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Preface 
 
The papers included in these Proceedings were presented during the USCID 12th 

International Conference on Irrigation and Drainage, held November 5-8, 2019, in 

Reno Nevada. The Theme of the Conference was Basin Water Management ⸺ 

Challenges in Water Management at the Basin Scale. 

Increased scarcity of water supplies and competing uses and demands for water in the 

Western United States requires changes to water planning and management in order to 

protect our water resources and effectively sustain water uses on the basin scale. 

Sustainable basin water management, a challenge even in normal hydrologic conditions 

with plentiful water availability, is becoming even more difficult for all water users. 

Water for agricultural use continues to compete with needs of other water users, 

threatening our food security. As such, solutions to these challenges must be approached 

comprehensively and often require infrastructure, management and policy changes. 

The authors of papers presented in these Proceedings are professionals from government 

agencies, the private sector and academia. 

USCID and the Conference Co-Chairs express their gratitude to the authors, session 

moderators and participants for their contributions. 

 

Samuel W. Schaefer 

Santa Barbara, California 

Delbert M. Smith 

Denver, Colorado 

Therese Ure 

Reno, Nevada 

Conference Co-Chairs 
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DESIGNING PI AND RATIO CONTROL ROUTINES FOR TWO MAIN CANAL 

REACHES IN THE ELEPHANT BUTTE IRRIGATION DISTRICT 

 

Blair L. Stringam1 

Zachary Libbin2 

 

ABSTRACT 

 

Elephant Butte Irrigation District (EBID) of the Hatch and Mesilla Valleys in Southern 

New Mexico is evaluating the placement of a feedback control system on portions of its 

main canals.  This evaluation involves modeling target canal reaches, designing feedback 

control routines to operate these reaches and evaluating water delivery performance.  

Significant improvements to delivery timing throughout EBID can be achieved by 

improving operations at the headings of its main canals. Presently the first reaches of 

EBID’s oldest canal, the Leasburg Canal, have been modeled and a Proportional Integral 

(PI) feedback control routine as well as a Ratio Control (RC) feedback routine have been 

designed to operate the canal model.  The initial control schemes were developed as local 

control routines for each reach to try to simplify the design and implementation process. 

 

Tests were conducted on two reaches in series where turnout flows were changed.  

Results to date, show the RC and the PI methods perform similarly.  Both methods drive 

the canal system back to setpoint conditions in a similar manner.  

 

INTRODUCTION 

 

The Elephant Butte Irrigation District’s (EBID) delivery system is roughly 100 years old 

and although built upon sound engineering at the time of construction, it falls short of 

meeting the efficiency expectations and timing demand of modern agricultural and 

irrigation requirements.  EBID has also faced severe and persistent drought in recent 

years. Striving to better deliver the limited resource, EBID specifically desires to provide 

improved service to each EBID member’s field and farm.  Modernization and 

improvements are required to optimize delivery timing and ability to deliver water more 

accurately when required by each field.  

 

EBID is evaluating the utilization of a feedback control system starting with the first 

reach of its oldest diversion and canal.  Modeling target canal reaches, designing 

feedback control routines to operate these reaches and evaluating water delivery 

performance is required to evaluate the application of modernization beyond remote 

manual gate controls.  A Proportional Integral (PI) feedback control routine as well as a 

Ratio Control (RC) feedback routine have been designed to operate the canal model and 

the initial control schemes were developed as local control routines for each reach to try 

to simplify the design and implementation process. 

 

 
1 New Mexico State University, Department of Plant and Environmental Sciences, PO Box 30003 MSC 

3Q, Las Cruces, NM, 88003, blairs@nmsu.edu 
2 Elephant Butte Irrigation District, 530 S. Melendres St., Las Cruces, NM, 88005, zlibbin@ebid-nm.org 
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BACKGROUND 

 

The Elephant Butte Irrigation District delivers Rio Grande Project (RGP) surface water to 

90,640 water righted acres of the Hatch and Mesilla Valleys of south-central New 

Mexico utilizing diversion dams, canals, and laterals designed and constructed by US 

Reclamation Service (USRS) in the early decades of the twentieth century.  The USRS is 

now known as the US Bureau of Reclamation (USBR). 

 

EBID’s Leasburg Canal is one of four main diversions from the Rio Grande within the 

New Mexico portion of the RGP and serves the northern portion of the Mesilla Valley, 

including the areas surrounding Las Cruces.  

 

Leasburg Dam as it now exists was originally planned for by the USRS beginning in 

1903 and construction was completed in 1907.  Portions of the Leasburg Canal and 

previous attempts at diversion structures were constructed by private investors even 

before Elephant Butte Dam and the Rio Grande Project. 

 

Many of the aged canal control structures within EBID’s system have been replaced since 

the early twentieth century but few have been changed significantly.  Of the major canal 

control structures that have been redesigned since 1980, most are radial gate structures 

with hand wheel operated gearboxes.  Attaching electric motor actuators to these gate 

structures adds the ability to control their operation remotely and/or automatically and 

make a leap in modernization that previously was not possible within the EBID. 

 

EBID has replaced the first three canal regulating check structures of the Leasburg Canal 

in the past 15 years with two bay radial gate check structures and is in the process of 

motorizing the gates (Figure 1).  The gates of the first check structure and adjacent 

sluiceway (to return sediment back to the Rio Grande) were motorized in 2018 and can 

be actuated locally or remotely utilizing EBID’s radio network. 

 

Most of EBID’s members have conjunctive use rights and augment the surface water 

supplied by EBID with groundwater wells, upon which they are especially dependent 

when surface water supplies are limited by poor snowpack and drought.  Although canal 

inefficiencies contribute to groundwater recharge, a decrease in delivery to farm fields 

increases the need to pump.  Groundwater wells offer a costly but on-demand supply of 

water.  Producers grow accustomed to on-demand scheduling and learn to improve 

irrigation scheduling when water is costly and available at the flip of a switch.  Because 

most groundwater wells produce far less flow than a surface water delivery, irrigations 

with only groundwater take longer and are less efficient.  The allocation to EBID is based 

on snowpack runoff and settlement agreement with its sister irrigation district El Paso 

County Water Improvement District.  The allocation to EBID is divided pro-rata among 

its 90,640 water righted acres to determine the per acre allotment for that year. When the 

allotment is greater the amount of water a farmer can pump is reduced and the farmer is 

more dependent on timely surface water.  When EBID’s supply is significantly reduced 

producers are more dependent on conjunctive use.  In either case, timely delivery of 

surface water is critical to the efficient scheduling of irrigation. 
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Figure 1. Map of Leasburg Dam and Canal 

 

EBID’s supply is delivered by ditch-riders based on orders placed by farmers via phone 

call, fax, online web portal, or geospatial user interface portal.  EBID usually achieves 

delivery within a few days of the requested time and date, sometimes up to 7 days after 

requested.  The farmer requests a flow, specifies a duration, and requests a start time.  

Due to competing demands and compounding orders, such as most cotton producers 

requesting water at similar intervals, known to the EBID as the “Cotton run”, ditch riders 

do their best but rarely deliver water at the date and time ordered.  When orders are 

significantly delayed, farmers will often cancel orders and pump groundwater to supply 

irrigation requirement if waiting will cause excessive crop stress.  When orders are 

cancelled ditch rider effort is wasted and spillage often occurs.  Other noteworthy 

challenges of EBID’s supply-oriented delivery scheme include excessive spillage and 

bypass required to supply consistent water level in laterals for drip and sprinkler system 

pump stations. 

 

Modernization of EBID’s system with automatic control to regulate head and flow within 

its network of canals and laterals, beginning with the main canals, would lend all eleven 

specific benefits articulated by ASCE Manual 131 (Canal Automation for Irrigation 

Systems, 2014), including improved water deliveries for maximizing crop production and 

increased adoption of modern on-farm irrigation practices.  

 

Despite ongoing projects to pipe lateral throughout EBID, roughly 90% of EBID’s 340 

miles of canals and laterals remain unlined earthen channels.  Lining canals and piping 
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laterals throughout EBID will improve system efficiency and responsiveness to irrigation 

demands, increase available surface water for delivery, improve public safety, minimize 

danger of damage to public and private property, and decrease operation and maintenance 

costs.  All these improvements and modernization of EBID’s system are necessary to 

maximize the benefit of each farmers assessment and increase crop production per unit of 

water consumed. 

 

EBID has previously only utilized control automation at Mesilla Dam, EBID’s last 

diversion dam on the Rio Grande, for controlling one of the 13 gates to regulate upstream 

head with a basic delayed feedback algorithm.  EBID is evaluating utilizing a feedback 

control system to allow for more consistent water level and flow delivered beyond the 

automated portion of canal. 

 

LITERATURE REVIEW 

 

Numerous downstream control schemes have been developed for canal automation 

systems.  A number of these schemes implement the use of PI control methods as well as 

other schemes.  For example, Van Overloop et al. (2005) present an optimization 

technique that can be used to tune PI controllers.  This control method accounts for 

interactions between pools and changing flow conditions in the canal.  Clemmens and 

Schuurmans (2004) also present a method for tuning downstream PI controllers.  

Clemmens and Wahlin (2004) examine the performance of PI controllers on the ASCE 

test canals.  Baume et al. (1999) discuss optimization techniques for tuning PI canal 

controllers.  Litrico et al. (2007) present a method called Auto Tune Variation (ATV), to 

automatically tune decentralized PI controllers for irrigation canal pools.   

 

Reddy (1990) compared controllers designed using optimization techniques as well as 

using Ziegler-Nichols techniques.  Burt and Piao (2002) discuss the difficulty of tuning 

PI controllers for irrigation canals using trial-and-error techniques.  Basically, even when 

this process is done in a systematic manner, the process can take a long time.  Interactions 

between canal pools require simultaneous tuning of all the controllers.  Skertchly and 

Miles (1994) discuss a method for tuning PID controllers for irrigation canals using trial-

and-error techniques as well. 

 

Malaterre and Rodellar (1996) present a methodology for both optimal controllers and 

predictive controllers.  The predictive controller discussed in this paper is tuned via trial-

and-error techniques. 

 

Wahlin and Clemmens (2002) also used PI controllers to operate a series of canal 

reaches. The PI controller is tuned by using trial-and-error techniques for one reach, then 

an additional reach is added to the system.  At this point, the controllers had to be 

adjusted so that they did not interfere with the operation of each other. This process 

continues as each additional reach is added. The task is time consuming and less-than-

optimal gain constants usually result. 
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Irrigation canals are characterized by large amounts of inertia and lengthy delay times 

that can make them difficult to optimally control.  Delays occur when there is significant 

distance between the site at which water is diverted (e.g., gated check structure) and the 

location of the control objective (e.g., water level at the downstream end of a 

pool).  Because waves in a canal reach have a travel time control action may not lead to 

any change in a downstream water level for a significant time.  Forbearance must be 

exercised to avoid making several changes before feedback is felt from an initial 

change.  A change may be made and the initial measured response may be so small that it 

is hard to discern from the system signal noise.  This typical behavior often makes the 

derivative term in a PID controller ineffective.  Subsequently only PI controllers are used 

on irrigation canals.   

 

Proportional Integral Control Design 

 

Numerous feedback control methods have been developed over the last 70 years.  The 

most widely used is proportional, integral, derivative (PID) method.  This method is a 

subclass of the frequency design control method (Dorf, 1992; Phillips and Harbor, 2000; 

Stephanopoulos, 1984).  PID control has demonstrated a great degree of robustness in 

many industrial applications.  This type of controller is designed/tuned to compare 

present measured values to a desired setpoint value.  In this case the measured value is a 

downstream water level of a canal reach.  The control algorithm then compares the 

measured value to the desired setpoint value and determines if there is a significant error 

that must be acted on.  If there is an error, the controller multiplies it by a constant value 

called the proportional gain (Kp).  The controller uses this value to help drive the system 

back to setpoint.  As the system is driven closer to setpoint, the error becomes smaller 

and eventually the multiple of the Kp and error are not large enough to push the system 

all the way back to setpoint.  However, the controller also sums the errors over a period 

of time and multiplies the summed error by an additional constant called the integral gain 

(Ki).  The controller uses the multiple of the summed errors and Ki to continue to push 

the system all the way back to setpoint.  As mentioned earlier, the majority of 

downstream controllers do not use the derivative component because it is hard to tune 

with long time delays and noisy signals that often exist in the field.  

