolerances between the gate stem and the gate face.  There is almost always 

measurable “slop” (0.25” or more) in the stem-gate connection. 
b. Overlap of the gate face to the actual opening.  To fully seated (closed) 

position, most round and square canal gate faces must overlap the flow area 
opening. 

4. The true gate zero should be marked by a grinder or other permanent means other 
than a marker or paint.   

5. A stilling well should be installed on the downstream water level measurement 
location.  The stilling well provides dampening of water level fluctuations due to 
turbulence.  The stilling well should be:  

a. At least 6”-8” in diameter with a small access hole to the buried pipe of 
approximately ¾” diameter.  Not only does this combination of sizes provide 
for adequate dampening, but also: 

i. The larger diameter allows easier measurements. The operator can 
actually see the water level and use a standard tape to measure down. 

ii. The larger diameter allows for cleaning the stilling well, such as 
removing sediment, trash, leaves, and other debris. 

b. The top of the stilling well should be equal in elevation to the top of the gate 
frame.  This ensures that a single reference plane is available to the operator to 
measure the upstream water level (down from the gate frame) and the 
downstream water level (down from the top of the stilling well).   

 
Discussion.  The results of the evaluation indicated that with the proper installation, 
preparation and operation techniques, metergates could achieve acceptable accuracies for 
both flow measurement and volumetric totalizing. 
• The delivered flow rate can be measured within acceptable accuracies using rating 

tables as long as various key conditions are met.  The ITRC rating tables also provide 
flow measurements with improved uncertainties for less-than-ideal gate openings 
(less than 25% or greater than 75%). 

• Delivered volumes of water can meet required accuracy standards with sufficient 
periodic flow measurements.  The minimum frequency of those periodic 
measurements must be determined by local conditions, such as the variability in the 
water level of the supply canal. 

 
IID GATE CALIBRATION SYSTEM 

 
The typical canal turnout for Imperial Irrigation District (IID) is a jack gate.  The name is 
derived from the lifting mechanism.  A typical IID jack gate is shown in Figure 2.   
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Figure 2.  A typical IID jack gate 

 
For flow measurement, the difference in head pressure between the upstream and 
downstream sides of the gate mechanism and the gate opening are measured during an 
irrigation event and applied to gate discharge equations.  It is difficult to determine the 
validity of the equation and its coefficients without verification.  Furthermore, different 
equations and sets of measurements are required for submerged and free flow conditions. 
 
Various theoretical and analytical methods have been proposed to determine the correct 
coefficients based on field-measured ratios such as the relative opening using momentum 
or energy conservation approaches (Belaud et al 2009); however, these are likely too 
complex for utilization in the field.  Rather, it was proposed that the general submerged 
and free flow gate discharge equations could be used (or rating tables) to provide 
sufficiently accurate flow measurement if the discharge coefficient was determined 
empirically.  The general gate discharge equation for a submerged flow condition is 
shown as (USBR 1997):   
 

                                                = 2 ∆                             Equation (2) 
Where, 
C = discharge coefficient 
A = open flow area (ft^2) 
g = acceleration of gravity, (ft/sec^2) 
ΔH = head differential across the gate (ft) 

 
For gates that operate in free-flow conditions, the following general equation is used: 
 
                                                  = 2                                         Equation (3) 

Where, 
C = discharge coefficient 
A = open flow area (ft^2) 
G = acceleration of gravity, (ft/sec^2) 
ΔH = upstream head (ft) 
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Through in-situ field testing, the discharge coefficient could be determined.  It was 
thought that such an approach would not only simplify the flow measurement process 
compared to other methods, but also provide verified field data as an improvement over 
theoretical equations.   
 
Characterization Overview 
 
Transitioning flow conditions and the variety of (i) side contractions, (ii) bottom 
contractions, and (iii) hydraulic entrance conditions further complicate the use of 
theoretical equations and coefficients.  Because it would also be economically infeasible 
to standardize all IID jack gates through replacement, it was determined that 
characterizing jack gates could be a possible solution to meet district-level flow 
measurement obligations.   
 
In cooperation with Sawtelle and Rosprim, a Corcoran, CA fabrication firm, ITRC 
modified a “moon-buggy” pumping system that would be used to calibrate individual IID 
jack gates.  The pumping system is shown in Figure 3.    

 

 
Figure 3.  Pumping system for IID jack gate characterization 

 
Fundamentally, the pumping system can be used to characterize canal turnouts by 
delivering water through the gate, and pumping the water back to the supply canal while 
measuring the flow rate with redundant, certified flow meters.   
 
More specifically, the characterization process was conducted as follows: 
1. The supply canal would be configured to provide relatively good water level control 

via weir flow, and the water level was manually adjusted to be close to the high water 
mark.  Therefore, slight fluctuations in the canal water level would be a smaller 
percent of the total submergence of the gate. 

2. A removable dam was installed in the farm ditch approximately 60 feet downstream 
of the turnout gate. 
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3. The suction piping of the pumping system was set approximately 20-40 feet 
downstream of the turnout gate. 

4. The discharge piping of the pumping system was set to return into the supply canal. 
5. The true gate zero was determined. 
6. The gate was slowly opened to deliver a historic maximum flow, and the pumping 

system flow rate was adjusted via hydraulic Vernier controls. 
7. The pumping system flow rate was adjusted so that the farm ditch had little freeboard, 

but a consistent depth. 
8. Once the farm ditch water level had stabilized at the maximum flow rate, multiple 

flow meter readings and gate water level measurements were recorded over a period 
of 10 minutes. 

9. The gate position was adjusted to lower the flow rate, and the process was repeated. 
10. The field data was recorded at a total of three flow rates: a historical maximum, a 

medium flow rate, and the historical minimum flow rate. 
 
The field measurements were entered into a spreadsheet that was set up to automatically 
calculate a discharge coefficient at the particular flow rate and gate opening.  Equation 
(4) is rearranged from Equation (2) for a submerged flow condition: 
 

                                                =	 ∆                                 Equation (4) 

 
Results 
 
To train IID staff on the characterization operations, a full gate characterization was 
completed.  A jack gate was characterized at three different flow rates.  Using Equation 
(4) the results from the completed characterization are shown in Table 1.  
 

Table 1.  Results of completed jack gate characterization 
 High Flow Medium Flow Low Flow 

Submerged (Y/N) Y Y Y 
Measured Flow Rate (CFS) 11.09 7.25 3.96 
∆ H (ft) 0.26 0.34 0.48 
Flow Area (sq. ft) 3.81 1.90 0.78 
Discharge Coefficient, Cd  0.715 0.815 0.912 

 
The three discharge coefficients can then be plotted to develop an equation to solve for 
interpolated discharge coefficients for any expected flow rate.  The plot is shown in 
Figure 4.  A linear trendline was developed so that discharge coefficients can be 
interpolated with a reasonable level of accuracy (R^2 = 0.9988), for flow rates typical of 
the specific canal turnout.   
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Figure 4. IID jack gate – flow rate versus discharge coefficient 

 
Discussion 
 
Some jack gates transition between free flow and submerged flow conditions.  The 
transition between flow conditions can occur between low and high flow rates, or be 
caused by fluctuating downstream conditions throughout irrigation events.   
 
For these transitional flow condition turnouts, it can also be difficult to properly identify 
the flow condition, and can be confusing to operators.  For these sites, it would be 
recommended that a hydraulic “bump” be installed downstream of the jack gate to raise 
the water level downstream of the gate for a short distance.  This would ensure the gate 
operates under submerged flow conditions for typical delivered flow rates.  
 
Flow Measurement.  The pumping system was successful in developing individual 
discharge coefficients, which could be used in conjunction with the appropriate gate 
discharge equation and field measurements.  It is expected this method would provide 
flow measurement within the stipulated accuracies for existing gates.   
 
However, many of the same practical and operational recommendations developed by 
ITRC from the metergate evaluation also apply to the use of gate discharge equations for 
jack gate flow measurement, including: 
1. Determining a true gate zero opening position 
2. Permanently marking that position 
3. Providing a single reference plane for water level measurements for submerged flow 

gates 
 
In addition, ITRC recommended that jack gate turnouts could be categorized by similar 
hydraulic conditions such as: 
• Submerged, free-flow, or transitioning conditions 
• Suppression or contraction on the gate sides 
• Suppression or contraction on the gate bottom 
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By categorizing gates, the total number of characterizations could be significantly 
decreased.  A second gate characterization was started as part of the training, but was not 
completed with ITRC support. 
 
Volumetric Totalizing.  Similar to the metergate, operators must take one or more 
instantaneous flow measurements and apply those to Equation (1) to determine the 
delivered irrigation water volume per irrigation event. 
 
Challenges.  A complete turnout characterization took approximately 6 hours; however, 
much of that was focused on IID staff training on the transportation, operation and data 
analysis.  It is likely that after a few iterations, two complete characterizations could be 
completed in less than 8 hours with a team of 2-3 operators/engineers, if the two turnouts 
were somewhat close together along the same channel.   
 
Safe transportation along a canal access road was possible with a standard 1-ton truck; 
however, over-the-road transport required a semi-truck and trailer with “oversize” flags.     
 
Cost.  The complete pumping system, parts and accessories cost approximately $110,000.  
Although the initial capital investment is relatively large, the cost per turnout is much 
lower in such a large district.  Furthermore, the pumping system can be, and probably 
will be, used for other district operations such as dewatering canals. 
 

ADJUSTABLE ORIFICE PLATE 
 
There are many existing California canal turnouts that were never designed to provide 
flow measurement, or never installed properly to meet certain conditions.  For these 
installations, districts will need to either replace the structure or install an auxiliary device 
to provide accurate flow measurement and volumetric totalizing.   
 
For these structures, ITRC examined the applicability of an adjustable orifice plate with a 
key feature – a datalogger with single pressure transducer that measured the differential 
head across the orifice.  There is nothing new about using orifice plates upstream of a 
flow control gate – this application was designed for the case of frequently varying flow 
rates into a turnout that would not be properly measured by the district operators.  The 
plate can be installed without replacing the existing structure, keeping everything on the 
irrigation district side of the access road. The orifice plates can be installed vertically or 
parallel with a canal’s side slope, upstream of an existing canal turnout, as shown in 
Figure 5. 
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Figure 5. Orifice plate configuration with an existing non-standard metergate 

 
Orifice Plate Overview 
 
The orifice plate approach combines a standard USBR submerged orifice discharge 
equation with the physical configuration of a constant head orifice (CHO).  The discharge 
equation is the same as Equation (4), for a submerged flow gate, with the exception of the 
discharge coefficient.  Provided the following conditions are met, a Cd of 0.61 can be 
used (USBR 1997): 
• The upstream edges of the orifice should be straight, sharp, and smooth. 
• The upstream face and the sides of the orifice opening need to be vertical. 
• The top and bottom edges of the orifice opening need to be level. 
• Any fasteners present on the upstream side of the orifice plate and the bulkhead must 

be countersunk. 
• The face of the orifice plate must be clean of grease and oil. 
• The thickness of the orifice plate perimeter should be between 0.03 and 0.08 inches.  

Thicker plates would need to have the downstream side edge chamfered at an angle of 
at least 45 degrees. 

• Flow edges of the plate require machining or filing perpendicular to the upstream face 
to remove burrs or scratches and should not be smoothed off with abrasives. 

• For submerged flow, the differential in head should be at least 0.2 feet. 
• Using the dimensions depicted in Figure 6, P > 2Y, Z > 2Y, and M > 2Y. 
 

 
Figure 6.  Submerged orifice dimensional requirements 
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It was proposed that the orifice area be made adjustable so that a range of flows could be 
delivered, while maintaining a measurable head differential across the orifice (0.2’ 
minimum).   
 
Operators could then use a rating table to choose an appropriate orifice opening to meet 
the irrigation demand, such as the one as shown in Table 2.   
   