 

There are several methods that can be used to design/tune this type of controller which 

have been mentioned earlier.  A controller can also be developed using an empirical 

design method such as the Ziegler–Nichols tuning method (Stephanopoulos, 1984) or 

possibly bump tuning (Cooper, 2006).  Phillips and Harbor (2000) show a Laplace form 

of this control equation is shown below: 

 

𝐺(𝑠) = 𝑒(𝐾𝑝 + 𝐾𝑑𝑠 +
𝐾𝑖

𝑠
)   (1) 

 

where G(s) represents the controller or compensator transfer function; e is the error 

between the last control value and the desired value; Kp is the proportional gain; Ki is the 

integral gain; Kd is the derivative gain; and s is the Laplace operator term. A control 

routine may include all three gain components or some of these components.  
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Ratio Control Design 

 

Ratio Control simply uses the principal of ratios to determine a control output. This 

formula was developed considering the limitation of measurement instrumentation and 

the resistance of operations personnel to implement formulas beyond one or two math 

operations. The principal equation used in the work was modified from an equation that 

is reported by Stringam and Wahl (2014): 

 

 
𝑛𝑔𝑝

𝑤𝑙𝑠𝑝
=  

𝑝𝑔𝑝

𝑝𝑤𝑙
       (2) 

 

where ngp =new gate position (opening); wlsp = water level setpoint; pgp = present gate 

position (opening); and pwl = present water level. The gate position variables must 

indicate the size of the gate opening that is effective for allowing flow into the 

downstream canal.  

 

When Equation (2) is solved for ngp it takes the following form: 

 

 

     𝑛𝑝𝑔 = 𝑤𝑙𝑠𝑝
𝑝𝑔𝑝

𝑝𝑤𝑙
    (3) 

 

In this form the new gate position is equal to the water level setpoint multiplied by the 

ratio of the present gate position and the present water level.  It is conceptually simple 

and has been successfully used by canal operators for many years. Control theory 

suggests that there may be problems with this equation, so a more detailed 

review was conducted by Stringam and Wahl, (2104) to determine the equation’s 

stability.  Considering computed gate positions at discrete points in time, the new gate 

position variable is a combination of the old gate position and the change in gate 

position as shown in the following equation: 

 

     𝑛𝑔𝑝 =  ∆𝑔𝑝 + 𝑝𝑔𝑝    (4) 

 

where Δgp =change in gate position. When this relationship is substituted into Equation 

(3), it can be written in the following form: 

 

 

    ∆𝑝𝑔 = 𝑝𝑔𝑝(
𝑤𝑙𝑠𝑝

𝑝𝑤𝑙
− 1.0)    (5) 

 

This equation indicates that the gain is variable and is determined by the ratio between 

the desired and present water levels. 

 

Feedback Controller Design 

 

The initial goal of this project is to develop a controller that will operate the first 2 supply 

reaches of the supply canal.  Initially, we are looking at developing local downstream 
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controllers and evaluating how the canal system responds.  In this evaluation, we looked 

at using PI local downstream controllers and Ratio local downstream controllers.  As the 

project progresses, feedforward features may be considered to enhance the control system 

if it appears that the features are needed. 

 

Table 1. Dimensions of the first two reaches. 

 Length 

(feet) 

Roughness Side slope Bottom width 

(ft) 

Slope 

Reach 1 3356 0.025 1.5 25.0 0.0005 

Reach 2 6400 0.025 1.5 35.0 0.00026 

 

For this simulation two cross regulator radial gates that were 12 feet wide were located at 

the beginning of the reach.  For simplicity, one slide gate was located at the end of each 

reach for turnout flows.  The slide gate was 4 feet wide.  A four point implicit solving 

routine was developed to model the open channel flow response. 

 

Proportional Integral Design.  There are several methods that can be used to develop PI 

controllers.  For this paper the Ziegler–Nichols tuning method (Stephanopoulos, 1984; 

Ziegler and Nichols, 1942), was used.  Considering that the reaches are in series, the gain 

parameters were developed for the first reach, then the parameters were left on while the 

gain parameters were developed for the second reach.  Considering that the 2 reaches will 

be interacting with each other, it was believed that this would be a more appropriate 

design method and will subsequently provide a better overall response. 

 

While the PI gain values where easy to determine for the first reach, the parameters for 

the second reach were more difficult to define because of the interaction between the 2 

reaches.  Previous PI controller researchers describe this interaction as fighting between 

the different reaches as each controller focuses on achieving a setpoint of the reach that 

they control.  The initial gains that the Ziegler–Nichols tuning method provided, provided 

a slower response so these gains were increased to provide a quicker response.  This is 

the process that usually occurs in the design of a controller.  The initial gain values often 

provide a starting point, then the values are adjusted to improve system performance.   

 

Ratio Control Design.  The Ratio controllers were designed by simply programing the 

Ratio Control equation into each local control routine.  The ratio control equation would 

only stabilize the canal and not return it back to the original setpoint, so a weak integrator 

was also included with the Ratio design.   

 

Initially the controller did not respond as desired, so a gain was included in the design to 

speed system response.  The design process took less time than the PI design because a 

major portion of the design involved programing the ratio equation into the controller.  

 

RESULTS 

 

In an initial test, the first reach had an initial flow of 270 cfs and a turnout flowrate of 40 

cfs.  The second reach had an initial flow of 230 cfs and a turnout flowrate of 40 cfs.  The 
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downstream water level setpoint for the first reach was set at 6.174 feet and the 

downstream water level setpoint for the second reach was set at 5.912 feet.  The turnout 

flowrate for each reach was decreased to 30 cfs.  At 20 minutes from the start of the 

simulation, the turnout flow for the second reach was reduced.  Then at 60 minutes from 

the start of the simulation the turnout flowrate from the first reach was reduced.  

Changing the turnout flowrate in the first reach while the second reach is working on 

responding to the turnout change makes helps to see how well the controllers interact 

with each other and also determine how quickly the controllers can bring the canals back 

to steady state operation.  The response from both reaches are indicated in Figure 2.  

Figure 2. EBID reaches 1 and 2 controller test response.  Turnout flowrates are decreased 

from 40 cfs to 30 cfs for each reach. 

 

In this simulation there appears to be less interference or fighting between the Ratio 

controllers.  The Ratio controllers respond to the change in the turnout flows and drive 

the canal back to steady state.  The PI controllers seem to interfere more with each other.  

This is demonstrated by the oscillatory response from the first reach. 

 

 

In the second test the initial flowrate in reach 1 was set at 270 cfs with a turnout flowrate 

of 20 cfs and the second reach flowrate was set at 250 cfs with turnout flowrates of 20 cfs 

for both reaches.  The downstream water level setpoint for the first reach was set at 6.174 

feet and the downstream water level setpoint for the second reach was set at 5.595 feet.  

The turnout flowrate for the second reach was increased from 20 to 30 cfs at 20 minutes 

into the simulation and 40 minutes later, the turnout flowrate from the first reach was 

increased from 20 to 30 cfs (Figure 3).   

 

In this test the PI controllers again demonstrated an oscillatory response while the Ratio 

controllers simply pulled the water level back to set point.  It should be pointed out that 

these two reaches are part of the main supply canal system and these turnout flowrates 

are small in comparison to the main canal flows.  For this reason, there is not a significant 

change in water level for any of the simulations. 



USCID 2019 Conference 9 

 

In the third test the initial flowrate in reach 1 was set at 380 cfs with a turnout flowrate of 

20 cfs and the second reach flowrate was 360 cfs with a turnout flowrate of 20 cfs.  The 

downstream water level setpoint for the first reach was set at 6.174 feet and the 

downstream water level setpoint for the second reach was set at 6.092 feet.  The turnout 

flowrate in the second reach was changed from 20 to 30 cfs and 30 minutes later, the 

turnout flowrate from the first reach was increased from 20 to 30 cfs (Figure 4).   

 

In this test the PI controllers in both reaches and the Ratio controller in reach 1 exhibited 

an oscillatory behavior while the Ratio controller in reach 2 simply pulled the water level 

back to set point.  

 

Figure 3. EBID reaches 1 and 2 controller test response.  Turnout flowrates are increased 

from 20 cfs to 30 cfs for each reach. 

 

It should be pointed out that the downstream setpoint levels were changed for each 

simulation.  In addition, the initial main canal flowrates were also changed in two of the 

simulations.  These changes can be an issue for well tuned controllers because a change 

in setpoint will change the dynamics of the canal system response.  The change in main 

canal flowrates also changes the canal dynamics.  In other words, if a controller is 

optimally tuned for specific canal conditions, changes in the conditions will detune the 

controller and cause the control system to respond in a less than optimal manner.  In 

some cases, changes in parameters can cause instabilities.  However, the change in the 

setpoints and flowrates did not seem to cause any significant problem. 
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CONCLUSIONS 

 

All the tests in this study involved changing the turnout flowrate in one reach then as the 

controller responds to those changes, the turnout flowrate is changed in the second reach.  

This was done to try to create a scenario that modelled some of the more difficult canal 

operations circumstances.   

 

Figure 4. EBID reaches 1 and 2 controller test response.  Turnout flowrates are increased 

from 20 cfs to 30 cfs for each reach. 

 

Either control method performed adequately for the tests that were performed in this 

paper.  Even though there were changes in the operation parameters such as the canal 

base flowrates and the downstream setpoints, both controllers responded in a satisfactory 

manner despite using the same control gains for all of the tests.  This is an important 

point because the control gains are determined to operate the canal system in an optimal 

manner for specific operation parameters.  It may be argued that the controller tests for 

the parameter changes that did not have the controller tuned for those changes, may not 

have produced an optimal response.  But the response in all of the tests were similar.  It 

appears that there are less oscillations with the ratio controller, but further testing must be 

conducted to determine if this is the case. The size of the canal reaches.  
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SCADA PREVENTATIVE MAINTENANCE: REDUCING THE POTENTIAL  

OF UNEXPECTED FAILURES 

 

Kyle Feist1 

Zach Markow2 

Charles M. Burt3 

 

ABSTRACT 

 

Irrigation district infrastructure utilizing Supervisory Control and Data Acquisition 

(SCADA) systems can perform a critical service to irrigators, but also present the risk of 

damage to nearby property and humans in certain failure scenarios.  It is therefore 

prudent to minimize the scope, frequency, and duration of SCADA component failure.  

However, it is typical for irrigation districts to focus on corrective (post-failure) SCADA 

maintenance activities, instead of investing in preventive maintenance.  

 

Preventive SCADA maintenance requires budget and labor investment.  However, it is 

anticipated that it is possible to balance the effectiveness and expenses of a preventative 

maintenance program with some strategic forethought.  For example, preventative 

maintenance is a major topic of discussion in other industrial applications with similar 

economic and safety risks.  It follows that preventative maintenance can be a valuable 

tool, especially for complex systems such as SCADA. 

 

This paper provides a survey of several preventative maintenance philosophies and 

discusses preventative maintenance strategies for irrigation district applications.  A 

template for a preventative SCADA maintenance program is also provided.     

 

INTRODUCTION 

 

Electrical, electronic, and mechanical items deteriorate over time and use.  To keep 

systems running, worn items must be replaced and components require routine 

maintenance.  While it is well-understood that mechanical systems require periodic 

attention, maintenance of Supervisory Control and Data Acquisition (SCADA) systems 

can be less intuitive, but equally important.        

 

Implementing SCADA maintenance can be difficult because many systems lack: 

• Documentation.  SCADA systems are custom assemblies of hardware and software. 

User manuals with thorough maintenance schedules may not have been provided by 

the SCADA system integration firm. 

• Awareness.  While most people familiar with mechanical systems know to grease 

bearings and change oil and filters, there are few obvious maintenance tasks with 

SCADA systems.   
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Grand Ave, San Luis Obispo, CA, 93407-0730. 805-756-2434. kfeist@calpoly.edu 
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3 Cal Poly ITRC, 805-756-2434. cburt@calpoly.edu  
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• Budget.  Budgets are generally tight for most irrigation districts and justifying a 

request to increase the budget for unspecified maintenance is difficult. 

• Experience with failure.  Irrigation district SCADA systems are relatively new and 

district personnel may not be aware of notable failures that can occur with automated 

structures. 

 
In the authors’ experience, most irrigation districts follow the “fix it when it breaks” 

philosophy primarily because of the factors listed above, and because it requires less 

forethought.  The down side is that failures tend to negatively impact the level of service 

provided by the irrigation district.  The magnitude of the impact (impact level and 

duration) depends on the type of failure and availability of both hardware/software and 

the skilled labor of SCADA technicians.  

 

Not all SCADA component failures result in significant problems; some failures are only 

frustrating to technicians and operations staff.  Examples highlighting the range of 

SCADA failure impact categories (as defined by the authors) are listed in Table 1. 

 

Table 1. A range of SCADA system failure results, durations and the corresponding 

impact level category 

Scenario Potential result Duration range 
Impact level 

category 

A key sensor fails on an automated flow 
control gate without redundant sensors  

Operators are forced to 
visit the site frequently and 
make manual gate 
adjustments 

A few hours to a few 
weeks depending on 
technician readiness 

Low 

The calibration of a flow measurement 
device is modified incorrectly at the head 
of an upstream-controlled canal 

Tail end turnouts are 
shorted water; irrigators 
complain 

A few hours to a few 
weeks depending on 
technician readiness 

Medium 

A key sensor fails on an automated 
emergency spill gate without redundant 
sensors 

The canal overtops, and 
property is damaged 

A few hours High 

 

Because each irrigation district has a unique set of circumstances and infrastructure, it is 

the responsibility of the district to internally assign its own impact levels to various 

potential failures and failure results.  However, for all districts, failures resulting in 

damage to persons and property is a possibility.  It follows that avoiding such high-

impact failures altogether is preferred.  Avoiding failures in the first place requires: 

1. Adequate budget and available skilled labor. 

2. A good initial SCADA system design with documentation. 

3. A transition from reactive repairs to proactive (preventative) maintenance.   

 

GOOD SCADA SYSTEM DESIGN 

 

There are several aspects to “good” design practices.  Appropriate hydraulic control and 

measurement structures help improve accuracy and provide backup services to SCADA 

systems.  Examples of this include emergency spills, sensor stilling wells and applying 

adequate safety factors for sizing devices such as trash racks and pumps.  Other, more 

SCADA-specific design choices are equally important, such as using redundant sensors 
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for critical and/or control-related signals, alarm notification systems and selecting 

components with appropriate environmental ratings.      

 

MOVING BEYOND REACTIONARY REPAIRS 

 

When the failure cause and location are easily identifiable, repairing a component failure 

is relatively straight-forward.  This is because the failure inherently defines the “when” 

(probably as soon as possible) and “what” (replace the component) of the repair needs.  

Under preventative maintenance, the “when” (or how often) and “what” must be defined.  

 

It is difficult to perfectly schedule preventative maintenance activities.  On one hand, 

repeating the same maintenance activity too frequently can be considered an unnecessary 

expense.  Conversely, delaying maintenance activities increases the risk of a failure 

occurring.  Under good management, striking the right balance requires consideration of 

the following key factors: 

• Budget – to a large extent, maintenance activities are constrained by budgets 

• Criticality – prioritizing major infrastructure over lower impact assets 

• Flexibility – timely adaption of policies and procedures based on new evidence        

 

There are several philosophies that can be used to guide preventative maintenance 

activities: 

• Basic Interval – Tasks are triggered by the passing of a specific time duration (e.g., 

daily, monthly, annual).   

• Flexible Interval – Basic task intervals are adjusted based on the frequency of 

identified problems.  When maintenance checks repeatedly fail to identify any 

problems, the frequency of those maintenance checks are extended to minimize costs 

until problems are more regularly identified.   

• Performance threshold – Tasks are triggered when a certain performance threshold is 

exceeded; requires continuous or intermittent performance monitoring.   

 

Advantages and disadvantages of these philosophies are discussed in Table 2.   

 

Table 2. Advantages and disadvantages of different preventative maintenance 

philosophies 
Preventative 
maintenance 
philosophy 

Relative up-
front capital 

costs 

Relative 
ongoing 

labor input  Comments 

Basic interval $ $$$ Capital costs are low, but there is a higher probability of 
executing maintenance tasks both too frequently and/or not 
often enough.  

Flexible interval $$ $$ Asset management software may help increase efficiency at a 
slightly increased capital cost.  The additional labor to analyze 
maintenance results and determine adjustments to 
maintenance tasks is likely offset by reducing unnecessary 
tasks in the field. 

Performance $$$$$ $$ Substantial capital investment is required to install continuous 
performance monitoring equipment; alternatively, 
intermittent performance testing can also increase costs. 
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For readers contemplating the implementation of a preventative maintenance program, a 

good starting point is the basic interval approach.  As the tasks become familiar and good 

record-keeping practices develop over time, the next logical step is to transition to a 

flexible interval program and consider a limited deployment of performance-based 

maintenance for key sub-systems and components.   

 

MAINTENANCE ACTIVITIES 

 

To help readers better distinguish between different maintenance tasks, key terms and 

categories are defined in Table 3. 

   

Table 3. Categories of maintenance activities for a typical preventative maintenance 

program 
Category Action Example 

Visual inspections Looking for visual defects, deficiencies or problems Looking for cracks in conductor insulation 

Presence checks Checking for the presence of spare fuses in the 
correct type and quantity  

Functional testing Simulating control commands or alarm conditions 
and verifying on/off functionality 

Calling a gate to move up and down and verifying 
functionality 

Performance 
measurements 

Comparing actual performance metrics with 
minimum thresholds 

Measuring the current of a gate actuator and 
comparing the readings with manufacturer 
specifications 

Benchmarking Recording and tracking performance or 
environmental characteristics over time 

Recording ambient radio noise over time 

Administrative Tracking maintenance activities over time to 
identify trouble areas, sites or devices 

Entering maintenance logs into a database  

Procurement of tools or replacement components Purchasing consumables (e.g., fuses) or 
replacement instrumentation such as sensors 

Computers and 
office software 

Implementing firmware updates, replacing 
obsolete equipment 

Replacing hardware and updating software that 
has reached its official end-of-life, or is no longer 
supported by the manufacturer/vendor 

 

LOGISTICS AND IMPLEMENTATION RECOMMENDATIONS 

 

Good record-keeping practices and traceability are critical aspects to successful 

preventative maintenance programs.  Recommendations regarding logistics and 

implementation details can include:    

• Action item checklists are helpful for technicians.  The complete list of tasks is no 

longer executed based on memory but is written and easily transferrable to new 

employees. 

• A signature or initials from the person doing the work provides traceability and a 

beneficial transfer of responsibility to perform the work professionally. 

• To minimize paperwork and streamline record-keeping, several software options are 

available to irrigation districts.  In most cases, the software would be made available 

to field technicians on a mobile tablet or similar device.  Platform types (but not 

specific vendors) include: 

o Web forms.  Several cloud-based software platforms provide the background 

architecture necessary for the development and input tracking of custom 

electronic forms.  In some cases, the forms are developed by the software 
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vendor based on client criteria.  In other cases, the district may be able to 

create its own at any time.  

o Complete asset management software can include entire software platforms 

designed for tracking the maintenance of hard and soft assets. 

 

PREVENTATIVE MAINTENANCE PLAN TEMPLATE 

 

A preventative maintenance plan template is provided in Table 4 as a starting point for 

discussion and adaption by readers.  Table 4 lists several tasks and a preliminary 

frequency for executing the tasks.  If used, it is expected that the template would be 

modified over time to better represent the specific SCADA system being maintained.   

 

For readers with existing preventative maintenance programs, it is recommended that the 

template be reviewed and compared to existing program tasks.  In many cases, the 

authors have found many SCADA preventative maintenance programs to be incomplete 

when compared to the template.     

 

Table 4.  Preventative maintenance template for consideration and adaption 
Category Subsystem Frequency Task Justification 

Electric power 
source 

Any; utility 
or 
photovolta
ic systems 

3-5 years  Retorque service feeder, 
branch circuit, grounding, 
bonding and other critical 
terminal fasteners 

Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

Function test circuit 
breakers 

Circuit breakers, especially some older 
brands can wear out over time 

Visually check fuses; check 
for corrosion and test for 
resistance/impedance 

Fuse connections can corrode and be 
susceptible to oxidation over time 

Test all ground-fault and 
arc-fault interrupt devices 

Verifying safety functions to avoid the 
risk of damage to persons 

Grounding 
system 

3-5 years Visually inspect all 
grounding terminals, 
conductors and 
connectors; clean and 
apply protective coating if 
necessary 

Connections can corrode and be 
susceptible to oxidation over time 

Benchmark ground 
resistance/impedance to 
earth using the fall of 
potential method or equal 

Safety and electronic performance 
issues can arise when the 
resistance/impedance to the earth 
increases 

Benchmark the resistance 
between key points of the 
grounding/bonding system 

Terminals and connectors can corrode 
over time, decreasing grounding and 
bonding performance 

Solar 
panels 

Monthly Visually inspect for debris 
and dust on solar panels; 
clean if necessary 

Solar panel shading from dust and 
debris accumulation will decrease 
performance 

Annually Clean solar panels anyway             
 

Trim trees to avoid shading 
if applicable 

 

3-5 years Verify solar panel azimuth 
and bearing 

Wind gusts, seismic activity and 
vandalism can change the vertical and 
horizontal pointing of the solar panel; 
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Category Subsystem Frequency Task Justification 

poor pointing will decrease 
performance 

Retorque bracketry and 
railing fasteners/anchors 

Fasteners can loosen over time 

Solar 
charge 
controllers 

3-5 years Confirm temperature 
compensation is functional 

Temperature compensation 
coefficients need to be changed to 
match battery manufacturer 
recommendations; batteries with 
different coefficients can be used over 
time 

Check charge voltage 
setpoints 

Multi-stage charging setpoints need to 
be changed to match battery 
manufacturer recommendations; 
batteries with different setpoints can 
be used over time 

Retorque terminals Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

Benchmark charge profiles Multi-stage charging is a specific 
procedure of applying varying voltage 
and current to a battery as specified 
by the battery manufacturer 

Conductor
s (wires) 

3-5 years Visually inspect accessible 
conductor insulation for 
cracking and/or melting 

As the conductor insulation and jacket 
material age, the insulation/jackets 
can crack, creating corrosion and 
arcing potential 

Enclosures 3-5 years Visually inspect panels; 
clean out debris 

Dust and debris can be problematic 
for electronic equipment, decrease 
the convective cooling capacity and 
accelerate corrosion 

Visually inspect conduit 
penetrations; fill openings 
with conduit putty 

Open conduit penetrations allow 
insect and rodent ingress 

Batteries 
(not 
flooded) 

Annually Visually inspect battery 
terminals for corrosion; 
clean and coat with battery 
terminal protective coating 

Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

Annually Replace lead acid batteries 
over 10 years old 

Lead acid batteries should be 
expected to last 5-8 years under ideal 
conditions; the probability of more 
problems increases after 10 years of 
age 

Annually Replace lithium batteries 
over 15 (?) years old 

Lithium batteries should be expected 
to last 10-12 years under ideal 
conditions; the probability of more 
problems increases after 15 years of 
age 

3-5 years Retorque terminals 
 

 
Discharge test 
benchmarking 

Batteries lose energy storage capacity 
as they age; discharge testing is a 
performance test of a true deep cycle 
battery requiring special equipment to 
maintain a target discharge current 
over a number of hours 