Table 2. Orifice plate rating table 

Flow Rate, CFS 

Width of Orifice Opening, ft 

2.5 

Height of Orifice Opening, ft 

0.5 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.5 

 Change in Head, ft 

30.0 24.04 16.69 9.39 6.01 4.17 3.07 2.35 1.85 1.50 1.24 1.04 0.96 

25.0 16.69 11.59 6.52 4.17 2.90 2.13 1.63 1.29 1.04 0.86 0.72 0.67 

20.0 10.68 7.42 4.17 2.67 1.85 1.36 1.04 0.82 0.67 0.55 0.46 0.43 

15.0 6.01 4.17 2.35 1.50 1.04 0.77 0.59 0.46 0.38 0.31 0.26 0.24 

10.0 2.67 1.85 1.04 0.67 0.46 0.34 0.26 0.21 0.17 0.14 0.12 0.11 

9.0 2.16 1.50 0.85 0.54 0.38 0.28 0.21 0.17 0.14 0.11 0.09 0.09 

8.0 1.71 1.19 0.67 0.43 0.30 0.22 0.17 0.13 0.11 0.09 0.07 0.07 

7.0 1.31 0.91 0.51 0.33 0.23 0.17 0.13 0.10 0.08 0.07 0.06 0.05 

6.0 0.96 0.67 0.38 0.24 0.17 0.12 0.09 0.07 0.06 0.05 0.04 0.04 

5.0 0.67 0.46 0.26 0.17 0.12 0.09 0.07 0.05 0.04 0.03 0.03 0.03 

4.5 0.54 0.38 0.21 0.14 0.09 0.07 0.05 0.04 0.03 0.03 0.02 0.02 

4.0 0.43 0.30 0.17 0.11 0.07 0.05 0.04 0.03 0.03 0.02 0.02 0.02 

3.5 0.33 0.23 0.13 0.08 0.06 0.04 0.03 0.03 0.02 0.02 0.01 0.01 

3.0 0.24 0.17 0.09 0.06 0.04 0.03 0.02 0.02 0.02 0.01 0.01 0.01 

2.5 0.17 0.12 0.07 0.04 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 

2.0 0.11 0.07 0.04 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.00 

1.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 
The orifice can be adjusted and locked in place with pins at discrete orifice opening 
intervals (0.1’), as shown in Figure 7. 
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Figure 7. Adjustable orifice 

 
Flow Measurement.  The existing canal gate would then be used to start and adjust the 
delivered flow.  The flow rate can be manually measured by using an incorporated 
stilling well, as shown in Figure 8.  
 

 
Figure 8.  Stilling well configuration, installed downstream of the orifice plate 

 
With the orifice width fixed and the orifice height known, the head differential is 
measured by two methods.  Manual head differential measurements are taken at the top 
of the stilling well.  The upstream water level is measured from the top of the stilling well 
to the water level inside.  The downstream water level is also measured from the top of 
the stilling well to the surrounding water level. In addition, a differential pressure 
transducer and data logger is installed to record the head differential measurement over 
time.   
 
Volume Totalizing.  Manual flow measurements could be averaged and the volume 
totalized using Equation (1).  The data logger provides a redundant record of 
instantaneous flow measurements at 2.5 minute intervals.  The spreadsheet data can then 
be manipulated using a computer program such as Microsoft Excel® to calculate 
delivered volumes. 
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Results 
 
Flow Measurement.  ITRC installed two orifice plates with single pressure transducers: 
one at Patterson Irrigation District (PID) and a second in Merced Irrigation District 
(MID).  During the first season, problems with the differential pressure transducer were 
found.  However, the PID installation has continued to operate over two complete 
irrigation seasons.  The PID data was retrieved and plotted.  The PID flow measurement 
results using Equation (2) and a discharge coefficient of 0.61 are shown in Figure 9. 
 

 
Figure 9.  PID orifice plate flow measurement data 

 
Volume totalizing.  Using the same spreadsheet, the delivered volumes were calculated 
and accumulated over two irrigation seasons.  The volumetric results are shown in Figure 
10. 
 

 

Figure 10.  PID orifice plate volumetric data 
The turnout delivered roughly 65 acre-feet during the 2013 irrigation season and 55 acre-
feet during the 2014 irrigation season. 
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Discussion 
 
Although the orifice plates were not calibrated at a flow measurement facility, their 
configuration provided a method of applying standard discharge equations to non-
standard canal turnouts.  Further evaluation may be conducted in the future regarding the 
discharge coefficient in both the vertical orifice and slanted orifice orientations. 
 
Challenges.  The Telog data logger utilized for these and other trials has proven to be a 
rugged and dependable tool for research. However, data retrieval requires a field visit, as 
well as a proprietary cable and program installed on a laptop.  Recent technological 
advances have become readily available for these applications such as wireless 
communication, cloud-based databases, and automated reporting.  However, that 
advanced technology would do little to resolve most of the challenges experienced during 
this experiment.   
 
The most challenging aspect to the expanded implementation of the orifice plate trials 
was finding adequate sensing products.  There are very few manufacturers of 
submersible, differential pressure transducers of the type used in this experiment.  Even 
fewer of these available products are sufficiently rugged for the application.  One of the 
two GE Druck pressure transducers experienced significant drift over the first season.  It 
has since been removed until another solution can be found.  Future testing of orifice 
plates for flow measurement will likely include various other sensing technologies. 
 
Cost.  Each orifice plate cost roughly $6,000 to fabricate and install in the field.  The cost 
of construction could likely be decreased with less expensive materials and local 
fabrication shops. 
 

CONCLUSION 
 
Various methods are available to irrigation districts that can provide canal turnout flow 
measurement and volumetric totalizing that conform to regulatory standards.  However, 
the variety of existing canal turnout structures, their hydraulic conditions, and specific 
local considerations will likely result in an equally varied implementation of flow 
measurement and volumetric totalizing across California.   
 
Regardless of the method used for flow measurement and volumetric totalizing, there will 
likely be further challenges in the future for irrigation districts to aggregate and organize 
the large amounts of volumetric data.         
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HUMAN IN THE LOOP CONTROL OF DEZ MAIN CANAL 
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ABSTRACT 
 
This paper describes a new control configuration for irrigation canals that combines 
centralized predictive control and local operations of human operators. The control 
actions are computed centrally given the most recent information on the demand schedule 
and a local measurement communicated to the central control with a mobile device such 
as a smartphone. A human operator implements the computed control action locally and 
travels to the next control location as indicated by the controller. The control system 
takes into account the mobility of the operator over the prediction horizon to compute the 
optimal route for the operator. This new control method, referred to as Mobile Model 
Predictive Control (MoMPC), is tested on an accurate and calibrated hydro-dynamic 
model of the Dez Main Canal, a large scale irrigation canal in Iran. The MoMPC results 
are much better than control implemented by human operations based on local 
information, and are in fact close to the results of Model Predictive Control. 
 

INTRODUCTION 
 
Worldwide, many irrigation canals are operated manually. Most often this is a matter of 
cost effectiveness. In many cases, it is simply too expensive to automate the system 
compared to having it controlled by an experienced human operator. This is especially 
the case because irrigation canals are located in hostile outdoor environments, often times 
transporting water over long distances through arid lands. Canals are prone to the effects 
of extreme weather influences. All equipment that is installed in and along the canal to 
control the automated gates can be damaged by rapid wear and tear due to oxidation, sand 
storms, lightning storms, etc. Hence, maintenance costs are high. Also, when local 
control loops on these actuators do not result in sufficient performance for the entire 
canal, centralized control needs to be implemented. However, irrigation canals are 
stretched out over large areas and so communication systems, which are notorious for 
failing frequently, are necessary. Yet another reason why these technical systems fail is 
the occurrence of theft and vandalism of control equipment. (Burt ,1999) underlines the 
many reasons why centralized control of these outdoor large-scale systems has not been 
successful in practice in the past. 
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2 Department of Automatic and System Engineering, University of Seville, Spain, pepemaestre@us.es 
3 Water Structures Engineering Department, Tarbiat Modares University, Iran, mehdi.hashemy@ut.ac.ir 
4 Delft Center for Systems and Control, Delft University of Technology, The Netherlands, 
a.d.sadowska@tudelft.nl 
5 H2oTech | Mobile Water Management | CSU Chico, California, j.davids@mobilewatermanagement.com 
6 Department of Automatic and System Engineering, University of Seville, Spain, efcamacho@us.es 



308 Planning, Operation and Automation of Irrigation Delivery Systems 

A new way of looking at automating canals is not to select either automatic centralized 
control or fully human control, but to combine the two in a mobile configuration of a 
centralized predictive controller and keep the human operator in the control loop. 
When the irrigation canal is considered as a whole and captured in a model, the effect of 
a control action at one gate on all states over a prediction horizon can be assessed. Model 
Predictive Control (MPC) (Camacho and Bordons, 1999) makes use of this functionality 
and has proven to be a powerful control methodology for canals. Other convenient MPC 
functionalities are the ability to deal with constraints on inputs and states, weighing of 
conflicting sub-objectives captured in an objective function solved using an optimization 
procedure and a receding horizon implementation of the control actions. The common 
control structure is depicted in Figure 1, where measurements of all locations of interest 
are used to update the states of the model and MPC computes the control actions for all 
gates at once. Instead of this fully centralized configuration, we propose a mobile 
configuration of MPC referred to as Mobile MPC (MoMPC) that uses the measurement 
of the location where an operator is present, updates the model with this measurement, 
computes the control action for the gate at that location and for the gates that can be 
reached by the operator given their mobility and the length of the prediction horizon. 
Figure 2 gives an example of MoMPC where the human operator travels along a series of 
control gates. 

 
Figure 1. Conventional Model Predictive Control 
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Figure 2. Mobile configuration of Model Predictive Control 

 
 
In the example of MoMPC, the route of the operator is assumed to be known, starting at 
gate 1, then to gate 2, and finally to gate 3. However, there can be a route that is different 
from this obvious route that gives a lower objective function value, especially when 
demand schedules are changing. In order to select the route that is optimal, a mixed 
integer approach is used. All possible routes for the operator starting from their current 
location are tested, and for each possible route an optimal solution is computed. Routes 
are computed taking into account that the operator can travel at a certain maximum 
speed, for example the average speed of a pick-up truck driving along a canal. Because 
the computations run centrally, it is even possible to coordinate route and actions between 
multiple operators. 
 

CONTROL OF IRRIGATION CANALS 
 
Control implementations on canals have been applied for decades. (Schuurmans et al., 
1999) and (Overloop et al., 2005) make use of local feedback control, while 
(Schuurmans, 1997) and (Montazar and Overloop, 2005) add feedforward to this control 
loop. (Malaterre, 1998), (Weyer, 2008) and (Clemmens and Schuurmans, 2004) apply 
centralized LQR controllers and (Litrico and Fromion, 2009) demonstrates the 
application of Hinf on canals. MPC has been applied for over 10 years, and is successful 
because of some typical properties of water systems including: long time constants which 
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enable solving large-scale optimization problem in real-time, the presence of constraints 
on the control gates, and continuously improving predictability of weather influences and 
water demand scheduling (Overloop, 2006), (Saleem et al., 2013). Generally, the control 
objectives are, 1) keeping the water levels h at the end of each reach at target level href, 
while, 2) using as few changes to the control gates that discharge the flow q as possible. 
Figure 3 gives an example of a controlled reach.  
 

 
Figure 3. Schematization of controlled canal reach 

 
The control problem can be formalized as: 
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where J is the objective function value, i is the counter over the prediction horizon of n 
steps, j is the reach number or control gate number, m is the total number of canal reaches 
and control gates, k is the time step index at the present time, e is the error between water 
level h and target level href, q is the flow through a control gate, qmax is the maximum 
flow through a control gate, We and WΔq are weights on the sub-objectives. 
The model used in MPC and MoMPC can be described by a series of Integrator Delay 
models (Schuurmans, 1997) giving the water levels as transfer functions of the gate flows 
in between the reaches (see Figure 3). There is no influence of the states that are updated 
by measurements (the water level at the downstream side) on the other states (the delayed 
flows), which makes observers, such as a Kalman filter unnecessary. 
 