Electronic 
controls 

Contactors 
and 

3-5 years Conduct function testing Electromechanical devices can wear 
out over time Benchmark coil and 

contact resistance 
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Category Subsystem Frequency Task Justification 

control 
relays 

Digital PLC 
outputs 

3-5 years Conduct function testing Electromechanical devices can wear 
out over time 

PLC 
general 

Annually Clean off any dust Dust can reduce heat dissipation and 
cause over-heating  

Instrumentation Analog and 
serial 
sensors 

Weekly Compare sensor reading to 
a reference measurement 

Sensors drift over time 

Annually Check full range calibration Sensors drift over time 

3-5 years Recalibrate sensors 
(including flow meters) 

Sensors drift over time 

Digital 
switches 

Annually Check functionality Electromechanical devices can wear 
out over time 

3-5 years Check contact resistance Electromechanical devices can wear 
out over time 

Spliced 
connection
s in the 
field 
possibly 
exposed to 
weather 

Annually Check connection and 
apply dielectric grease 

Exposed connections can be subject to 
accelerated corrosion due to 
environmental conditions 

RTU Vandalism 
enclosure 

Monthly Check for vandalism or 
environmental damage on 
locks and hinges 

 

Grounding 
and 
bonding 
system 

3-5 years Benchmark resistance 
between critical grounding 
and bonding points 

Terminals and connectors can corrode 
over time, decreasing grounding and 
bonding performance 

RTU 
enclosure 

Annually Inspect the enclosure for 
debris, leaks and dust.  
Clean as necessary   

Dust and debris can be problematic 
for electronic equipment, decrease 
the convective cooling capacity and 
accelerate corrosion 

Visually inspect enclosure 
door gasket for damage; 
replace as necessary 

Failing gaskets can increase water and 
dust ingress 

Conductor
s (wire) 

3-5 years Check for cracks or other 
failures in insulation 

As the conductor insulation and jacket 
material age, the insulation/jackets 
can crack, creating corrosion and 
arcing potential 

Conduit 
penetratio
ns 

3-5 years Verify or replace conduit 
putty seal 

Open conduit penetrations allow 
insect and rodent ingress 

Fuses and 
circuit 
breakers 

Annually Check for contact corrosion 
and function 

Circuit breakers, especially some older 
brands can wear out over time; fuse 
connections can corrode and be 
susceptible to oxidation over time 

3-5 years Re-torque critical 
conductor terminals 

Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

PLC Annually Check internal battery 
voltage 

The internal PLC battery provides 
backup memory functions and needs 
to be replaced intermittently;   

Annually Verify backup application 
files are available 

Up-to-date backup files are critical 
when a PLC fails 
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Category Subsystem Frequency Task Justification 

Terminal 
block 

3-5 years Retorque critical terminal 
block screw connections 

Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

Power 
supplies 

3-5 years Check the output voltage 
and AC ripple 

Power supply output voltages can 
change over time or be adjusted 
incorrectly; AC ripple is an imperfect 
conversion of AC current to DC current 
and can cause problems 

Operator 
interface 
terminal 

Annually Visually inspect and test for 
functionality 

Interface terminals have a limited 
lifespan, especially touchscreens with 
backlights 

Alarms Annually Function test critical alarms Alarms are the first indication of a 
problem and therefore should be 
functional 

3-5 years Test all software and 
hardware-based alarms 

 

Misc. Annually Check for spare fuse 
quantity; verify presence of 
as-built wiring diagram 

Small glass fuses are not always 
available locally with the correct 
rating; having wiring diagrams in the 
field, that are accurate, is critical for 
troubleshooting issues 

Gates and 
valves 

Gates Annually Clean and lubricate gate 
stems; check for 
misalignment and bending 

Gate stems should be clean and 
greased to minimize wear on the 
lifting nut; bent stem shafts can be 
problematic to actuators 

Actuators Annually Visually inspect actuator 
for oil leaks 

Losing lubricant can be a problem over 
time 

Fully stroke actuators that 
are not moved regularly 

Actuators should be operated 
regularly 

Verify full open/close limits 
and functions 

Correct open/close limits on the 
actuator are critical to achieve 
expected performance and prevent 
damage from over travel 

3-5 years Retorque mounting and 
enclosure fasteners 

Loose hardware can cause damage 

Retorque branch circuit 
conductors and motor 
leads 

Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

Replace actuator battery as 
recommended by 
manufacturer (5 years for 
some) 

Internal batteries lose capacity over 
time 

Benchmark actuator 
operating current 

Gates and valve can get more difficult 
to move over time, potentially 
overloading the actuator motor 

Pumps Variable 
Frequency 
Drives 

Monthly Verify cooling system 
performance; clean all air 
filters  

Cooling systems can be critical for VFD 
operation; overheating will result in 
unexpected nuisance tripping that can 
be frustrating 

Annually Visually inspect enclosures 
and clean dust and debris 

Dust and debris can be problematic 
for electronic equipment, decrease 
the convective cooling capacity and 
accelerate corrosion 

Verify backup configuration 
files are available and up to 
date 

Backups need to be verified 
intermittently; backup files are critical 
for VFD replacement and 
troubleshooting; many VFD allow the 
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Category Subsystem Frequency Task Justification 

complete configuration to be saved as 
a readable computer file 
(spreadsheet) for record keeping 

3-5 years Retorque branch circuit 
conductors and motor 
leads 

Heat cycling over time can cause 
loosening of terminals.  Loose 
terminals can cause arcing 

Communication
s / Networking 

Radios and 
accessories 

Annually Benchmark radio Received 
Signal Strength Indication 
(RSSI) and Signal to Noise 
Ratio (SNR) and data 
throughput 

Monitoring the ambient radio 
environment and specific radio 
performance is critical for future 
troubleshooting 

Verify backup radio 
configuration files 

Having access to the latest radio 
configuration file is critical if the radio 
needs to be replaced 

3-5 years Check antenna alignment Antenna can shift positioning over 
time 

Benchmark ambient noise 
levels using a spectrum 
analyzer   

 

Copper 
and fiber 

3-5 years Benchmark data 
throughput and 
percentages of lost packets 
across key network links 
using the "ping" test or 
equal 

Data traffic issues in copper and fiber 
systems can also occur over time 

HMI 
 

Annually Verify HMI automatic 
backup frequency and/or 
dates 

Automatic backups need to be verified 
intermittently; backup files are critical 
for computer hardware replacements 

3-5 years Test data and application 
file backup; test redundant 
hot-swapping functions 

 

Security Network Weekly Run software security 
scans 

Frequent security scans for viruses, 
malware, trojans, etc. are easy to 
schedule automatically 

Annually Review, test and 
implement security 
operating system patches, 
firmware updates, etc. 

Security and firmware updates are 
provided intermittently by software 
and hardware vendors 

3-5 years Review user access 
privileges, firewall rules, 
network segregation, etc.  

User access privileges and active 
accounts should be reviewed regularly 
and updated as needed 

Firewalls 
and 
managed 
switches 

Annually Verify documentation of 
system/configuration 
changes 

Up to date documentation and 
configurations are important 

Verify backup 
configurations for firewalls, 
managed switches and 
images of 
computers/servers 

Backups need to be verified 
intermittently; backup files are critical 
for computer hardware replacements 

3-5 years Update firewall rulesets 
and managed switch 
configurations 

 

Physical Weekly Verify physical access 
controls (locks, gates, etc.); 
Verify presence of spare 
keys 

Physical security measures can wear 
or be lost over time 
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Category Subsystem Frequency Task Justification 

Annually Verify/test and lubricate 
padlocks 

 

Monthly Review security footage for 
problems 

Review security video footage to 
identify problems in a timely manner 

Computers General Annually Clean out dust and filters Keeping computers cool and dust free 
can extend their lifespan 

3-5 years Test HVAC systems 
 

Verify and test all backup 
application files 

Up-to-date backup files are critical 
when hardware failure and 
replacements occur 

Verify and provide 
redundant backups for 
critical archive data 

Maintaining redundant copies of 
critical data is important; consider 
storing the two copies in separate, 
secure locations 

Computers 
(servers 
and 
clients) 

Annually Review, test and 
implement software 
updates 

Software updates occur over time and 
should be implemented after testing 

3-5 years Review, test and 
implement replacement 
programs for 
hardware/software 
without manufacturer 
support.  Replace end-of-
life products 

 

Mobile 
tablets and 
phones 

3-5 years Replace the device These items are typically consumables 
and tend to fail or become obsolete 
after 5 years 

 

 SUMMARY 

 

Implementing a preventative maintenance program is a worthwhile consideration for 

irrigation districts with sufficient budget and available skilled labor.  It is equally 

worthwhile to periodically evaluate existing preventative maintenance programs, test 

results and failure events in the field to determine if adjustments to maintenance 

programs are justified.   

 

All of this requires excellent and organized records.  It is anticipated that asset 

management software tools can assist irrigation district personnel in tracking and 

updating records.  However, the authors are unaware of any irrigation districts using 

specialized software for preventative maintenance program tracking in the irrigation 

district SCADA sector currently, despite common use in manufacturing and other 

industrial sectors.   

 

 

 



 

USCID 2019 Conference 23 

ANALYTIC SOLUTION FOR OPTIMIZATION OF GROUNDWATER-

CONNECTED POND SEEPAGE LOSSES 

 

Brandon House1 

 Roger Burnett2 

 Subhrendu Gangopadhyay3 

 

ABSTRACT 

 

Analytical groundwater equations were developed to estimate the required thickness of a 

compacted, earthen pond liner to achieve an acceptable seepage loss rate from a pond in 

hydraulic communication with the local groundwater. The derivation is presented as a 

supplement to this paper (Supplement 1) Factors that influence groundwater flow can be 

considered in the analytical solution including: groundwater elevation up- and down-

gradient of the pond; the regional groundwater flow direction; hydraulic conductivity; 

aquifer thickness; and no-flow boundaries. By developing reasonable ranges of values for 

pertinent input parameters, a stochastic analysis was also performed to provide a 

confidence interval on the pond liner thickness. The solution can be useful in cases where 

a rate of seepage from a constructed pond is either acceptable or desired. Post-

construction, the analytical solution can then be used to estimate seepage losses as a 

function of natural variation of the input parameters. Sensitivity of the calculated seepage 

losses to a one-percent change to the input parameters was evaluated. Groundwater 

elevation at the up-gradient boundary and hydraulic conductivity were found to be most 

influential to the rate of seepage losses. The solution was than iteratively solved for a 

range of these parameter values to produce a contour plot that can inform the decisions of 

water managers based on current conditions and continuously developing knowledge of 

the hydrogeologic system. 

 

INTRODUCTION 

 

A parcel of land purchased in the southwestern United States is slated for construction of 

four aquaculture ponds. Once complete, the total water surface area of the ponds is 

expected to be approximately 59 acres (ac) with both open water and marsh areas. Due to 

the remote location of the site, transportation of impervious geomembrane lining material 

would be costly. Instead, a compacted silt liner sourced from local materials is being 

considered for lining the ponds. With the purchase of the land, a groundwater right of 800 

acre-feet per year (afy) was included. Groundwater will be used to offset losses from the 

ponds due to evaporation, evapotranspiration (ET), and seepage. Exceeding this rate 

would be problematic and could have legal implications. The ponds will be located on a 

 
1 U.S. Bureau of Reclamation, Technical Service Center, Denver Federal Center, PO Box 25007 (86-
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2 Retired from U.S. Bureau of Reclamation, Technical Service Center, Denver Federal Center, PO Box 

25007 (86-68210), Denver, CO 80225-0007 
3 U.S. Bureau of Reclamation, Technical Service Center, Denver Federal Center, PO Box 25007 (86-

68210), Denver, CO 80225-0007 
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river terrace of an intermittent river channel in a bedrock bounded river-valley. The 

valley is oriented west-east. 

 

Analytical groundwater flow methods allow for the direct calculation of groundwater 

head without the need for numerical solvers. This has an advantage over numerical 

methods by simplifying the mathematical model development, producing numerically 

exact results, and being spatiotemporally continuous (Anderson et al., 2015). Application 

of analytical methods typically requires some level of simplification of the groundwater 

system to develop a workable equation. Despite this simplification, valuable insights into 

the system can be gained from the application of analytical methods. It is also possible 

for analytical methods to be used in lieu of numerical methods and produce a satisfactory 

answer to a given question. 

 

Analytical methods require the linearization of the groundwater flow equation. Once 

linearized, groundwater flow elements (e.g. pumping/injection wells, drains, 

gaining/losing streams, etc.) can be combined by superposition to develop a continuous 

equation for groundwater head within the problem domain (Strack, 2017). No-flow 

boundaries, aquifer thickness, and the regional groundwater gradient can also be 

accounted for. Here, we employ elements for: a leaky pond, a no-flow boundary, and the 

regional groundwater gradient to evaluate the required thickness of the compacted silt 

liner needed to reduce seepage from the pond to an acceptable discharge. 

 

METHODS 

 

Conceptual Model 

 

Groundwater flow through the river valley is generally from east to west ( 

Figure 1). The aquaculture ponds will be located on a low river terrace approximal 2000 

feet (ft) south from the river channel. Surface flow in the river channel is intermittent as 

most of the flow infiltrates through the river valley. South of the ponds is an older, 

relatively impermeable bedrock mountain range. Several ephemeral washes emanate 

from these bedrock mountains near the site. For this analysis, the mountain range is 

considered to be a no-flow boundary ( 

Figure 1). Contributions from the ephemeral washes are infrequent and were not 

considered in this analysis. 

 

To estimate the regional groundwater gradient, groundwater elevation (gwe) 

measurements from up- and down-gradient of the pond were used. Measurements from 

wells BH04 and BH01 were selected for use as the centroid of the pond lies close to the 

half-distance between them ( 

Figure 1). These wells were installed in 2016, therefore their measurement record is 

relatively limit for evaluating low-frequency trends. However, other wells nearby (BH02, 

BH03, and BH05) have a period of record spanning more than a decade ( 

Figure 1). Concurrent gwe measurements between these wells and BH04 and BH01 were 

available. Data from these longer period of record wells were shifted informed by the 

mean difference between the concurrent measurements so that a longer, pseudo-data set 
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could be developed for BH04 and BH01. The result was a mean gwe at BH04 (up-

gradient) of 594.2 ft with a standard deviation of 3.4 ft, and a mean gwe at BH01 (down-

gradient) of 581.9 ft with a standard deviation of 1.1 ft. 

 

 
 

Figure 1. General site layout and conceptual model. 

 

For application to the analytical groundwater flow equation, the four proposed 

aquaculture ponds were conceptualized as a single, circular pond with its centroid located 

at the area-weighted centroid of the four ponds ( 

Figure 1). The radius of the circle was calculated so that the area of the circle would be 

equal to the combined water surface area of the four ponds. 

 

Results from a subsurface investigation indicate the material below the ponds is 

predominantly silt and sand. As part of this subsurface investigation, measurements of 

horizontal hydraulic conductivity (K) where collect for approximately the top 30 ft of 

material in the area where the ponds will be located. K data were collected at 0.05 ft 

intervals using a hydraulic profiling tool (Geoprobe Systems®). Arithmetic means of K 

data were calculated for each test site – 14 sites in total. The test sites together have a 

mean K of 74.0 feet per day (ft/d) and a standard deviation of 12.4 ft/d. Samples of the 

silt material, proposed for lining the ponds, were collected for laboratory tests. Testing 

estimated the K of the compacted silt to be 0.01 ft/day. 

 

Completion depths of wells in the area and a steady-state groundwater model of the river 

valley suggest that the upper aquifer is shallow – ranging between 50 to 60 ft thick. 

Completion depths from five groundwater pumping wells near the ponds were used to 
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estimate the aquifer thickness (locations not included in this paper). These resulted in a 

mean thickness of 50.5 ft with a standard deviation of 7.2 ft. 

 

In addition to seepage losses, water is also expected to flow out of the ponds from direct, 

open-water evaporation and ET from the proposed marsh areas within the ponds. The 

areas for each were calculated as 28.5 ac and 30.5 ac for open water and marsh, 

respectively. An open-water evaporation rate from data collected at a nearby weather 

station was used to calculate evaporative losses. The same source was also used to 

calculate ET losses from the marsh areas. In total, these two outflows are estimated to be 

330 afy. 

 

Precipitation which falls directly on the pond water surface and marsh will contribute to 

replacing losses. An average annual precipitation rate for the area was calculated using a 

dataset spanning 1950 to 1999. This rate was applied over the area of the water surface 

and marsh areas of the ponds (59 ac). It is estimated that direct precipitation will 

contribute approximately 31 afy of inflow to the ponds. 

 

Analytical Solution Description 

 

An analytical groundwater flow equation was derived to evaluate seepage from the 

aquaculture ponds (Equation 1). Derivation of the equation was based on Strack (2017) 

and, and for the interested reader, it is provided as a supplement of this paper (S1) – 

along with a complete description of variables. The equation accounts for: a west-

northwest trending no-flow boundary, the regional east-to-west groundwater gradient of 

the valley, and seepage from the ponds. This method assumes a homogeneous K, no other 

sources or sinks (e.g. pumping, flow from the washes, or gains/losses from the river), and 

that the aquifer is shallow. The equation calculates potential (head) and 

streamlines/flowlines at a given location, z, where z is a complex number of the Cartesian 

coordinates x and y (i.e. z = x + iy).  

 

 Ω = −𝑄𝑢𝑓 [𝑧𝑒−𝑖𝛼 −
𝑅2𝑒𝑖𝛼 

𝑧+𝑖𝑑
−

𝑅2𝑒𝑖𝛼 

𝑧−𝑖𝑑
] +

𝑄0

2𝜋
ln (

𝑧+𝑖𝑑

𝑅∞
) +

𝑄0

2𝜋
ln (

𝑧−𝑖𝑑

𝑅∞
) + Φ∞  (1) 

 

where Ω is the complex potential containing information on both head and the 

sterlines/flowlines, Q0 is the seepage discharge from the pond, and other variables are 

defined in S1. The spatial origin of the equation is located at the perpendicular 

intersection of the no-flow boundary and the pond centroid. The solution area is 

constrained to a rectangular between BH04 and BH01. 

 

By setting the potential at a point on the boundary of the pond to the water surface 

elevation within the pond, a derivation from Equation 1 can be made to estimate the 

seepage discharge from the pond with no lining: 

 

 𝑄0 = 2𝜋
Φ0−Φ∞+−𝑄𝑢𝑓𝑒−𝑖𝛼[𝑅+𝑖𝑑−𝑅𝑒𝑖2𝛼(1+

𝑅

𝑅+𝑖2𝑑
)]

ln(
𝑅2+𝑖2𝑑𝑅

𝑅∞
2 )

 (2) 
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Due to the need to simplify the groundwater system for use of an analytical solution, the 

uniform flow field portion of the equation does not account for the no-flow boundary. It 

is expected that, for this application, results will not be significantly affected as the 

uniform flow field is slightly oblique to the no-flow boundary ( 

Figure 1). 

 

A One-Percent Scaled Sensitivity analysis was used to evaluate the effects of four input 

parameter on seepage from the pond using Equation 2 – up-gradient gwe, down-gradient 

gwe, K, and aquifer thickness (Hill, 1998). This sensitivity analysis calculates the change 

in seepage based on a one-percent increase to a single parameter value (Figure 2). The 

analysis indicates that an increase in K and aquifer thickness result in an increase in 

seepage; while an increase in either the up- or down-gradient gwe result in a decrease in 

seepage – with the up-gradient gwe producing a greater change. Note that the analysis 

does not indicate that the solution is more sensitive to K than other parameters considered 

– which may seem unintuitive. This is due to a one-percent increase in K being relatively 

negligible (i.e. 74.0 ft/d vs. 74.7 ft/d) as K is known to vary on a log scale (i.e. 101 vs 

102). 

 
Figure 2. One-percent scaled sensitivity for seepage from pond 

 

Compacted Liner Thickness 

 

Estimation of the required thickness of a compacted earthen-material pond liner to 

achieve an acceptable seepage discharge can be derived from Darcy’s Law as: 

 

 𝑥𝑙𝑖𝑛𝑒𝑟 =
𝐾𝑙𝑖𝑛𝑒𝑟×𝐴𝑝𝑜𝑛𝑑(𝜙𝑝𝑜𝑛𝑑−𝜙𝑔𝑤)

𝑄𝑠𝑒𝑒𝑝𝑎𝑔𝑒
 (3) 
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where xliner is the thickness of the compacted lining material, Apond is the area of the 

saturated, horizontal surface of the pond liner, φpond is the water surface elevation in the 

pond, φgw is the groundwater head around the pond, and Qseepage is the acceptable seepage 

discharge from the pond. Some assumption is required in choosing φgw as it will vary 

spatially over the area of the pond. As, Equation 1 is not valid for solving for the head 

within the pond, the mean head around the boundary of the pond was used. 

 

RESULTS 

 

A water balance of the pond includes outflows from ET, evaporation, and seepage and 

inflow from direct precipitation. Adjusting for these factors from the water available 

through the groundwater right yields an acceptable seepage discharge from the pond 

(Qseepage) of approximately 500 afy. 

 

Seepage from the unlined aquaculture ponds was first evaluated to asses if losses under 
an unlined condition were less than the acceptable losses. Using mean parameter values, 
seepage was calculated to be approximately 665 afy (Equation 2). This rate was input into 

Equation 1 to solve for head over the site using mean parameter values ( 
Figure 3). Using Equation 2 and mean parameter values, seepage loses from the pond 

were also calculated. Contours of head provide insight into how the hydrogeologic 

system will change post-construction of the ponds. The solution indicates that a localized 

groundwater mound will be created by seepage from the ponds, and that seeped water 

will predominantly flow to the east-northeast. 

 

 

 

Figure 3. Potential/Head contours for the unlined pond case. 
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Seepage losses from the unlined pond are estimated to exceed acceptable losses by 
165 afy; therefore, a lining is necessary. The mean groundwater head around the pond 

boundary when the pond is seeping the acceptable, 500 afy was calculated to be 593.9 ft 
(Equation 1). To meet the acceptable seepage losses, a compacted silt liner of 

approximately 2.1 ft will be required (Equation 3). The head distribution post-lining of the 
pond (i.e. with seepage equal to the acceptable seepage discharge) was calculated using 

Equation 1 and mean parameter values. The results indicate a smaller groundwater mound 
than in the unlined case while maintaining the general east-northeast flow ( 

Figure 4). 

 

 
 

Figure 4. Potential/Head contours for the lined pond case. 

 
Stochastic Analysis of Liner Thickness 

 

To evaluate the uncertainty in the estimated thickness of the compacted liner, stochastic 

methods were employed using four input parameters: up-gradient gwe, down-gradient 

gwe, K, and aquifer thickness. Parameters where allowed to vary between ± 1.645 

standard deviations of their respective mean. An independent, random and uniformly 

distributed value was generated for each parameter for each iteration. Analysis continued 

until a minimum number of iterations were met and the mean of the generated liner 

thickness dataset converged to within 10-3 ft – approximately 30,000 iterations. The liner 

thickness data were found to approximate a light/short-tailed Normal distribution with a 

slight left skew (a skewness of -0.03) (Figure 5). 
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Figure 5. Histogram of liner thicknesses from stochastic analysis from approximately 

30,000 iterations (number of bins = 50).  