 

Delay part Integrator part 

1 

Target level 
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MOBILE CONFIGURATION OF MODEL PREDICTIVE CONTROL 
 
In a conventional MPC the input matrix UMPC consists of the control vectors of all gates 
over the entire prediction horizon (only first 8 steps presented below), so Δqi,j is the 
control action at the ith time step of the jth control gate: 
 

1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 1,10 1,11 1,12 1,13

2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 2,10 2,11 2,12 2,13

3,1 3,2 3,3 3,4 3,5 3,6 3,7 3,8 3,9 3,10 3,11

MPC

q q q q q q q q q q q q q

q q q q q q q q q q q q q

q q q q q q q q q q q

U

Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ
Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ
Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ

=

3,12 3,13

4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9 4,10 4,11 4,12 4,13

5,1 5,2 5,3 5,4 5,5 5,6 5,7 5,8 5,9 5,10 5,11 5,12 5,13

6,1 6,2 6,3 6,4 6,5 6,6 6,7 6,8 6,9 6,1

q q

q q q q q q q q q q q q q

q q q q q q q q q q q q q

q q q q q q q q q q

Δ Δ
Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ
Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ
Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ 0 6,11 6,12 6,13

7,1 7,2 7,3 7,4 7,5 7,6 7,7 7,8 7,9 7,10 7,11 7,12 7,13

8,1 8,2 8,3 8,4 8,5 8,6 8,7 8,8 8,9 8,10 8,11 8,12 8,13

q q q

q q q q q q q q q q q q q

q q q q q q q q q q q q q

 
 
 
 
 
 
 
 Δ Δ Δ 
 Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ
 
Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ 
              

 
In MoMPC, this matrix consists of the control actions of the gates along the route of the 
operator at the time steps in the prediction horizon when that gate is reached. Here an 
example is given of a route that is computed when the operator is at gate 3. The time step 
used in the example is 300 seconds. The operator goes from gate 3 to gate 2 in 2 steps 
and next from gate 2 to gate 4 in 5 steps. These step sizes are the consequence of 
traveling at 30 km/h and distances of 2.5 km and 6.25 km respectively: 
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0 0 0 0 0 0 0 0 0 0 0 0
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Δ 
 
 
 =
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It is clear that the second control matrix is an easier and much faster optimization 
problem to solve, but this is just one of the routes that need to be evaluated in the mixed 
integer problem to find the optimal one among all possible routes. The computational 
times for MoMPC found in this study were comparable to the computational time of 
MPC, which makes the implementation feasible in real-time on an actual canal. 
(Overloop et al., 2013), (Overloop and Guan, 2013) and (Overloop et al., 2014) present a 
practical implementation of MoMPC. By using the camera of a smartphone, a 
measurement can be taken of water level and gate position by simply taking a picture. 
Image processing software interprets the picture and communicates the measurements 
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derived from the picture to the central MoMPC system. The required gate change that is 
computed by the optimization, taking the entire canal and the other operator(s) and their 
measurement(s) into account, is communicated back to the operator in the form of a text 
message, as is the gate to be visited next after implementation of the local control action. 
Hence a centralized closed control loop is created with a human in the loop, but without 
any equipment in the field. 
 
 
MOBILE MODEL PREDICTIVE CONTROL APPLIED TO DEZ MAIN CANAL 

 
MoMPC is tested on an accurate and calibrated hydro-dynamic Sobek model (Sobek, 
2000) of Dez Main Canal in Iran consisting of thirteen canal reaches which are 
interconnected by 12 control gates and supplied by a head gate. See (Isapoor et al., 2010) 
and (Hashemy and Overloop, 2013) for a detailed description of Dez Main Canal and 
various control configurations tested on it. The canal has a total length of 45 km (27.96 
miles) and a maximum discharge capacity of 157 m3/s (5544.40 cfs) at the head gate. The 
controllable undershot head gate and gates at the end of each canal reach can be set to a 
certain flow in order to keep the water level at the downstream side of each reach as close 
as possible to target level. As is often the case in control of canals, a local controller takes 
care of calculating the setting of the gate opening that corresponds to the required flow 
(Schuurmans, 1997). There are 71 turnout gates, taking water for lateral canals. 15 cross-
structures such as inverted siphons and culverts are present in the main canal that are 
uncontrollable, but have minor influence on flows and water levels. The test canal 
geometry parameters are listed in Table 1. A longitudinal profile of the canal is presented 
in Fig. 4.  
 

Table 1. Dimensions of test canal reaches 
Canal 
Reach 

Target 
Level  
(mMSL) 

Bottom 
Width 
 (m) 

Maximum 
Capacity 
(m3/s) 

Length 
(m) 

Number 
of 
turnouts 

1 115.2 12 157 6219 5 
2 112.95 12 131 1933 6 
3 110.32 10 131 3718 2 
4 108.77 10 130 3906 8 
5 103.26 5 71.5 2934 4 
6 101.35 5 70.2 4670 8 
7 97.85 5 66.7 3110 7 
8 96.1 5 62.4 2240 7 
9 93.25 5 53.9 3405 6 
10 90.57 5 39.5 3820 2 
11 89.4 4 36.5 2520 5 
12 86.95 4 34.5 2874 8 
13 83.45 5 32.2 2468 3 
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Figure 4. Longitudinal profile of Dez Main Canal with 13 reaches and control gates 
 
 
A test scenario is developed in Sobek that describes a severe operational situation that 
MoMPC may encounter. The simulation time step is 30 seconds, the control time step is 
300 seconds and the simulation period is 10 days. A step test is used to evaluate the 
ability of MoMPC to handle a large change in discharge. The canal runs steady at 50% of 
the maximum capacity and a step of 20% increase in flow at all turnouts is imposed at 
8:00 AM on the first day of the simulation. At that moment the gate positions are 
adjusted once and set to the new flow based on the inverse of the flow equation of the 
turnout gate and the target level of the upstream water level (i.e., when the upstream 
water level is at its target level, the gate delivers the correct amount of water according to 
the scheduled flow). So the better the controller can maintain the water levels at target 
levels, the closer the delivery over the entire period is to its required flow. The turnout 
flows, including the flow step changes, are assumed to be known information in the 
controller. An MPC controller, 2 human operations modeled as Proportional Integral (PI) 
feedback controllers and the proposed MoMPC executed by 2 human operators are 
simulated: 
 

• Model Predictive Control (MPC): This is a fully automated control configuration 
where in each canal reach there are water level sensors upstream and downstream 
of a control gate and a measurement of the gate position. Communication systems 
bring these measurements to a central controller where an optimization is run to 
determine the required gate position changes given the known scheduled turnout 
flows over the prediction horizon. The prediction horizon is 4 hours. The required 
gate changes are automatically implemented with electric motors; 

• Two Human Operators: This control configuration assumes two human operators 
that travel from one gate to the next gate with a speed of 30 km/h (18.64 mph). 

Elevation 
 (m) 

Distance   (km) 
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They only use local information, which are the upstream and downstream water 
levels of the gate and the gate position where they are at. They both operate six 
gates and, given the length of the canal, the return period at each gate is on 
average 6600 seconds. Using this time step as control interval and using the canal 
reach properties (storage area, delay time), the operators actions are modelled as 
Proportional Integral (PI) feedback controllers that are tuned according to the 
optimization algorithm presented in (Overloop et al., 2005). This algorithm 
guarantees stability of the closed control loop and avoids disturbance 
amplification. It is not yet clear how well this PI-controller resembles the actual 
behavior of the operator, yet it is the best possible controller given the assumption 
that only local feedback control is applied. The head gate is releasing water using 
a feedforward controller on the known scheduled flows including the stepwise 
change in turnout flows at 8:00 on the first day. The feedforward controller takes 
the delay times into account in order to pre-release water that will be routed 
through the canal by the operators; 

• Mobile Model Predictive Control (MoMPC): Two human operators are routed 
along the canal with a speed of 30 km/h (18.64 mph). Every time they reach a 
gate they take a measurement of the local situation using a mobile device and this 
measurement is automatically sent to the central MoMPC system. This system 
computes the optimal control action to be taken by the operator and 
communicates to which gate to go next. The operator implements the required 
gate change manually. The head gate is continuously operated with a control time 
step of 300 seconds and obviously these control actions are coordinated within 
MoMPC with the control actions of the two operators. 

 
RESULTS 

 
The measurements are assumed to be perfect (i.e., no bias, noise or error). This 
assumption, together with the absence of a link from the updated states to the other states 
in the Integrator Delay models used, permits the exception of an observer, such as a 
Kalman filter. Figures 5, 6 and 7 present the results of the three control configurations: 
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Figure 5. Water level errors and control gate flows for the step test controlled by MPC 
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Figure 6. Water level errors and control gate flows for the step test controlled by human 
operations 
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Figure 7. Water level errors and control gate flows for the step test controlled by MoMPC 
 
The errors of the configuration where two moving human operators apply feedback 
control based on local information are large and there is a slow recovery to target levels 
that is even beyond the simulation period in some cases. This is due to the large control 
time step which is the time in between two visits of each gate (6600 seconds). This 
creates a long delay time which is hard to control using feedback control and only allows 
relatively small integral gains in the PI-control algorithm that mimics the operator’s 
behavior. 
 
From these results it can be concluded that the performance of MoMPC is indeed lower 
compared to the performance of MPC, but still acceptable. The performance of MoMPC 
is much higher than human operations that only use local information. There is an offset 
in the MoMPC error. Newer versions of MOMPC should be augmented with an offset-
free method. 
 
The better the control configurations can keep the water levels at target levels, the closer 
the delivered turnout flows are to the intended flows. When the water level upstream of 
the turnout in the canal is higher than the target level, too much water is delivered and 
when it is lower, the flow is too low. This second situation is considered as a major issue. 
The first situation does not solve this issue as water that is oversupplied is not used or 
stored. This assumption allows for the computation of a water deficit fraction WD which 
is defined as: 
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where na is the number of steps in the simulation period over which WD is evaluated, jt is 
the turnout number, mt is the number of turnouts, qi,jt is the intended flow at turnout jt, Δt 
is the simulation time step (30 seconds), qd,jt is the delivered flow at turnout jt, The results 
give the following WD for the three control configurations: 
 

Table 2. Water Deficit fraction per control configuration 
Control configuration WD  

(%) 
Model Predictive Control 1.06 
Two human operators applying feedback control 11.21 
Mobile Model Predictive Control with two human 
operators 

1.87 

 
The Mobile Model Predictive Control configuration clearly outperforms the 
configuration with the two human operators implementing local feedback control and 
feedforward control on the head gate. This is according to expectations, as MoMPC 
injects more global information in the control loop of the central controller. Manual 
control needs to base its control actions only on local information. 
 
Although the performance of MoMPC is slightly lower than the performance of MPC, 
there is a practical reason to consider MoMPC as control method for a canal. MoMPC 
does not require any automatic equipment to be installed along the canal, equipment that 
has proven to be very vulnerable. Instead, operators equipped with only a mobile device 
can implement MoMPC. 
 

CONCLUSION 
 
In this paper, a new control configuration for the operation of irrigation canals is 
presented. The configuration uses Model Predictive Control taking into account the fact 
that an operator travelling with constrained mobility needs to manually implement the 
control actions. This new configuration, referred to as Mobile Model Predictive Control 
(MoMPC), is tested on an accurate and calibrated hydro-dynamic model of Dez Main 
Canal in Iran and shows good performance on a severe operational scenario. An offset-
free method should be augmented in future work in order to reduce the bias of the error. 
The main advantage of the configuration is that no sensors, actuators, and communication 
equipment are required to be installed and maintained in the outdoor environment. 
Instead, MoMPC only requires an operator and his/her smartphone. This is one of the 
first studies on MoMPC, so more research is necessary to get a better idea of the potential 
of the method. This also requires a better insight in the behavior of operators by 
monitoring their actions in the field. 
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FAULT TOLERANT MODEL PREDICTIVE CONTROL OF OPEN CHANNELS 
 

Klaudia Horváth1 
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ABSTRACT 
 
Automated control of water systems (irrigation canals, navigation canals, rivers etc.) 
relies on the measured data. The control action is calculated, in case of feedback 
controller, directly from the on-line measured data. If the measured data is corrupted, the 
calculated control action will have a different effect than it is desired. Therefore, it is 
crucial that the feedback controller receives good quality measurement data. On-line fault 
detection techniques can be applied in order to detect the faulty data and correct it. After 
the detection and correction of the sensor data, the controller should be able to still 
maintain the set point of the system. 
 