 
Confidence intervals for the Normally-distributed liner thickness dataset can be 

calculated by: 

 

 𝑥𝑙𝑖𝑛𝑒𝑟̅̅ ̅̅ ̅̅ ̅ ± 𝑧𝑐
𝜎𝑙𝑖𝑛𝑒𝑟

√𝑛
 (4) 

 

where 𝑥𝑙𝑖𝑛𝑒𝑟̅̅ ̅̅ ̅̅ ̅ is the arithmetic mean of the liner thickness, zc is the Normal distribution 

critical value read from a table based on the desired confidence level, σliner is the standard 

deviation of the liner thickness, and n is the number of samples (in this case, the number 

of iterations) (Spiegel et al., 2013). Using a 90% confidence interval, the required pond 

liner thickness is estimated to be 1.9 ± 0.01 ft. Note that this is less than the thickness 

calculated directly using mean parameter values. This is likely due to the skew of the 

distribution towards the left. This skew is a function of the underlying equations 

(Equation 1 and 3). 

 

Results of the one-percent scaled sensitivity analysis and knowledge of hydrogeologic 

systems suggest that the gwe at the up-gradient boundary (BH04) and K are the two 

parameters likely to have the greatest effect on the required thickness of the compacted 

silt liner. A contour plot of calculated liner thickness was generated based on changes to 

up-gradient gwe and K (Equation 1 and 3). The up-gradient gwe was allowed to vary 

between 1.645 standard deviations of its mean and K over two orders of magnitude. The 

result indicates that the liner thickness requirement can vary considerable within an order 

of magnitude change of the mean K value (Figure 6). The required liner thickness when 
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using mean parameter values is indicated on the plot as 2.1 ft while the red-dotted lines 

indicate the mean parameter values of their respective parameters. 

 

 
Figure 6. Contours of compacted silt liner thickness from varying up-gradient gwe and 

hydraulic conductivity. Red dotted lines indicate mean values of their respective 

parameters. Black dot and text indicate the liner thickness under mean parameter 

conditions. 

 

Figure 5 suggests that as K increases, the impact of changes in the up-gradient gwe on the 

required liner thickness increase. At lower K values, variation in the up-gradient gwe 

results in less significant changes to the required liner thickness. The plot can also be 

used during any additional field study to update the estimate of the required thickness of 

the compacted silt pond liner. 

 

CONCLUSIONS 

 

Results indicate that under the assumptions and limitations of this analysis, the 

aquaculture ponds will require lining to reduce total pond losses to less than the 

groundwater right associated with the site. With 90% confidence the aquaculture ponds 

would require a compacted silt liner of 1.9 ± 0.01 ft thick to reduce seepage losses to less 

than the acceptable discharge of 500 afy. As additional K and gwe data are collected, 

Figure 6 can be used to inform an update to this estimate. 

 

Possible improvements to this work would be to evaluate inclusion of the no-flow 

boundary in the uniform flow field calculation. If it is not able to be explicitly included, it 

is possible that adding a series of recharging well terms on the no-flow side of the 
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boundary could provide a similar result. If significant pumping is expected in the area 

near the ponds, this should also be added to the calculation. Effects of pumping could 

drastically alter the conclusions of this work.  
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SUPPLEMENT 1 (S1) 

 

Angled uniform flow with two neutral ponds 

 

The equation for the complex potential, Ω, of angled uniform flow with a neutral pond is 

provided in Strack (2017) as equation 8.207: 

 

   (S1) 

 

where Quf is the uniform flow over a unit width, z is the complex variable related to 

location, R is the radius of the pond, Φ0 is the discharge potential at the pond boundary, 

and α is the angle of uniform flow relative to the x-axis. 

 

For the addition of a no-flow boundary at some distance, d, from the centroid of the 

pond, an image pond is added with identical recharge/discharge. The location of the pond 

is z + id and the image pond is z - id. Strack (2017) 8.180 is the complex potential of 

uniform flow with one neutral pond. This can be expanded to include another pond be the 

addition of a term: 

 

  (S2) 

 

The process in Strack (2017, pg 255) can be repeated with the additional term to result in 

a modified version of 8.189: 

 

  (S3) 
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Values inside the parentheses can then be substituted into (S1): 

 

  (S4) 

 

Equation S4 is then the complex discharge for angled uniform flow with two neutral 

ponds located at z + id and z - id. 

 

Angled uniform flow with a recharging pond and no-flow boundary 

 

The complex potential for a non-neutral pond in a field of uniform, horizontal flow is 

(8.192): 

 

  (S5) 

 

where Q0 is the flow to or from the pond, Φ∞ is the far-field discharge potential, and R∞ 

is the distance to the far-field boundary. The middle term incorporates the 

discharge/recharge occurring from a pond – where a negative value indicates flow into 

the aquifer. In this case there are two ponds, real and image. Therefore, this term is 

repeated for both ponds. 

 

  (S6) 

 

These terms can then be incorporated into S5 to derive the equation for angled uniform 

flow with a recharging pond and a no-flow boundary along the x-axis: 

 

 
 (S7) 

 

Note that the above can undergo further simplification. When done, the resulting flow 

field showed branch cuts which emanated from the pond centroids along the y-axis. This 

conflicted with the continuity of stream lines though the area of interest. Therefore, the 

equation was left in its non-simplified form. 

 

Discharge from a pond as a function of pond water surface elevation 

 

To calculate the discharge from the pond from the potential (head) difference between the 

pond water surface and ambient groundwater elevations, S7 can be solved for the 

discharge potential at the pond boundary – Φ∞. This is done by setting z equal to a 

location on the pond boundary. In this case, z = R + id was chosen: 
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  (S8) 

 

Discharge potential is the real component of the complex potential therefore: 

 

  (S9) 

 

Solving for the discharge to or from the pond, Q0, yields the final equation: 

 

  (S10) 

 

List of Variables 

 

d Distance from x-axis to pond centroid [L] 

R Radius of the circular representation of the pond, [L] 

R∞ Radius of far-field boundary conditions, [L] 

Quf Uniform flow through a section of unit width, [L2 T-1] 

Q0 Discharge from pond [L3 T-1] 

z z -coordinate; complex variable (= x + iy) 

α Angle between the x-axis and direction of uniform flow [rad] 

Φ0 Discharge potential at pond boundary [L3 T-1] 

Φ∞ Far-field discharge potential [L3 T-1] 

Ω Complex potential; complex variable (=Φ + iΨ) 
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FLOAT ACTUATED GATE FOR SLOW DEWATERING OF REMNANT 

FLOOD PLAIN AND FISH PASSAGE  

 

Daniel J. Howes1 

John Carlon2 

 

ABSTRACT 

 

Along major river channels in California there are a number of remnant flood plains. 

These areas often flood even during drought years.  The flood water brings juvenile fish 

that thrive in the food rich environment, but then become trapped.  This paper describes a 

novel gate, designed by the authors to automatically actuate when the pool is filled, and 

slowly release water back to the river.  The float actuated bifold gate discussed will 

provide up to 16 days of retention, releasing water and fish back to the river 

continuously, as the water level in the pool drops.  The gate structure and passage had to 

meet NOAA fish passage guidelines to ensure minimal harm to the fish as they return to 

the river. 

 

INTRODUCTION 

 

Prior to development of California, the Central Valley (Sacramento and San Joaquin 

Valleys) contained major flood plains that would flood in the winter and spring as the 

snow in the Sierra Nevada’s melted (Fox et al. 2015).  Since development began in the 

mid 1800’s, major waterways were constricted with levees to protect human life and 

infrastructure. An argument can be made that channelization has created a habitat for 

migratory fish which is not optimal for survival.  The flooding would have provided an 

area for juvenile fish and food to grow and be released back to the river channel. 

 

River Partners was working on a project north of Colusa, CA along the Sacrament River 

at Willow Bend. On the project, a low-lying area between the U.S. Army Corp of 

Engineers (USACE) levee and the main river channel flooded under medium and high 

flow conditions.  River Partners’ staff realized that juvenile fish that enter during the 

flooding thrive in the food-rich environment of the small pond but become trapped and 

cannot return to the river once it drops to an elevation of approximately 72’ (mean sea 

level (MSL) below the top of the bank). 

 

River Partners contacted Cal Poly Irrigation Training and Research Center (ITRC) to 

develop a novel gate solution at the remnant floodplain that would hold back water but 

automatically slow release it back to the river.  The ponding basin/remnant flood plain is 

between the river and the main USACE’s levee to the east (Figure 1 and Figure 2).   

 

 
1Associate Professor, Irrigation Training and Research Center, California Polytechnic State University, San 

Luis Obispo, CA 93407. djhowes@calpoly.edu 
2 President, River Partners. 580 Vallombrosa Ave. Chico, CA 95926. jcarlon@riverpartners.org  

mailto:djhowes@calpoly.edu
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Figure 1. Willow bend ponding basin with preliminary grading plan 

 

 

Figure 2. Initial proposed location of new gate structure 

USACE 

levee 
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The main objective of this project was to develop a gate structure that would 

automatically drop the water level in the pond by releasing a small flow from the pond 

continuously and consistently. While in theory this is not difficult with today’s 

technology, there are several constraints that create challenges. These constraints include: 

 

1. The site where the gate will be located can be under more than 10 feet of water 

(above the top of the proposed gate) during maximum flood stage. During typical 

flooding of the pond the entire gate would still be submerged.  This eliminates the use 

of computer/PLC-controlled gates. 

2. After the first year, the site should be relatively maintenance-free with limited-to-no 

manual operation possible. Someone may come to the site several times per year but 

daily or weekly visits and operation should not be assumed. This eliminates simple 

manual structures such as flashboard weirs. It should be noted that NOAA Fish 

Passage requirements require regular monitoring during operational periods for the 

first-year post-construction.  

3. There are numerous fish passage and bypass considerations for getting fish from the 

pond back to the river. These will be discussed throughout this paper. 

 

The site location is north of Colusa, CA along the Sacramento River.  MBK Engineering 

worked with River Partners to develop preliminary grading plans so that the pond can be 

fully dewatered. Figure 1 shows one of the preliminary grading plans at the site. The 

current design has the site being graded towards an outfall location in the northwestern 

portion of the site where the proposed gate structure will be located.   

 

The grading plan has a potential maximum retention in the pond of 67 acre-feet (AF) 

with a target high water level elevation of 71.3 feet (above mean sea level).  The goal is 

to retain water (from target elevation of 71.3’ to empty) in the pond for approximately 

14-16 days to increase residence time of juveniles on the floodplain, optimizing their 

foraging activity on zooplankton found in the shallow flooded field. Therefore, a 

continuous outflow from the new gate structure of approximately 2 cfs should provide 

sufficient outflow to meet bypass concerns and meet the retention timeframe. The actual 

retention will depend on evaporation, seepage, and final grading.  Evaporation is low 

during the winter and early spring, when the pond will fill.  

 

OUTFLOW STRUCTURE 

 

There were two major considerations when designing this structure. The first is that it 

must work hydraulically. The second is that it must meet fish passage criteria set forth in 

the “Anadromous Salmonid Passage Facility Design” report developed by NOAA (July 

2011). There were many other considerations taken into account such as those discussed 

previously (complete submergence, limited manual interaction, longevity, corrosion, 

etc.). 

 

The gate design described in this report is novel and would need to be fabricated and 

installed by professionals.  However, the general retention basin outlet is similar to many 

of the existing bypass systems for fish screens installed to protect fish at irrigation 
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diversions. Additionally, the technology, such as the bifold gate and floats, are common 

for water control. These are configured differently than they would be for many water 

control projects making it novel but not experimental.  The overall structure is designed 

to meet NOAA Fish Passage and Bypass criteria. Figure 3 shows some bypass and outfall 

design concepts used in this design that have been successfully used in other projects. 

 

 

Figure 3. Examples of concepts approved for fish bypass (downwell and outfall pipe) that 

were used for Willow Bend. 

 

The structure itself is a combination of a fish passage (gate crest and upstream) and a 

bypass (downstream of the gate crest to the river). Figure 4 shows a simple sketch of the 

gate structure components and the design criteria used.  Even with these criteria defined, 

there are specific criteria within either the general fish passage or bypass categories that 

do not pertain to this design.   

 

 

Figure 4. Simple sketch showing the general design criteria categories (Bypass or Fish 

Passage) relative to the gate structure components. 

 

Passage Bypass 

To River 

Adjustable Hinge Gate 
Downwell 



 

USCID 2019 Conference 39 

Figure 5 shows the proposed gate structure. It should be noted that the sides will be 

backfilled with soil to a height equal to the existing bank (72’ elevation).  Additionally, 

there should be a perforated steel walkway up to the front trash screen back to the 

upstream side of the float bays. It should extend along the top of the gate passage and 

over the bypass. However, as the floats are currently configured (with 4 supports 

connected on the corners), no covering of the float bays is possible without covering the 

entire structure.  The walkway should be segmented and removable to allow access 

underneath.   

 

This paper focusses on the hydraulic design of the structure and gate components.  Forces 

and structural components of the gate were investigated more thoroughly than the 

physical concrete gate and walkway components. Those should be designed 

appropriately.   

 

 

Figure 5. Overall proposed gate and bypass structure. 

 

Individual components will be discussed in order from the upstream side to the bypass 

(left to right in the figure above).  Footings are not shown but are needed on the upstream 

side of the concrete floor. 
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Trash Screen 

 

The front trash screen will prevent large debris from entering the gate structure.  The 

screen is a simple design with slanted vertical bars that will be fastened to a support 

across the top and to the concrete floor (Figure 6). The flow into the gate structure is low 

relative to the size of the screen and the upstream channel, so a significant amount of 

debris is not anticipated. Nevertheless, this will need to be cleaned at least one or two 

times per season.  The course trash screen is designed to meet fish exit criteria (4.8.2).  

The velocity is less than 1.5 ft/s and the slot openings are 10 inches because Chinook 

salmon could be present (although unlikely).   The preliminary design shown has a 1:1 

slope, meeting the 1:5 or flatter slope requirement.   

 

The final design may include short smooth and rounded tabs protruding upstream 

perpendicular to the screen every 24” vertically on the angle (spaced with supports) and 

20” horizontally (every other bar).  This will “catch” debris floating in the water so it 

does not go lower as the water level in the pond drops.  

 

 

Figure 6.  Trash/debris screen 

 

Perforated Steel Screens on Float Bays 

 

Punch plate screens are made of sheet metal with pre-punched holes, which create a 

smooth surface that can prevent smaller debris from entering.  These should be placed on 

an angle to promote flow/velocities towards the gate. These holes should be 0.5-0.75 

inches in diameter and the steel should be approximately 16-gauge carbon steel. It is 

recommended that these be coated with primer and paint.  The flat surface allows for ease 

of cleaning when necessary.  These should be fit into slides attached to the concrete so 
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they can be removed if necessary. U-shaped connections should be welded to the top so 

that a backhoe or excavator can be attached (with chain, etc.) for lifting. 

 

 

Figure 7. Perforated screens in front of float bay entrances. 

 

Walkway and Cover 

 

A walkway is needed over the front of the structure for fall protection and access to the 

gate and trash rack. The walkway should be removable to provide access to the structure 

below. An access ladder on one side of the structure is recommended with a hinged, 

locking hatch on the walkway above so a person can enter without the need of equipment 

to lift that portion of the walkway.  Other sections can be larger and require a backhoe or 

excavator to lift the walkway segments.   

 

Cover over Float Bays.  To alleviate concerns regarding debris entering the float bays and 

potential damage by floating debris on the gate, a protective cover is recommended. This 

cover must be detachable so that it can be removed if access to the float and gate 

assembly are necessary.  The cover should also have a door on the front and back over 

the gate channel for access to the gate and downwell.  The cover should be perforated 

with 0.75-1” holes on all sides to allow natural light in and allow water and air to flow 

through.  Figure 8 shows an example of the cover over the conceptual structure.  Special 

care is needed to allow for the operation of canal gates (all 4) on the float bays.  The gate 

wheels will be impeded by the cover. If the actuator wheels/top of gate frame is placed 

level with the top of the concrete float bays, notches can be cut out over the cover near 

the bottom to allow the cover to fit and gate opening wheels to move freely. 

Front View Top View 

Perforated 

screens 
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Figure 8.  Cover over gate assembly and float bays. Also shows location of walkway. 

 

Float Bays 

 

The float bays are hydraulically connected to the upstream water level through an 

opening on the upstream side.  These bays must have an inside opening large enough to 

house the 4’ by 6’ floats that will be used to actuate the gate.  Gate and float details will 

be discussed in the following sections. Dimensions assume 0.5’ wall thickness. If wall 

thickness is increased, inside dimensions shown must not change.  Approximately 0.5’ of 

space is needed between the floats and the interior walls of the bay for the float guide 

units. 

 

The upstream holes in the bay should be at least 2’ in diameter so the bay fills quickly 

when water is filling the retention pond.  Canal gates should be mounted on these holes 

so they can be closed in special cases as will be discussed. Normally these gates 

(upstream side) will remain open. These gates can be normal canal gates similar to the 

Waterman C-10 or Fresno Valve and Castings Model 101C. 

 

Flushing holes for emergency dewatering are also needed on the float bays. These are on 

the downstream side of the gate and empty into the bypass channel.  These holes should 

be 1’ in diameter with a 12” canal gate.  These canal gates can be the same model (but 

12” instead of 24”).  Care should be taken during design and installation to ensure the 

frame does not impede the float movement since these will be inside the float bay. Locks 

should be installed on all gate opening wheels to prevent unintended modifications of the 

gates.  Stops should be placed on the gate stem 4” below the gate frame to limit the gate 

opening preventing excess turbulence in the downwell. 
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Figure 9.  Float bay configuration and approximate dimensions (float guides not shown) 

Operationally, there may be a case when the retention basin must be dewatered quickly.  

The most effective way to do that would be to close the two 2’ upstream gates and open 

the two 1’ downstream gates in the float bay.  This will drain each bay and lower the 

bifold gate.  This should be monitored closely so that both bays drain at the same rate. To 

help ensure this, the downstream flush/emergency gates should be opened at the same 

time or slowly opened with two turns on each gate until they are both open to the 

stoppers.   
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Bifold Gate 

 

After several iterations of different adjustable weir designs, the bifold gate was chosen.  

The major advantage over a simple hinge/dropleaf gate is the reduction in vertical force 

on the top of the gate. The bifold gate is hinged at the bottom at a fixed point. It is also 

hinged at the top and attached to a slide that allows the downstream end of the top leaf to 

move vertically.  The top and bottom gates join at a hinge in the center. The gate and 

frame are currently designed so they can be installed by dropping them into the structure 

between the float bays. Figure 10 shows the gate drawn with more detail than the 

previous sketches (note that the float bays in these drawings do not have the upstream 

and downstream holes and canal gates to reduce clutter). 

 

The bifold gate and side walls and other steel components that will be submerged over 

long periods (below the crest of the gate as a reference) should be constructed from 

stainless steel or hot dipped galvanized to prevent corrosion. The gate slides should use 

ultra-high-molecular-weight polyethylene (UHMWPE). These have low coefficient of 

friction, high force ratings, and are abrasion resistant. The slides are attached to the heavy 

wall channel that is fixed to the top of the gate and top of the actuating frame (Figure 11).  

The channels move against a fixed, heavy wall square tubing that runs vertically the 

entire height of the structure to above the actuating frame. 

 

 

Figure 10. Bifold gate proposed for Willow Bend 
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Figure 11. Gate slide details 

 

Preliminary computations for forces on the gate are shown in Table 1, referencing the 

free body diagram in Figure 12.  The intermediate computations are not shown and at 

lower gate heights the forces overestimate the Ax and Cx forces because the upward 

pressure force on the gate from the downstream water level was not taken into account.  

These forces should be considered rough, preliminary computations and were used to size 

the floats as will be discussed in a proceeding section.  The weight of the steel 

components from the top of the gate to the floats was not included in this analysis but 

should not change the float size needed unless the weight of these (plus Cy) is greater 

than the buoyancy of the floats. A key to the variables shown in Figure 12 is: 
 

• D/S and U/S are downstream and upstream, respectively 

• Fp1 = upstream pressure force on bottom gate leaf 

• Fp2 = downstream pressure force on bottom gate leaf 

• FpT = upstream pressure force on top gate leaf 

• A and C are the fixed hinge points at the top and bottom, respectively 

• Opening angle is the angle from the floor to the bottom gate leaf (45 degrees is 

maximum height) 

• Water depth is 1.5 feet above the top of the gate due to a trapezoidal weir that will be 

installed at the top to maintain the desired flow rate. This will be discussed in the next 

section. 
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Figure 12. Side view of gate free body diagram. X is horizontal and Y is vertical 

 

 

Table 1. Approximate forces on gate at hinge points A and C. These are for preliminary 

design only. Forces do not include the weight of the actuator frame, float frame, or floats. 

 

Component Value Unit         

Upper Leaf Wt 295 lbs W1        
Bottom Leaf Wt 233 lbs W2        
Gate Leaf Length 3.7 ft         
Gate Width 2.0 ft         

            

 Gate U/S Water D/S Water        
Opening Angle Height Depth Depth Fp1 Fp2 FpT Ay Ax Cy Cx 

Degrees Feet Feet Feet lbs lbs lbs lbs lbs lbs lbs 

45 5.33 6.83 2 2585.8 353.0 1332.3 23.0 1493.4 -85.6 -1027.4 

40 4.85 6.35 2 2414.8 388.3 1275.3 189.7 1272.0 142.4 -850.3 

35 4.32 5.82 2 2230.7 435.2 1213.9 280.4 1079.2 332.0 -646.9 

30 3.77 5.27 2 2035.1 497.5 1148.7 295.5 930.0 486.9 -413.2 

25 3.19 4.69 2 1829.3 566.1 1080.1 240.2 835.6 602.3 -154.7 

20 2.58 4.08 2 1615.0 637.6 1008.7 133.9 846.8 691.4 167.5 

15 1.95 3.45 2 1393.8 711.3 934.9 -13.6 1040.2 758.4 621.6 

10 1.31 2.81 2 1167.3 786.8 859.4 -192.3 1631.3 807.5 1416.0 

5 0.66 2.16 2 937.3 863.5 782.8 -391.8 3676.0 842.5 3601.3 

2 0.26 1.76 2 798.3 801.6 736.5 -435.8 9211.0 831.5 9185.4 

 

 

W2 
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Figure 13. Preliminary sketch with gate in fully up position. Trapezoidal weir is not 

shown. Gate dimensions shown in inches 

 

Removable Trapezoidal Weir 

 

A removable trapezoidal weir should be placed on the top of the bifold gate that moves 

vertically.  This is necessary to achieve the target flow of 2 cfs while meeting fish 

passage recommendations in Section 10.2.1.  The trapezoidal weir will also allow for 

adjustment to flows and water depths for fine-tuning of the structure.  Initial 

computations place the weir crest 0.4’ above the bifold gate crest with a crest width of 

0.55’ as shown in Figure 14.  A water depth over the trapezoidal crest is 1.1’ with a flow 

of 2 cfs (2 times the breadth) and the top width of the flow will be 1.1’.   

 

The recommended trapezoidal weir should be inserted into channels attached to the top of 

the bifold gate crest.  It can be manufactured from wood or steel.  It is suggested that 1” 

sanded plywood (painted or stained to prevent water damage) be used initially until the 

final fine-tuning is completed. 
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Figure 14.  Trapezoidal weir on top of the bifold gate 

 

Floats and Actuator Frame 

 

There were several constraints regarding the float designs. The first constraint was 

obviously to counter the forces on the gate including the weight of the gate and 

components.  The second was to limit the amount of change in water depth over the weir 

(decrement) due to changes in forces.  The weight of the gate and its components (slides, 

actuator arms, float, housing, etc.) are consistent regardless of gate opening. However, 

hydraulic forces on the gate change as the depth changes.  The forces at the C location in 

the y direction (Cy in Table 1) are the critical values in this evaluation.  The resulting 

forces in the Cy vary from -85 lbs at fully closed (gate is extended to the top) to 832 lbs 

when the gate is open (nearly flat on the ground).These forces do NOT include the weight 

of the actuator frame, float assembly, or floats.  The dynamic hydraulic forces mean that 

the float will be less deep (submerged) when the gate is high and deeper when the gate 

and water level in the pond are low.  This will translate to a lower outflow when the pond 

is full and higher outflow as the pond empties because the crest of the gate will be lower 

in the water. 