In this paper this principle using the sensor fault masking is applied to model predictive 
control of open channels.  A case study of a reach of the northwest of the inland 
navigation network of France is presented. Model predictive control and  water level 
sensor masking  is applied. 
 

INTRODUCTION 
 
The last decades different automatic control strategies have been proposed for open 
channels management (Malaterre 1995). These strategies benefit from data provided by 
sensors and actuators connected to SCADA systems to provide more accurate control 
than manual operation. However, automatic control can be affected by faults in sensors 
and/or actuators. Hence it is crucial to detect and isolate these possible faults in order to 
avoid the possible effects of these faults in the behavior of the controlled system. Last 
years different works that deal with the problem of fault detection and isolation have been 
published (Blesa et al. (2010), Bedjaoui and Weyer (2011), Pocher et al. (2012), Nabais 
et al. (2013), Akhenak et al. (2013) and Horváth et al. (2014a)). Once the fault has been 
detected and isolated the fault can be accommodated in such a way that its effect is 
minimized in the controlled system using fault tolerant control (FTC) strategies (see 
Zhang and Jiang (2008)). The FTC strategies can be divided in two types: passive 
(PFTCS) and active (AFTCS). In PFTCS, controllers are fixed and are designed to be 
robust against a class of presumed faults. This approach needs neither FDI schemes nor 
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controller reconfiguration, but it has limited fault-tolerant capabilities.  In contrast to 
PFTCS, AFTCS react to the system component failures actively by reconfiguring control 
actions so that the stability and acceptable performance of the entire system can be 
maintained.  
 
This work deals with the problem of level sensor faults when using a MPC controller and 
an AFTCS strategy to maintain the level in an Inland Navigation as closest as possible to 
the optimal reference called the Normal Navigation Level (NNL) in the presence of 
sensor faults. In particular, sensor faults are detected and isolated using model-based set-
membership techniques (Milanese et al., 1996) that evaluate the available measurements 
with estimations provided by interval models that consider possible mismatches between 
the real system and ideal mathematical model by means of uncertainty in parameters and 
additive error. If the measurements are not inside the interval output of the set-
membership model a fault is proved to be in the system. These techniques have been 
demonstrated to be efficient for fault detection in open flow channels (Blesa et al. 2010). 
In this work, the fault detection is combined with control: once a fault has been detected, 
the magnitude of this fault can be estimated using a nominal model. This information is 
used for the masking sensor AFTCS technique described in (Wu et al. 2006). The 
corrected measurements with the fault estimation are sent to the Model Predictive Control 
scheme that uses the information of the sensors to compute the actuator actions to 
maintain as close as possible the levels of the open flow channel to the setpoint. 
 
The structure of the paper is the following. In section Methodology first the basic ideas of 
model based fault detection is presented including the model for fault detection, then the 
model predictive control described briefly including modeling. In the Application section 
the case study is presented, and then in the last section results are shown and discussed 
and finally in the Conclusion section the paper is concluded. 
 

METHODOLOGY 
 
Model based fault detection 
 
Model based fault detection is based on the comparison of the measured values and the 
modeled ones. A mathematical model of the system is established and run in real time. 
The output of the model is compared to the measured values. If the two results are not 
consistent a fault is detected. However, the difference between the modeled and measured 
values can be due to the model error or other unknown uncertainties. In order to take into 
account possible mismatches between the model and the real system to be monitored an 
interval model can be used, by having a certain uncertainty bound in each model 
parameter and in additive error. 
 
Interval models  
 
Let us assume that the system to be monitored can be modeled using a model which is 
linear in the parameters that can be expressed in discrete time regressor form, Moving 
Average (MA) model as follows: 
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 ˆ( ) ( , ) ( ) ( ) ( )y k k e k y k e k= τ + = +φ θ   (1) 
where 
-  ( , )k τφ  is the regressor vector of dimension 1 nθ×   which can contain any function of 
inputs ( )ku   and output ( )y k  . 
- τ  is the transport delay that is unknown but belong to a set of natural numbers:  
  with  0 , ττ λ ∈   and 0

ττ λ>  , τλ being the uncertainty on the time delay. 
-  ∈θ Θ  is the parameter vector of dimension  1nθ × .  
-  Θ  is the set that bounds parameter values. In particular, for interval models, the set of 
uncertain parameters is bounded by an interval box centered in the nominal parameter 
values: 
 1 1, ,n nθ θ
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           0

i i iθ θ − λ@   ; 0
i i iθ θ + λ@   i=1,…,  nθ, being 0

iθ   the nominal parameter values; 
- ( )e k  is the additive error bounded by a constant σ such that: ( )e k ≤ σ  . 

 
The parameter set Θ  and additive error bound σ  are calibrated using fault-free data from 
the system (rich enough regarding the identification point of view) and in such a way that 
all measured data in a fault-free scenario will be covered by the interval predicted output 
produced by using model (1), that is 
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                (3) 

 
One of the key points in model based fault detection is how models are built and their 
uncertainty is estimated. The structure of the model, determined by  ( , )k τφ  and θ  , 

nominal parameters  0θ   and  nominal transport delay  0τ  can be obtained by the physical 
knowledge of the system or by conventional identification techniques (Ljung, 1999). The 
additive error bound  σ  can be computed by a noise study. The delay uncertainty  τλ   

can be determined considering that the input process signal is white noise and carrying 
out the study of the independence between the input and output process signals using 
confidence intervals (usually, 99% or 95%). On the other hand, given N measurements of 
outputs and inputs from a scenario free of faults and rich enough from the identifiability 
point of view, the uncertainty in parameters ( iλ , i=1,…,nθ) can by computed by solving 
an optimization problem (Blesa et al, 2010). 
     
Fault detection using interval models 
 
Once model (1) has been calibrated in a non-faulty scenario, it can be used for fault 
detection checking if  
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                                        ( ) ( )y k k∉ ϒ                         (4) 
where ( )kϒ   is the direct image of the uncertain model defined as 
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In case that (4) is proved, a fault can be indicated, otherwise no fault can be indicated. 
Equivalently, the fault detection test (4) can be formulated in terms of the residual 
defined as 
 
                   ˆ( ) ( ) ( ) ( ) ( ) ( , ) ( )r k y k y k e k y k k e kτ= − − = − −φ θ                (6) 
 
Residual (6) corresponds to a MA parity equation (Gertler, 1998). Ideally, when 
modeling errors and noise are neglected, residual (6) should be zero in a fault-free 
scenario and different from zero, otherwise. However, because of modeling errors and 
noise, residuals can be different from zero in a non-faulty scenario. In order to take into 
account uncertainty in parameters and additive noise, the effects of these uncertainties 
will be propagated to the residuals defining the region of admissible residuals. A fault 
will be detected when zero does not belong to this set. Thus, the fault detection test is 
equivalent to check the following condition  
                                                     0 ( )k∉ Γ            (7) 
where ( )kΓ  is the interval of possible residuals defined as follows  
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This test based on the direct evaluation of the residual is known as the direct test (Blesa et 
al., 2011). 
 
FTC using Sensor fault masking 
 
Considering the feedback control scheme described in figure x. (b), when a sensor fault 
occurs, the faulty measurements directly corrupt the closed-loop behaviour (Ponsart et al. 
2010).  

Controller Real system Sensor

Reference
y(k)

(a)

Controller Real system Estimator
Reference ycorr(k)

(b)

Sensor
u(k)

u(k)

y(k)

 
Figure 1. (a) Conventional feedback configuration (b) Fault-tolerant configuration 
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Moreover, the controller aims at cancelling the error between the measurement and its 
reference input. In faulty case, the real output is different from the desired value and may 
drive the system to its physical limitations or even to instability.  
 
Introducing the adaptive estimator of the fault magnitude yf , see figure 2. (b), a fault-

free estimation of the sensor magnitude  can be computed as 
( ) ( )corr yy k y k f= −                                                 (9) 

 
This estimation, decoupled from the fault effects, is used to compute the fault tolerant 
control law minimizing the effects on the system performance and safety.   
 
In case of using model-based techniques for FDI, the estimation provided by models can 
be used to estimate the fault magnitude. In particular, residual (6) can be approximated by 
 
 ( ) ( )

yf yr k s k f≈                       (10) 

as suggested in (Blesa et al, 2012), where ( )
yfs k  is the fault sensitivity, that in the case of 

output sensor fault at the fault appearance instant fk k= , ( ) 1
yf fs k = . Then, considering 

the nominal residual 
 
 0 0 0( ) ( ) ( , )r k y k k τ= −φ θ . (11) 
 
The fault estimation can be computed as 
 
 0( ) ( )y f ff k r k≈  (12) 

 
The estimated magnitude of the fault has the uncertainty equal to the uncertainty of the 
interval model (2). After the magnitude of the fault is calculated, the measured variable is 
replaced by the corrected one using (9). This will be used in the following step of the 
estimation algorithm for fault detection and also for the controller. 
 
The model for fault detection 
 
The fault detection module is using the Integrator Delay Zero model developed by Litrico 
& Fromion 2004b. The model is an extension of the Integrator Delay model (Schuurmans 
1995). The integrator delay model contains an integrator at low frequencies that accounts 
for the reservoir behavior of the channel: the water level is the sum of the discharge 
filling the tank. The delay accounts for the time it takes for the water volume to arrive to 
the measurement point. According to Litrico & Fromion (2004a) adding a zero to the 
model improves the high frequency behavior: with the help of the added zero the fast 
increase in the water level due to the change of discharge can be modeled. This property 
is crucial in the fault detection scheme. 
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The parameters of the IDZ model can be obtained from the geometrical properties and the 
flow of the canal using the equations in (Litrico & Fromion 2004a). The discretized IDZ 
model can be described with the following equation: 
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( ) ( )
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 (13) 

 
Each water level is calculated using the same level in the previous step and the input 
discharges with the corresponding delays. Hence if there is a fault in one level sensor it 
will just effect the calculation of that level. In this way the isolation of the fault is 
immediate. 
 
Control scheme 
 
The canal is modeled by the Integrator Resonance (IR) model developed by van 
Overloop (2010) and has been already applied for irrigation canals (Horváth 2013, van 
Overloop et. al. 2014). The detailed modeling of the CFR with the Integrator Resonance 
model is presented in HIC, here only a brief summary is given. The IR model is specially 
developed for open channels affected by resonance. It acts as an integrator at low 
frequencies and at high frequencies it has a second order behavior modeling an 
underdamped wave. The transfer function between the input discharge and the water 
level can be written as 
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Due to its behavior in the frequency domain this model is especially suitable for 
controller design. 
 
Model predictive control is designed based on van Overloop (2006). The controller 
design is similar introduced in (Horváth 2013) and applied to this system in (Horváth et. 
al. 2014b). Each water level is modeled using the IR model. The parameters are obtained 
as described in the above literature: the backwater surface is approximated as the surface 
of the canal reach and the resonance frequency and the resonance peak is obtained from 
the Bode plot of the canal reach obtained according to (Litrico 2008). Each transfer 
function is obtained in the form of (13) and they are discretized using zero order hold. 
Then a state space model is constructed using the discretized transfer functions, where the 
state contains the water level errors and discharges, and the control action variable is the 
change in discharge.  
 

APPLICATION 
 
The FTC is applied to an open water channel used for navigation. The Cuinchy-
Fontinettes Reach (CFR) is part of the navigation system of the north of France. It is 
42km long, 50m wide and about 4m deep. In order to ensure the navigation, the water 
level should be maintained ±15 cm around the normal navigation level (NNL). The level 
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is disturbed by the operation of the locks located at the downstream (lock of Fontinettes) 
and the upstream (lock of Cuinchy) end of the system. The downstream lock overcomes 7 
m (check) of water level difference, and it removes about 25000m3 of water. The 
upstream lock is smaller and it feeds the reach with 3700m3. In order to keep the NNL 
there is a gate beside the lock in the upstream end: the gate of Cuinchy. Also in the 
middle of the reach there is the gate of Air, that permits flow in both directions (Figure 
1). The system has 4 input flows and 3 output levels to control. Detailed description of 
the case can be found in (Horváth et. al. 2014a). 
 

 
Figure 2. CFR system scheme 

 
Table 1. The geometrical parameters of the CFR 

Length, 
L 

(km) 

LCA 
(km) 

LAF 
(km) 

Width 
(m) 

Depth 
(m) 

Manning’s 
co. (-) 

Discharge 
(m3/s) 

42.3 28.7 13.6 52 3.8 0.35 0.6 
 
The CFR is modeled using the Simulation of Irrigation Canals hydraulic software 
(Malaterre & Baume, 1997). SIC is using a finite difference solution of the Sain-Venant 
equations to model the open channel flow. The controller was programmed in Matlab 
(Mathworks, 2008) environment. 
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Figure 3. CFR simulation block 

 
 

Table 2. The resonance characteristics of the CFR 
Res. freq (rad/s) Res. peak 

(s/m2)
Backwater surface 

(m2)
4.53*10-4 0.0057 2199600

 
RESULTS 

 
The FTC is applied to the CFR. Three different magnitudes of faults (-5cm, -10cm and -
20cm ) are tested on the three different water level sensors, altogether nine scenarios. 
First, the results of the fault detection module are shown, then resulting controlled water 
levels are discussed.  
 
Figure 4 show the results of the fault detection. The introduced fault is after 6 hours as -
5cm, -10cm and -20 cm (increasing vertically) and shown by gray line. The same 
magnitude of faults are tested with the three measurement points. It can be seen that if a 
fault is present at Cuinchy (first column), it is detected in case of all magnitudes, with an 
error less than 1 cm. It can be seen that the fault is detected with no delay and there are 
no false alarms. Similar results can be seen for Aire (second column) and for Fontinettes 
(third column). The fault isolation can also be seen: only the corresponding fault signal is 
activated, the fault indicators of the other levels remain unchanged. 
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Figure 4. Different faults and detections, with gray line the magnitude of the fault, with 
black straight line the fault detection at Cuinchy, with black dashed line the fault 

detection at Aire and with gray dotted line the fault detection at Fontinettes 
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Figure 5. Water levels using MPC, a scenario without fault, Cuinchy: black, Aire: black 

dashed, Fontinettes: gray, the limit of navigation: dashed horizontal line 
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Figure 6: Discharges using MPC a scenario without fault, Cuinchy lock: gray dashed line, 

Cuinchy gate: black dashed line, Aire: black line, Fontinettes lock: gray 
 
In the following the controlled water levels and the control actions are shown in case of 
fault-free scenario. 
 
Figure 5 shows the controlled water levels with MPC. It can be seen that while the water 
levels keep on fluctuating due to the lock operations, all the three water levels are kept 
within the range of navigation.  
 
Figure 6 shows the control actions and the lock operations. It can be seen that the lock 
operations correspond to an abrupt change in discharge, especially in case of lock 
Fontinettes. The controller keeps the upstream input (gate of Cuinchy) constant, at the 
maximum in order to compensate the water volume taken out by the lock of Fontinettes. 
The input at Aire fluctuates. The gate movements might seem extensive, however, as the 
sampling time is one hour, the gate rests in the same position during one hour. 
 
Tables 3 and 4 show the performance indicators with faulty and faultless scenarios with 
and without using FTC. The first row contains the performance indicators as percentages 
in case of no fault – the scenario discussed above. The indicators are selected form the 
indicators suggested by Clemmens et. al. (1998) in order to measure the performance of 
control algorithms. For each indicator a maximum and an average value is given: these 
are obtained from the three different levels to be controlled. 
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Table 3 summarizes the performance indicators without  FTC for the 9 different fault 
scenarios, 3 different fault magnitudes for 3 different sensors. The performance indicators 
are detailed in Clemmens et. al. (1998), MAE: mean absolute error, IAE: integral of the 
absolute magnitude of error. The first line shows the reference values. It can be seen that 
as the magnitude of the fault increases (for example at Cuinchy: lines 2-4) the 
performance indicators are getting worse. For both indicators, the maximum and also the 
average values decreases in presence of faults. Similar tendencies are seen in each level. 
 

Table 3. Performance indicators of the controller without FTC 

Fault 
Location 

Fault 
Magnitude 

(cm) 
MAE 

Max (%)
MAE 

Avg. (%)
IAE Max 

(%) 
IAE 

Avg. (%) 

No Fault 0 4.2 3.5 2.0 1.5 
Cuinchy -5 4.2 3.8 2.4 1.8 

-10 4.7 4.1 2.7 2.0 
-20 5.7 4.9 3.3 2.6 

Aire -5 4.2 3.8 2.3 1.7 
-10 4.6 4.0 2.6 2.0 
-20 5.5 4.6 3.1 2.4 

Fontinettes -5 4.2 3.8 2.3 1.7 
-10 4.7 4.1 2.6 2.0 
-20 5.6 4.8 3.2 2.5 

 
The same scenarios are summarized in Table 4 using FTC. It can be seen that almost no 
deterioration is present in the performance indices. Only in case of Aire, the average of 
MAE and the maximum of IAE decreases by 0.1 %, in all the other cases the 
performance indicators remain the same. This is a considerable improvement compared 
to the faultless scenario. 
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Table 4. Performance indicators of the controller with FTC 

Fault 
Location 

Fault 
Magnitude 

(cm) 
MAE 

Max (%)
MAE 

Avg. (%)
IAE Max 

(%) 
IAE 

Avg. (%) 

No Fault 0 4.2 3.5 2.0 1.5 
Cuinchy -5 4.2 3.5 2.0 1.5 

-10 4.2 3.5 2.0 1.5 
-20 4.2 3.5 2.0 1.5 

Aire -5 4.2 3.6 2.1 1.5 
-10 4.2 3.6 2.1 1.5 
-20 4.2 3.6 2.1 1.5 

Fontinettes -5 4.2 3.5 2.0 1.5 
-10 4.2 3.5 2.0 1.5 
-20 4.2 3.5 2.0 1.5 

 
Now we focus on one of the fault scenarios discussed above, when there is a fault of -
20cm at the sensor of Fontinettes. Figure 7 shows the measured water levels for this 
scenario. After 6 hours, the sensor has a fault of -20 cm. As the controller receives wrong 
data, it increases the water level and the real water level finally exceeds the navigation 
range. 
 
The same scenario is shown in Figure 8 but with using FTC. It is seen that all the water 
levels are within the navigation range. The water levels are similar compared to the 
faultless results (Figure 5). The FDI module managed to detect and approximate the fault 
in this way the controller is not affected. 
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Figure 7. Water levels using MPC without FDI, Cuinchy: black, Aire: black dashed, 

Fontinettes: gray, the limit of navigation: dashed horizontal line 
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Figure 8. Water levels using MPC with FDI, Cuinchy: black, Aire: black dashed, 

Fontinettes: gray, the limit of navigation: dashed horizontal line 
 

CONCLUSION 
 
Fault tolerant model predictive control scheme was developed and applied to a case study 
of open water channel. The fault detection scheme is able to detect single water level 
sensor errors and correct them in order to maintain the desirable control action. In the test 
scenario, in presence of sensor faults, the water levels cannot be kept within the interval 
that ensures navigability. By applying fault tolerant MPC, the water levels are kept within 
the range of navigation. 
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ABSTRACT 

 
Despite the huge increase of available literature, during the last 25 years, for both 
research and application aspects, in the field of the automation of irrigation canals, the 
design and validation phases of such projects remain a complex task. Some consultant 
companies have a good experience and specific know-how allowing them to address such 
problems, some of them being also canal managers. Some other companies are more 
classical hydraulic or civil engineering companies with no specific automatic control 
knowledge, but also bid for such contracts. The selected technical solutions for such 
projects are often different from one company to another, proving also that a unique best 
approach is not yet available, and maybe will never be. Several valid solutions do exist, 
offering advantages and drawbacks, better or less adapted to local conditions, water 
distribution procedures, and available technologies, with different cost or maintenance 
impacts. The combination of control expertise and hydraulic knowledge is important to 
provide a good solution. Irstea has spent lots of energy and of its expertise, for more than 
25 years now, in developing a numerical simulation tool very well dedicated to 
addressing this issue and providing flexibility to the consultant companies to design and 
test their own automation strategies. This software tool previously named SIC 
(Simulation of Irrigation Canal) shifted recently its name to SIC2 for "Simulation and 
Integration of Control for Canals" emphasizing the control aspects. This SIC2 software 
allows designing any type of canal, with any type of hydraulic structures, with any type 
of manual or automatic control algorithm. Not only it is possible to implement any given 
local or centralized algorithms, but the software itself can help automatically tuning the 
control algorithm parameters, allowing a non-control engineer to design and validate a 
canal with its automatic controllers. If the desired algorithm is not already implemented 
into the software, interfaces with several programming languages allow any user to 
design its own algorithm whatever its complexity. 
 

INTRODUCTION 
 
From the middle of the previous century, along with the development and availability of 
computers, numerical models for hydraulic systems began to appear. These software 
products were developed both by Research Institutes (or Universities) and also by 
Consultant Companies (and even sometimes by large hydraulic systems Managers) that 
needed them for designing (Cunge et Wegner 1964), optimizing, operating or 
maintaining open water hydraulic systems. To our knowledge, these developments were, 
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in particular, very active in Europe and the USA (Goussard 1993). Since these 
developments were at their early stage, there were many similar developments in parallel, 
most of them based on the same basic equations and numerical schemes, some with 
different options. In France, these developments had famous leaders like Sogreah 
(Mistral, Carima, Cascade), EDF (Lido, Sara, Mascaret), and Cemagref (Talweg, Fluvia, 
Sirene), working in interactions, exchanging ideas and modeling solutions. All of them 
used the 1D Saint-Venant equations, the Strickler formulation for the friction terms, and 
the so-called semi-implicit Preissmann scheme. Alexandre Preissmann was working at 
the R&D department of Sogreah in Grenoble, along with Jean Cunge. They are both at 
the origin of the development, mathematical analysis and implementation in Carima of 
this numerical scheme and some other features like the Preissmann slot for the closed 
section. Several other simulation models were developed in the 80's in other companies 
(Eliscir at SCP based on the method of characteristics, CRUE at CNR, Tracanal at BRL, 
Hydrariv at Hydratec, etc). Other similar developments were carried out in Netherland 
(Rubicon, Duflow, Modis, Sobek), Danemark (System 11, Mike 11), England (Onda, 
Isis, Infoworks), USA (USM, HEC-RAS, CanalCad based on Carima, Canalman), etc 
(Goussard 1993). There have also been many individual "research" software developed 
for specific researches, for example by PhD students, but with no widespread distribution 
objectives, and with limited life durations, which simplifies a lot the development 
constraints (robustness, genericity, multilingual user-friendly interfaces, documentation, 
support). 
 
After this period of multiplication of numerical algorithms and software developments, 
there was a time, starting from the late 90's, when some of these software where 
abandoned (Elicsir, Tracanal, Duflow, Modis, Onda) or stayed with a very limited 
distribution (CanalCad, Canalman). Just a few of the original software survived, each of 
them with their own advantages and drawbacks, with different commercial and 
distribution approaches. The main reason, for some companies, for abandoning the 
development of their software, or decision to open the source code (Mascaret, Sobek) 
was the increasing gap growing between their available resources (human and finance) 
and the requirements for the development of the numerical code, but also the interfaces, 
documentation, on-line support, etc. Also the fact that their developments often were 
based on few people, who were in their 20's or 30's in the 60's or 70's, and therefore now 
over 70's and probably retired, pushed to find new development organization and 
solutions. Some other software products were on the contrary completely re-written with 
up-to-date coding techniques (UML modeling, object oriented, e.g.: CRUE, Hydrariv). A 
similar story could be written for 2D and 3D codes with some years shift. For irrigation 
canals, and most rivers a 1D model, based on Saint-Venant equations, is usually very 
satisfactory. 
 
SIC itself was based on the Talweg-Fluvia-Sirene codes developed at Cemagref in the 
70's, and were constantly upgraded and re-written to adapt to the constantly evolving 
coding standard. An innovative feature of SIC, compared to all remaining 1D hydraulic 
software, is its adaptation to irrigation systems and to management and control issues. 
The first version of SIC was developed in 1987-1989 at Cemagref and applied to an 
irrigation canal in southern Sri Lanka (Kirindi Oya RBMC canal). This was the first time 
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in history that a hydraulic software was interfaced (Microsoft Windows did not exist at 
that time, and the user-friendly interfaces were developed using some interface screen 
generator for DOS, called High Screen developed by the PC-Soft Company located in 
Montpellier, France), and also including management and control modules. Every 5 years 
or so, the SIC software was largely re-written, generating a major version number, with 
completely new interfaces following the programming standards. In 2013, the SIC 
software upgraded its name to SIC2 for "Simulation and Integration of Control for 
Canals" emphasizing the control aspects and acknowledging the fact that its uses where 
not only irrigation canals but also on sewage systems, rivers, aquatic stadiums, etc. The 
present version is named 5.34, the number 5 meaning a major family version, with 
completely new interfaces, lots of new features, numerical codes almost completely re-
written and the number 34 meaning the number of subversion within the 5th family. The 
interfaces are developed using the Windev IDE & ALM (Integrated Development 
Environment & Application Lifecycle Management) suite, and the numerical codes 
(Talweg for geometry processing, Fluvia for steady flow calculation and Sirene for 
unsteady flow calculation) are coded in FORTRAN 95. 
 
The following chapters describe the different uses and specificities of the SIC2 software. 
The specificities are of course based on the hydraulics capabilities, but also on the water 
management options available, including hydraulic cross and lateral devices, automatic 
control algorithms, interface with SCADA systems, and Data Assimilation algorithms. 
 

RATIONALE FOR USING MODELING SOFTWARE 

Different type of uses 

The Saint-Venant equations used in open surface hydraulics are partial derivative 
hyperbolic non-linear equations, completed by internal equations at cross and lateral 
devices and boundary conditions. In themselves these equations, even for just 1D flows 
are complex enough to have no analytical solutions in real geometry. In addition, real 
irrigation systems are large systems, with many interconnected reaches, with complex 
devices, and with natural irregular geometry. Studying these systems without a 
simulation software is now impossible. The specificity of SIC2 is to focus its application 
on the operational aspects. 
 
Modeling software, whatever they domain of application are always used for different 
types of applications. This can be reconstructing the past, understanding the present, 
prospecting the future, for an existing system, or testing system modifications or new 
design of a system. The users can be from several backgrounds: students, researchers, 
engineers, managers, stake holders. The uses of the models, meaning implementing, 
testing, evaluating, comparing different options can be done on the equations, numerical 
schemes, algorithms, on the system configuration (geometry, devices, parameters) or on 
the hydraulic scenarios at the boundary conditions (inflows, outflows, device operations). 
 
SIC2 is, in this sense, a classical model, facing all these possible uses and users. SIC2 is 
for example used regularly by students in water management classes to understand the 
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manual and automatic operations of irrigation canals through a serious game (Malaterre 
et al. 2008). SIC2 is used by many control engineering researchers as a simulator for 
testing advanced control algorithms. SIC2 is used by engineers of consultant companies 
to rehabilitate, to modernize existing canals or to design new canals. SIC2 is used by 
canal managers to test management scenarios both for operation and maintenance 
procedures. 

Required functions for canal control 

In order to be able to test the management rules of an irrigation canal several features and 
options must be present in a simulation software. The prerequisite is of course to be able 
to describe the topology and the geometry of the hydraulic system, what can also be 
called the bathymetry. A slight specific feature for irrigation canal, compared to natural 
rivers, is that the canal shape can be, and is in fact often, of a predefined parameterized 
shape (rectangular, circular, trapezium, parabolic) and can also sometimes be closed 
(culvert, siphons). In the design processes, these shapes can also be changed by try and 
error procedures or optimized. In order to reduce the time required in this process SIC2 
allows all these features, including defining its own library of cross sections, growing or 
reducing the size of these sections very quickly in any local of global portion of the canal. 
 
After this definition of the canal bed shape, the hydraulic devices must also be introduced 
into the software. These devices, both cross-devices or lateral ones are described in a 
section bellow. Then, the hydraulic scenarios and the management rules will have to be 
entered into SIC2 to be tested. The sections bellow detail how this can done within SIC2. 
 

SIC2 FEATURES FOR HYDRAULIC MODELING 

Steady and unsteady flow 

The SIC2 software is a mathematical model that permits the simulation of the hydraulic 
behaviour of most irrigation canals and rivers, in steady and unsteady flow conditions. 
Calculations in steady flow and unsteady flow can be executed on any type of hydraulic 
network, either ramified or meshed. The canal can be composed of a minor, a medium 
(with a different friction coefficient) and a major bed (for storing water during floods for 
example), and ponds can also be modeled. Any given open channel network like rivers, 
irrigation canals, sewage systems can be described by means of interconnected reaches 
and nodes. In the terminology used in SIC2, a reach is a portion of river or canal and a 
node is a point where one or more reaches start or end, or where an offtake is located. To 
describe a channel network, network topology has to be analyzed first and then the 
geometry of each reach is processed. The reach geometry is determined by the cross 
section profiles characteristic of the shape and the volume of the canal. The elevations are 
indicated with reference to a unique datum in order to allow computation of the local 
slopes. The cross section profiles are situated along the curvilinear canal abscissa 
(longitudinal abscissa). If different regulating/control devices exist across the canal, they 
can be integrated within a reach and do not need any special division. This approach 
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facilitates the modeling of the hydraulic transition from free flow conditions to 
submerged conditions at such devices. 
 
Generally, the main gates at the upstream dam, or the canal intake from a river is chosen 
as the origin of the canal longitudinal abscissas with the orientation in the direction of the 
flow. If the model is looped or branched, several longitudinal abscissas are required for 
the whole model. Within SIC2, abscissas must be monotonous within each reach but they 
can be increasing or decreasing and can start from any reference value for each reach. 
 
The cross sections can be entered in three different ways: abscissas-elevations, width-
elevations and parametric form. The type of description may vary from one section to 
another, within a given reach. This gives a great flexibility in describing any canal, and 
all the interpolations, if required, will be done automatically. After processing the 
topology and geometry, each section is transformed into width-elevation format, and all 
geometric data are pre-calculated (surface, wetted perimeter, hydraulic radius). In case 
the section is closed at its upper part, a so-called Preissmann slot is introduced. Water is 
entering into this slot, but there is no additional friction taken into account into this 
artificial slot. This trick allows computing piped flows in siphons or culvert using the 
same equations and algorithms as for classical open flow conditions. The size of the slot 
can be automatically calculated to provide the good wave celerity. 
 
The program determines the model upstream node(s) where an upstream boundary 
condition is required. It also determines the downstream node(s) where a downstream 
boundary condition has to be specified. Indeed, in subcritical flow conditions, we need 
upstream and downstream boundary conditions. An automatic sorting of reaches in the 
network is proposed to computes the different reaches in the good order. 
 
Computational methods of gradually varied flows in open channel are well known among 
hydraulic engineers (French 1985). Software products implementing these methods are 
able to calculate water profiles for steady gradually-varied flows in non-prismatic 
channels. Differences between available software come from the type of cross structures 
modeled, laws chosen for energy losses, etc. Most of these software products are 
designed to compute water profiles in a dentric network, but quite none of them are able 
to compute a looped network. The problem of computing flows in combined dentric and 
looped networks of channels is well known for unsteady flows models and has been 
presented in details by different authors (Cunge et al. 1980). For steady state 
computation, a lack of efficient numerical methods seems to explain the fact that 
professional software products are unable to manage with looped networks. A literature 
review shows that some attempts have been made to solve efficiently steady water 
profiles in looped networks. A first proposition was made by (Wylie 1972) as an 
alternative to manual trial and error procedures. Two types of solutions are proposed to 
solve this problem: 

• a global approach, where a non-linear system gathering all the equations for 
all the computational points in all the reaches is solved by Newton-Raphson 
technique (Schulte et al. 1987), 
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• a two steps approach where boundary conditions for each reach are computed 
first and then a classical method is used to compute water profiles in each 
reach (Baume et al. 1984). 

This latter type of method is used by SIC2 and has been refined and successfully used for 
more than 25 years. 
 
In the latest version of SIC2 only subcritical flows are considered in unsteady flow but 
local critical or supercritical flows are managed. In steady flows both subcritical and 
supercritical flow conditions can be handled. The computation of a water profile in a 
dentric network in subcritical flow conditions is reduced to the problem of computing the 
water profile in a reach knowing the upstream discharge and the downstream end 
elevation. But for a reach in a looped network, the upstream discharge is unknown and a 
special algorithm has to be set up to compute first this upstream boundary condition. SIC2 
solves a non-linear system, with the size of the number of reaches in the loop, to find 
upstream discharges. To solve this system, the water profile in each reach is computed by 
a standard method based on energy equation at each iteration. A sorting of reaches in the 
network is proposed and a special positioning of equations in the matrix is used to allow 
mastering numerical problems. It also increases the numerical accuracy and reduces the 
computational time. 
 
A calculation in steady flow allows the user to study the flow profile for any combination 
of flow or offtake position (gate opening, weir level or width, etc.) and cross regulator 
gate openings. It also permits the user to determine the required openings for the offtakes 
and the adjustable gates so as to satisfy given water rotation schedules while maintaining 
a set of targeted water levels in the canal. The looped calculation permits to give an 
elevation as boundary condition in an upstream node and not just a discharge. By this 
mean it is possible to compute the discharge entering or leaving the canal to reach this 
level. A lot of system analyses can be made thanks a steady calculation particularly for 
manual control. To go further or to design automatic regulation algorithms, it is necessary 
to use unsteady flow simulations. 
 
One dimensional unsteady flows are modeled by Saint Venant's equations. These 
equations are solved numerically by discretizing the equations: the partial derivatives are 
replaced by finite differences. Various solution schemes may be used to provide a 
solution to these equations. The discretization scheme chosen in the SIC2 model is a four-
point semi-implicit scheme known as Preissmann's scheme (Cunge et al. 1980). The 
looped calculation use in SIC2 for steady flow is extended for unsteady flows. Unsteady 
flow allows the user to test various water rotation schedules, different manipulations on 
the head gates and regulation structures settings. From an initial steady flow or a 
calculated unsteady flow, it will help the user to determine the best way of reaching a 
new water rotation schedule. The efficiency of the operational management strategy can 
be evaluated by a set of flow indicators calculated at the offtakes. Like in steady flow, it 
is possible to automatically compute a regulator gate opening, knowing the target water 
level, discharge or volume anywhere in the canal. This is done using a regulation module. 
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Cross devices 

SIC2 allows all types of cross devices, including the classical rectangular and trapezoidal 
gates, circular gates, rectangular and trapezoidal weirs, APM (Adjustable Proportional 
Module, found in Pakistan for example), AMIL, AVIS, AVIO, Mixte gate. For these 
latest Gec-Alsthom gates SIC2 is the only software worldwide allowing this modeling. 
We can also have as many devices as we want in any cross section or in any lateral 
offtake. In some other software you can define only one device in a section, forcing to 
multiply artificially the canal reaches if several cross devices are present. 

Offtakes 

As said above, a node is a point where one or more reaches start or end. This aspect 
concerns both reaches modeled in the system and also reaches that are not fully modeled 
(e.g.: a secondary canal not entirely modeled, except its combination of devices allowing 
it to take water from its feeding canal). In this case, the reaches are represented as 
"offtakes" allowing entering and exiting flows in the modeled system (Fig 1). The 
possible types of offtakes include discharge (Q(t)), or water elevation (Z(t)) that can vary 
during time or coming from a relationship between discharge and water elevation (Q(Z)). 
 

 

Figure 1. Representation of an offtake in SIC² interfaces 

 
SIC2 offers special features particularly adapted to easily represent devices present at the 
offtakes of irrigation canals. Especially, it is possible to set several offtakes on one node 
with different kind of boundary conditions. For offtakes with a downstream boundary 
condition using water elevations (Z(t) or Q(Z)), it is possible to insert two cross-
structures in series between the main canal and the boundary condition (Fig 2). 
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Figure 2. Structure of an offtake in SIC² 

 
Each cross-structure in the offtake can include one or several devices in parallel (Fig 3) 
chosen in the device library provided in SIC2. For offtakes, with at least one device, there 
are two possibilities: SIC2 will compute the discharge at the offtake considering water 
elevation in the node and the characteristics of the offtake, or it is also possible to define 
an objective outflow and to ask SIC2 to compute a characteristic of the offtake (e.g.: gate 
opening, weir width, crest elevation, discharge coefficient, etc) of one device of the first 
level cross-structure in order to get this objective outflow at each time step of the 
calculation. 
 

 
Figure 3. SIC² interfaces for offtakes entry form in a node 
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Quality module 

A quality module coupled with the hydraulic calculation in SIC² (both in steady and 
unsteady flow) has been developed in order to simulate the advection and the diffusion of 
three types of variable: temperature, chemical concentration, and any substance that can 
be found in suspension or in sedimented state (e.g. sediments, algae). The model solves 
separately advection and diffusion through, respectively, the Holly-Preissmann scheme 
and the Crank-Nicholson scheme. For the simulation of temperature, the model uses 
meteorological time-series as input (air temperature, humidity, solar radiation, albedo, 
wind speed) and masking coefficients for shadow zones. Chemical and biological 
substances can be transformed through “exchange laws” which can simulate, for 
example, algae growth depending on water temperature and concentrations of nutriments 
(e.g.: nitrate) that will be consumed. It is also possible to simulate the nitrogen cycle. 
"Exchange laws" allow also simulating the transition between substances (algae and 
sediment) that are suspended in water or deposited on the bottom. A specific sediment 
module takes into account the geometry changes due to deposition and erosion of 
sediments to influence the hydraulic calculation. It is also possible to define non erodible 
geometry sections and to schedule dredging operations in order to simulate long term 
sediment management on a canal. 
 
Depending on the dynamics of the phenomenon the user wants to simulate, the quality 
module can be run in transitory mode with unsteady flow for the hydraulic calculation 
(e.g. hydraulic flush or diffusion of an isolated pollution), and in steady flow mode with 
successive steady flow calculations for the hydraulic calculation (algae growth, 
sedimentation). 
 
SIC2 has been successfully tested for simulating advection-dispersion of accidental 
pollution in a canal with comparison with experimental data from Gignac Canal in 
Southern of France (Doghri 2012). It has also been tested in the framework of the 
management of invasive algae using flushing flows while managing turbidity for water 
quality purpose on the Canal de Provence (Litrico 2011, Fovet 2012, Genthon 2012). 
 

SIC2 FEATURES FOR CONTROL 

Flexible interface 

A user friendly interface is used to enter management rules into the SIC2 software (Fig 4 
and 5). The philosophy of the concepts and the organization of the variables and 
parameters to be defined follow the ideas presented in Malaterre 1994 and Malaterre et 
al. 1998. In a SIC2 project, for a given canal and its several hydraulic scenarios, we can 
enter one or several "regulation modules". A "regulation module" is composed of one or 
several "regulators". A regulator can be of different types (PID, ATV, ATVPID, Bival, 
Discrete State Space, Stop, Pumping Station, Matlab, Scilab, FORTRAN, WDLangage, 
allowing all type of feedback control loops, and also many options to enter a feedforward 
loop). Some of them are SISO (Single Input, Single Output), and some are MIMO 
(Multiple Inputs, Multiple Outputs). Each regulator is composed of control action 
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variables U, controlled variable Y, measured variable Z and parameters. Time varying 
targeted variables Yt(t) can also be defined for the controlled variable Y. Structuring the 
regulators this way is very flexible, since it is possible to change any of these items 
without having to change or duplicate the other items. The mathematical algorithm will 
indeed use generic variable names such as u(1), u(2), y(1) or z(2), whatever the 
significance and location of these variables. The parameters of any regulator (e.g. Kp and 
Ti parameters of a PI controller) will be entered into the Specific Parameters section (Fig 
4). You can, for example, change some locations of sensors, without changing the 
algorithm used to calculate the control action variable U. Each variable U, Y or Z has 
some configuration options. For example a control variable U has a minimum and a 
maximum value (Umin, Umax), a minimum and a maximum change value (DUmin, 
DUmax), a time step (DTU), a way of being applied on the corresponding device 
(absolute, relative to the initial value, incremental, etc), a possible master-slave structure. 
It is also possible to combine different regulators, putting them in series (the output of a 
regulator is entering as the input in another regulator) or in parallel (several regulators 
can contribute to the same control variable, applying some operations between them, such 
as addition, multiplication, priority, etc). Once these regulators have been defined within 
a regulation module, you can visualize its type and variables links with the network on 
the classical graphical display (Fig 5). 
 

 
Figure 4. Regulation module interface 
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Regulation modules 

The regulators defined in a regulation module can manipulate almost all types of 
variables used in the calculation of SIC2. They can be hydraulic quantity variables (e.g.: 
discharge Q, elevations Z, volumes Vo, velocities Ve, etc) or quality variables (e.g.: 
turbidity). The regulations modules can be used both in series of steady flow calculations 
or in unsteady flow calculations (which is more classical). 
 

 
Figure 5. Implementation of a MIMO PID within SIC² using Fortran USER regulators 

 
In this example, a series of distant downstream PI controllers are applied at each gate on 
the canal, on the ASCE benchmark test case (Clemmens et al. 1998). The WDLANG 
regulator manages upstream reporting of the controlled discharge, the BOSCIL regulator 
brings a feedforward controller (scheduled discharge variations), the USER2 regulator 
add controls from the closed-loop regulator (WDLANG) and the open-loop one 
(BOSCIL), and finally, the USER1 regulator calculates the opening of the gate from 
discharge equation taking into account that the discharge coefficients of the gates is 
untuned and apply the calculation of the opening on each gate. 

Data Assimilation 

Data Assimilation is a mathematical techniques used to calculate unknown variables or 
parameters in an "optimal sense", from combining information coming from 
measurements and models. The "optimal sense" can be given either in a stochastic or 
variational framework. This general framework can be used to solve inverse problems, to 
estimate an initial condition, to calibrate a model, to detect and correct sensor failures or 
drifts, etc. The most well-known methods are: Kalman, Extended Kalman, Ensemble 
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Kalman, Unscented Kalman filters, Monte Carlo particle filters, 4D-VAR. SIC2 has been 
used for internal researches at Irstea and with some partners to solve such problems 
(Malaterre et al 2009, Jean-Baptiste 2011). These techniques have been tested on simple 
test case irrigation canals, but also with real systems, real data and real problems such as 
on the Rhône River automatically controlled using predictive control and an embedded 
full Saint Venant model. So far, these routines are not provided in the standard version of 
SIC2, but it is our objective to do it in the future as soon as the corresponding interfaces 
will be available, and the parameterization of these algorithms generic. 
So far, we have been using such algorithms to determine upstream and downstream 
unknown inflows, lateral tributaries or offtakes inflows or outflows, discharge 
coefficients at cross devices, friction Manning-Strickler coefficients, gate or weir 
positions, and bathymetry. These techniques, such as Kalman and Extended Kalman 
filters or 4D-Var use a tangent linear model that is therefore generated automatically by 
SIC2. This tangent linear model can also be used to process local sensitivity analysis, 
meaning calculating the effect in the future of any change on some model parameters or 
variables on other model variables. 

Automatic tuning 

When implementing management rules into an irrigation canal, you have first to locate 
some cross devices that will be operated in order to satisfy some hydraulic constraints, 
usually in terms of water levels, sometimes discharges or volumes. Then, you have to 
choose a mathematical algorithm allowing to compute the gate openings, weir positions, 
or flows from some hydraulic measurements (ex.: water levels at some nearby or distant 
locations). With SIC2 you have access to some predefined algorithms such as PID, any 
LTI state space controller, or you can write any more complicated algorithm in several 
programming language (MatLab, Scilab, WDLangage, FORTRAN). And finally you 
have to tune the parameters of these algorithms. Surprisingly, even for a simple PID, this 
tuning can be difficult. This is specially the case for cascade distant downstream PI 
controllers (Fig 5). Within SIC2, there is an automatic method allowing tuning and 
activating these PID coefficients, called the ATVPID method (Litrico et al. 2007). This 
method has been used already extensively in different industrial processes, and we 
adapted it to the specific context of hydraulic systems. Many of our SIC2 users have 
already been using this option to tune quickly and efficiently automatic PID controllers 
on irrigation canals, sewage systems, aquatic stadiums, or dams-river systems. 

Scada interface 

After the canal has been designed, after the devices have been chosen and located, after 
the control algorithms have been selected, tuned and validated, the real system is then 
constructed, or the existing system is modernized or rehabilitated. For automated 
systems, a SCADA system recovers field measurements, processes this data, calculates 
new operations at devices, and/or can check local operations processed at local RTUs or 
PLCs. It can be interesting in some limited cases, to interface SIC2 with such field data. 
This is not a very common task, but this can be interesting, for example to run in real 
time some advanced algorithms implemented into SIC2: Data Assimilation algorithms to 
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detect unmeasured withdrawals at offtakes, or sensor failure, calibration of offtake 
discharge coefficients, test of alternative control algorithms for some devices, etc. 
 
For this type of applications SIC2 has been interfaced with SCADA systems (Malaterre et 
al 2007). This has been done in particular for the Gignac canal used both as a real canal 
feeding 3000 ha of cultivated land in southern France, and also as a scientific 
experimental canal for teaching and research activities. This option is also extensively 
used by some consultant companies testing their control software and algorithms on a 
simulated version of the canal they are studying prior to real implementation. At the 
moment, this SCADA – SIC2 interface is based on file exchange, but in the future 
standard protocols such as OPC will be implemented. Interface with Excel sheets or SQL 
data bases are also a possible options. 

Batch mode 

Even though graphical interfaces are a very important aspect of SIC² for the use of the 
software in the operational world, SIC² is also used in the research community where 
automation is an important feature. Lot of features can be directly driven by command 
lines or by text parameter files allowing the user to run simulations and collect results 
automatically from external scripts (e.g.: batch, MatLab, Scilab, Python, etc). For most of 
the parameters defined in the graphical interfaces, the user can specified to read a value in 
a parameter file instead of using the default one given at the interface. This allows, for 
example, to calibrate this parameter with multiple run or to make a sensibility analysis on 
this parameter. 
 
The SIC2 interface can be run in command-line to import automatically geometry data in 
the project from text files with a simple specific format. Calculation programs (geometry, 
steady flow and unsteady flow) can be run with a command line, and the latter contains 
parameters that permit to choose which hydraulic scenario and variant to run as well as 
which regulation modules and time parameters to use. 
 
SIC² is delivered with a command-line tool named “SICExport” that allows to export and 
write into a text file any result variable of a simulation. The same kind of feature is also 
provided by the “PRINT” regulator. The “SICValidation” tool also provided permits to 
run a batch on multiple models and to compare specifics results between two different 
runs. This tool is used by the SIC2 development team at Irstea for testing non regression 
of the software during its development, updating and testing the examples provided, or to 
run automatically a sequence of calculations in a complex project. 
 

CONCLUSION 
 
SIC2 software has been developed from general open surface hydraulic codes available at 
Cemagref in the 70's and 80's and was then extensively enhanced and adapted to 
hydraulic systems where management is a major issue. Management means manual or 
automatic operations at some devices, either cross devices or lateral ones. For this type of 
application SIC2 is certainly the most complete software. Developing a scientific software 
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with all the required features (numerical capabilities, user friendly interfaces, 
documentation, technical support) is a difficult task and it seems that less and less 
Research Institutes or Companies have the technical skills and resources to do this. Irstea 
has certainly not the resources to develop a general open surface hydraulic software able 
to deal with all hydraulic issues. SIC2 has still some limitations, such as considering only 
1D flows, mainly in subcritical conditions (in unsteady flow), and no direct interface with 
GIS is available yet. But, for water management design and test, it is certainly a very 
complete and efficient software. Lots of ideas have still to be implemented into the future 
versions. One will be to better handle supercritical flow conditions, to further extend the 
device library, to improve the auto-calibration module that was in version 4 and re-
implement it in versions 5, to provide as standard options some Data Assimilation 
algorithms. A major one will be the automatic design of management rules. We already 
have automatic tuning algorithms such as ATV method for PID controllers, but into this 
direction we can imagine much more new options that will be useful both for consultant 
companies and canal managers. 
 

REFERENCES 

 
Baume J.-P., Poirson M., 1984. "Modélisation numérique d’un écoulement permanent 
dans un réseau hydraulique maillé à surface libre, en régime fluvial". La Houille Blanche 
n°1/2. 
 
Clemmens A.J., Kacerek T.F., Grawitz B., Schuurmans W., 1998. "Test cases for canal 
control algorithms". Journal of Irrigation and Drainage Engineering, January/February, 
124(1), pp. 23-30. 
 
Cunge J.A., Wegner M., 1964. "Intégration numérique des équations d’écoulement de 
Barré de Saint Venant par un schéma implicite de différences finies. Application au cas 
d’une galerie tantôt en charge, tantôt à surface libre". La Houille Blanche, n°1-1964, pp. 
33-39. 
 
Cunge J.A., Holly Jr F.M., Verwey A, 1980. "Practical aspects of computational river 
hydraulics", Pitman. 
 
Doghri M., 2012. "Caractérisation expérimentale et modélisation du processus 
d’advection-dispersion d’une pollution accidentelle dans un canal", Master. SupAgro 
Montpellier, Montpellier. 
 
Fovet O., Litrico X., Belaud G., 2012. "Turbidity management during flushing-flows: A 
model for open-loop control". Advances in Water Resources 39, 7–17 
 
French R.H., 1985. "Open-channel hydraulics", Mc Graw-Hill, Inc. 
 
Genthon O., Fovet O., Belaud G., Litrico X., 2012. "Managing Invasive Algae with 
Flushing Flows", World Environmental and Water Resources Congress. American 
Society of Civil Engineers, pp. 2177–2187. 



 Simulation and Integration of Control for Canals 353 

 

 
Goussard J., 1993. Modèles de Simulation du Fonctionnement des Canaux, ICID. 
 
Jean-Baptiste N., Malaterre P.-O., Dorée C. and Sau J., 2011. "Data assimilation for real-
time estimation of hydraulic states and unmeasured perturbations in a 1D hydrodynamic 
model". Journal of Mathematics and Computers in Simulation. June 2011. 81(10), pp. 
2201-2214. 
 
Litrico X., Malaterre P.-O., Baume J.-P., Vion P.-Y., and Ribot-Bruno J., 2007. 
"Automatic tuning of PI controllers for an irrigation canal pool", Journal of Irrigation and 
Drainage Engineering, 133(1), pp. 27-37. 
 
Litrico X., Belaud G., Fovet O., 2011. "Adaptive control of algae detachment in regulated 
canal networks", in: 2011 IEEE International Conference on Networking, Sensing and 
Control (ICNSC). Presented at the 2011 IEEE International Conference on Networking, 
Sensing and Control (ICNSC), pp. 197 –202. doi:10.1109/ICNSC.2011.5874878 
 
Malaterre P.-O., 1994. "Modélisation, analyse et commande optimale LQG d'un canal 
d'irrigation", PhD, Cemagref, ENGREF, LAAS. 
 
Malaterre P.-O., Rogers D., Schuurmans J., 1998. "Classification of canal control 
algorithms". Journal of Irrigation and Drainage Engineering, January/February, 124(1), 
pp 3-10. 
 
Malaterre P.-O., Château C., 2007. "SCADA interface of the SIC software for easy real 
time application of advanced regulation algorithms". Second Conference on SCADA and 
Related Technologies for Irrigation System Modernization - A USCID Water 
Management Conference - June 6-9, 2007 - Denver, Colorado. 
 
Malaterre P.-O., Rogers D.-C., 2008. "Teaching canal hydraulics and control using a 
computer game or a scale model canal". XIIIth World Water Congress, IWRA, 
Montpellier 1-4 September 2008, Global Changes and Water Resources. 
 
Malaterre P.-O., Jean-Baptiste N., Dorée C. and Sau J., 2009. "Data assimilation for real-
time estimation of hydraulic states and unmeasured perturbations in a 1D hydrodynamic 
model. Application to water management problems and comparison of Kalman filter and 
sequential Monte Carlo approaches". MAMERN'09, 3rd Mamern International 
Conference on Approximation Methods and Numerical Modelling in Environment and 
Natural Resources, Pau (France), June 8-11, 2009, pp. 629-634. 
 
Schulte A.M., Chaudry M.H., 1987. "Gradually-varied flows in open-channel networks", 
Journal of Hydraulic Research, 25(3). 
 
Wylie E.B., 1972. "Water surface profiles in divided channels", Journal of Hydraulic 
Research, 10(3), pp. 325–341. 





 

 355 

COST EFFECTIVE REHABILITATION OF AGED IRRIGATION SYSTEMS 
CONNECTION BASINS 

 
John Paulson, P.E.1 

 
ABSTRACT 

 
Many irrigation systems have been in place for decades, with concrete structures for 
water distribution and metering utilized since the beginning.  These systems utilize a 
combination of earthen ditches intermixed with flumes, and concrete connection and 
distribution basins between ditches.  Over time these structures have sustained damage 
from use and are in need of repair or replacement.  The complete replacement cost and 
time can be prohibitive so an alternative solutions is to line these cracked concrete basins 
with a GCCM. 
 
Concrete ClothTM is a Geosynthetic Cementitious Composite Mat (GCCM) that deploys 
as a roll, is installed to line an area, then hydrated to form a hardened fiber reinforced 
concrete protective layer. The product is installed by fastening to the existing structure 
sides and base after which it can be sealed or adhesively bonded at the seams for a high 
degree of water resistance, then hydrated with water.  It may be installed in running water 
when ditches are flowing and cannot be shut off. 
 
One irrigation company, North Poudre Irrigation Company, Wellington, CO, used 
Concrete Cloth for the first time in spring 2014 and was pleased. Their system has 
numerous similar locations in need of repair, and this was a trial to determine 
effectiveness of this solution. Additional uses are expected to be forthcoming depending 
on water flows this summer. 
 

INTRODUCTION AND BACKGROUND 
 

North Poudre Irrigation Company has been in existence since 1912 and has dozens of 
miles of irrigation ditches, many of them many years old.  Within this network are 
numerous distribution basins that control flows from one ditch to another, distributing 
water from one ditch to several and are a location for monitoring flow volumes.  These 
structures are prone to uncontrolled leakage and water loss, negatively impacting the 
available water supply. 
 
Three thickness of GCCM material are available, each with a hardened concrete 
compressive strength of over 5000 psi.  Curing is overnight, with 70-80% of the final 
strength gained in 24 hours. This rolled product is versatile and adapts to unusual 
geometries and dimensions. 

                                                 
1 Milliken Infrastructure Solutions, LLC 4080 McGinnis Ferry Rd, Suite 1408, Alpharetta, GA 30005,  
770-851-6090, John.paulson@milliken.com 
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Figure 1.  Existing distribution basin showing erosion and deterioration. 

 

 
Figure 2.  Existing distribution basin showing cracking. 

 
Repair of these structures can be accomplished in numerous ways including: replacement 
and repair and sealing.  Spot repairs are sometimes utilized, but as these structures age, 
the need for a permanent solution becomes apparent.  The North Poudre Irrigation 
Company chose this basin as a test installation to assess the ease of installation, and 
observe performance over the 2014 irrigation system.  Figures 1 and 2 above show the 
pre-installation condition of this basin. 
 

DECISION TO REPAIR 
 

The choices when rehabilitating these connection/distribution basins are: 
• Complete replacement, 
• Hand patching,  
• Lining.   

An additional consideration was cost.  Complete replacement could cost as much as 
$12,000 to $20,000 depending on the size, and location access.  This alternative involves 
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removal of the existing basin and forming and pouring the new one.  This takes time, and 
requires the system be taken out of service for the duration of the work, which could be 
from a few days to weeks.  Hand patching is a temporary solution, and is considered only 
when cracking is limited in extent. 
 
Concrete Cloth will function as the relining material. It can be installed directly on the 
cracked concrete structure, the installation could be completed in a day in most instances, 
will provide a water resistant basin, and is durable, functioning as a permanent repair.  
Concrete Cloth was chosen as the solution because of the speed of construction and the 
estimated cost of around $2000-$2500. 
 

INSTALLATION 
 

Because of the relatively small size, and the limited foot traffic anticipated, it was 
decided to use CC5, the 5 millimeter thick material.  The entire basin was to be lined, 
with the Concrete Cloth fastened to both the sidewalls, and the basin bottom. 
 

Figure 3.  Adhesive bonding to the vertical walls. 
 
The non-uniform shape of the basin walls and base required that two pieces of Concrete 
Clot be used, one for lining the basin, the second piece to drape onto the wall of the 
structure.   
 
Installation began with a broom cleaning of the structure.  Concrete Cloth was then laid 
on the bottom, overlapped in the principle direction of flow and attached with adhesive 
and anchors.  The overlaps were adhesively bonded to provide a water resistant joint. 
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Figure 4. Sides and bottom installed. 

 
The lower edges of the vertical pieces were also adhesively bonded to the bottom layer to 
provide a water resistant overlap. 
 
Hydration was the next step, accomplished using a water truck and hose.  The hydration 
is a critical part of this materials installation in that insufficient water results in 
incomplete curing of the cement.  The procedure used was to thoroughly wet the surface, 
then apply another coating once the soak time of around an hour had transpired.  This 
second wetting/saturation step results in a more thorough and complete hydration 
process. 
 
A field test to assess the degree of saturation is the “thumb test” where a thumb is pressed 
against the hydrated cloth and observations are made of the water squeezed out from 
under the thumb.  Water observed indicates the material is saturated. If no water comes to 
the surface water again. 
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 Figure 6. The thumb test. 
 
After full hydration, the corners were sandbagged to hold the curing Concrete Cloth in 
position.  These bags were removed the following day, as hydration is very nearly 
complete (70% strength) in 24 hours. 
 

 
Figure 7.  Sandbags held the corner in place during the first 24 hours of hydration. 
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THE NEXT DAY 
 

The following morning the site was inspected, and the GCCM was found to be cured and 
hard to the touch.  The sandbags were removed.  The basin was put into service that 
month, and was underwater through the summer into the fall. 
 

 
Figure 8. Drainage basin in service throughout the summer of 2014. 

 
CONCLUSIONS 

 
An old drainage basin for an irrigation system was cracked, leaking and in need of repair 
or replacement.  A GCCM was used to line the interior of the basin, providing a 
protection and highly water resistant cover layer.  The installation was performed in less 
than one day, and has been performing throughout the irrigation season. 
 
Other irrigation systems are reviewing this solution and are expected to utilize this in 
method of repair in 2015. 
 
 