 

The larger the floats, the smaller the decrement will be, but the float bays will need to be 

larger.  It was determined that an optimal size each float should be 6 feet long, 4 feet 

wide, and 20” deep (reasonable float bay size and decrement).  Rectangular dock floats 

should be a simple, cost-effective solution (http://www.hendrenplastics.com/eagle-

floats/products). Each float will be capable of a maximum buoyancy force of 2,120 lbs 

(total max. buoyancy of 4,240 lbs).  The decrement is estimated to be approximately 

0.36’ over the range of gate movements. The flow rate will vary between 1.6 cfs, when 

the gate is extended, to 2.7 cfs when the gate is nearly flat on the floor.   

 

The floats should come foam filled and installers should ensure that all plugs are in and 

watertight.  A frame is needed for the floats and adjustable roller guides should be used in 

Channel for trapezoidal 

weir 

http://www.hendrenplastics.com/eagle-floats/products
http://www.hendrenplastics.com/eagle-floats/products
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the float bays with rollers on the float frame to prevent lateral float movement during 

operation. The rollers should have some minimal “play” so binding does not occur and 

bearings should be sealed and corrosion resistant.   

 

 

 

Figure 15. Floats, float frame, and guides 
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The guides and float frame are shown in Figure 15.  It is very important that these be 

constructed to handle extreme forces.  This site could be under 10 feet of water and if the 

floats break out of the float bay it will destroy the entire gate structure.  The guides are 

vertically oriented on each side of the structure. They should be secured through the 

concrete likely through a plate on the outside and bolted securely at multiple locations.  

The guides themselves consist of a channel that will act as a raceway for rollers attached 

to the float frames. These raceways must remain smooth for free vertical travel of the 

rollers.  To secure the floats for extreme flooding, I-beams may need to be installed 

across the top of the float bays above normal operating height and secured to the concrete 

floor/pad of the overall structure. 

 

The float frame will be attached to the actuator frame (top frame connecting floats to 

gate).  As shown in previous figures, the actuator arm consists of two strong pieces of 

channel.  A shaft through both on each end will connect to the float frame, which will 

have a high-load ball joint rod end to allow movement of the float laterally without 

affecting the actuator frame. 

 

 

Figure 16.  Float frame connection to gate actuating frame (Detail A) with a high-load 

ball joint rod end. 
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Bypass Downwell and Exit Pipe 

 

The bypass channel was designed based on criteria provided by NOAA.  The criteria are 

new and not currently in NFWS (2011) criteria. The downwell and flow transition criteria 

used to design the downwell volume are shown in Figure 17.  The volume for the 

downwell of the bypass is based on the bypass flow (Qbypass), height of drop between 

water surfaces (H), and the energy dissipation factor (EDF). 

 

The maximum height of drop is 4 feet when the gate is fully extended, and the bypass 

flow used to compute the downwell volume was 2 cfs (although it will be slightly lower 

when the gate is in this position).  The EDF used was 10 ft-lb/s/ft3.  The resulting 

downwell volume from the equation in Figure 17 is 50 ft3. 

 

 
 

Figure 17.  Downwell sizing criteria used and example downwell in a different scenario. 

 

To achieve this volume the downstream water depth will be maintained at 2.0’ with a 

downwell width of 2.5’ and length of 10’.  To maintain the necessary water level, a 

second trapezoidal weir will be placed approximately 2’ upstream of the return pipe.  

This weir crest will be flush with the bottom with a bottom width of 0.2’ and a height of 

3’ and the same 4:1 side slopes (4 units vertical for 1 unit horizontal). 
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Figure 18.  Downwell size and configuration (not to scale) 

 

The exit pipe starts just downstream of the downwell trapezoidal weir and goes through 

the riverbank. The pipe will continue above the water surface of the river and exit in the 

main flow region where the velocity is above 4 feet per second (ft/s). The exit pipe will 

likely be 1’ diameter HDPE meeting NMFS criteria for the flow depth requirement in a 

partially full pipe with a slope of 1.2% at a flow of 2 cfs.  The pipe is angled with the 

river flow direction so that fish do not enter with a velocity perpendicular to the river 

velocity.  The pipe is estimated to be approximately 90’ in total length. It will require 

supports on the downstream side of the riverbank, so it does not bend downward. 
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Figure 19. Exit pipeline back to river 

The standpipe air vent on the pipeline from the downwell to the river is extremely 

important. If an airlock forms in the pipeline, which is likely without the standpipe, the 

capacity in the pipe will be severely limited. The flow restriction could cause a major 

failure.  This pipe can simply be a tee connection with an open pipe (minimum 4” 

diameter) placed 1’ to 4’ downstream of the entrance of the pipe from the downwell.  A 

side view is shown in Figure 20. Be sure to place a screen over the top of the standpipe to 

allow free airflow but prevent debris from getting in. 

 

Elevations. Cross section elevations were obtained from two sources. The site was 

surveyed by MBK and elevations along the proposed retention pond release channel were 

plotted from the river surface to the levee.  A cross section survey of the channel near the 

site was conducted for River Partners by CSU Chico Geographic Information Center.  

The cross-section information was tied together with the MBK survey to develop the 

approximate cross section elevations shown in Figure 20.  The cross section is 

perpendicular to the outlet structure and river flow but as shown in Figure 19, the pipe is 

angled with the river flow. Therefore, the pipeline shown in the figure is angled out of the 

page, so its horizontal distance of travel is not tied with the lengths shown along the top. 
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Figure 20. Approximate cross section elevation and lengths of the return structure. 

Distances are shown perpendicular to the structure (across top). Pipe is angled out of 

page. 

 

NMFS Criteria 11.9.4.2 states that the maximum bypass outfall impact velocity of the 

flow entering the river, including both horizontal and vertical velocity components should 

be less than 25 ft/s.  The maximum vertical drop to remain under this criteria is 9.7 feet.  

As shown in Figure 20, the vertical drop from the end of the pipe to the typical water 

surface is 4.7 feet (62.7’-58’).  To account for the horizontal velocity component, the 

elevation change of the pipe from the start of the outfall should be included, so the total 

distance from water surface to the start of the pipe is 5.9’ (63.9’ – 58’).  This is well 

under the 9.7 feet maximum.  The water level in the river is not expected to be below 58’ 

during the operation of this structure (December – mid-April). 

 

The elevation in the figure are existing.  The elevation of soil backfilled around the 

structure should be approximately 72 feet on the north, south, and west side of the 

structure.  The channel feeding the structure from the retention pond will be sloping 

down towards the structure to a minimum elevation of 65’ and the junction with the 

upstream end of the concrete (64.9’ elevation in figure). 

 

Adaptive Management 

 

In the future, it may be necessary to modify the structure to change the performance if it 

performs differently than expected.  The design has several components that allow for 

adaptive management. The first is the trapezoidal weir on top of the bifold gate crest. 

This removable weir can easily be modified to change the outflow and thus the retention 

time in pond.  Additionally, weight can be added to the gate-actuator-float structure so 

that the gate crest would be lower in the water if the forces were overestimated and more 

outflow is needed.  The downwell trapezoidal weir can also be replaced easily if desired 

to increase or decrease the downwell depth.  There should also be some ability for minor 

adjustments at the high-load ball joint rod end at the gate actuator frame connection to the 

float (Figure 16). 

 

The size of the floats was determined to minimize the decrement or change in outflow 

during the full range of operations.  However, a smaller float could be installed if the 

desire was to increase the flow variation (small initial outflow and high ending outflow 



 

USCID 2019 Conference 55 

for example).  This would be an extreme change and gate designers should be consulted 

first. 

 

CONCLUSION 

 

A novel gate and fish bypass/passage was designed for slow dewatering of a remnant 

flood plain.  There are literally hundreds of locations where this gate could possibly be 

integrated to improve fish habitat.  Given the critical decline in endangered fish numbers, 

the remnant flood plain idea is one that requires no additional water but have a major 

benefit.  The project undergoing CEQA approval and will hopefully be installed during 

the fall 2019. 
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ABSTRACT 

 

The Irrigation Training and Research Center (ITRC) and Walker River Irrigation District 

(WRID) have been collaborating on the modernization of WRID. This paper presents a 

five-year update to the USCID case study presented in 2014. A three-year update was 

presented in 2017. The initial scope of work for system improvements was developed by 

ITRC in 2009 and identified twenty primary sites for water gauge improvement. The plan 

provided strategic engineering recommendations for hardware, control equipment, and 

flow measurement at the sites, as well as water management strategies and integration of a 

new SCADA system for the entire district. ITRC has assisted WRID in organizing 

implementation, including site-specific designs and updates for hardware and control 

equipment recommendations to current technology. Design and implementation of the 

plan has been performed with support from the U.S. Bureau of Reclamation (USBR). 

Most of the original sites are now updated and WRID has expanded the project to 

modernize additional canal and turnout control sites. Additionally, up to six new buffer 

reservoir sites located throughout the district are currently being developed with support 

from the National Fish and Wildlife Foundation (NFWF). The district is also in the 

preliminary stages of a sedimentation remediation plan with support from the U.S. 

Geological Survey (USGS) and the Natural Resource Conservation Services (NRCS). The 

intent of the project is to identify the primary sources of sediment and mitigate the effects 

either by reducing the sediment introduced at the sources or removing the sediment within 

the river and canal system.  

 

INTRODUCTION 

 

The recommendations given to Walker River Irrigation District (WRID) and presented in 

this paper were guided by successful experiences of many other irrigation districts in the 

western US 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 
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are measured and automatically maintained locally. They are monitored and can be 

managed remotely by a Supervisory Control and Data Acquisition (SCADA) system.  

 

Figure 1 shows a location map of system upgrades and reservoir sites in the Walker River 

Basin. The number of sites added to the modernization list expands annually. 

 

 

Figure 1. Irrigation facilities (completed as well as planned) in the Walker River Basin 



 

USCID 2019 Conference  59 

Project Objectives 

 

The initial 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. 

 

In addition, the district-wide automation and SCADA system established in the initial 

project formed the backbone for subsequent monitoring and automation sites. The project 

also included the upgrading of check structures in the Saroni Canal with improved water 

level control structures to keep turnout deliveries constant. 

 

The initial project has been expanded to include: 

1. Additional automated flow control sites 

2. Flow measurement sites 

3. Additional water level control structures in the canals to allow more constant turnout 

deliveries 

4. Sediment control structures to reduce movement of sand and sediments from river 

into canal systems 

5. Conversion to pipelines for reduced seepage, maintenance, liability, etc. 

6. Reservoirs throughout the district to increase flexibility, reduce spills out of the 

district, provide short-term storage, reduce peak flows, and improve groundwater 

recharge (currently in planning phase) 

 

Review of Original (pre-Modernization) Water Operations 

 

WRID operates five divisions covering approximately 80,000 acres in Nevada and 

California. This includes two major reservoirs (Topaz and Bridgeport) as well as over 

224 miles of drains. There are approximately 50 sub-systems using irrigation water 

supplied in part by WRID, including community ditch systems. 

 

WRID’s pre-modernization system operations were characterized as follows: 

• The headworks of a typical canal usually consisted 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. Some sites used 

Danaidean gates (shown in Figure 2) for upstream water level control. As of 2019, the 

last of these structures has been removed and updated. 
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• The main conveyance canals had flashboard check structures of varying designs for 

maintaining canal water levels for turnouts. 

 

 

Figure 2. Aged Danaidean gate in WRID has been repaired and is prone to issues 

 

Water orders were filled as follows: 

1. Ditchtenders take water orders from customers. Some water orders come straight to 

the WRID office. 

2. Ditchtenders turn in water cards every day at 11 a.m. The summary reports of daily 

allocations (same as the delivered volume) are based on the compiled information 

from all the water cards. 

3. A daily water schedule is allocated to all canal systems and direct turnouts according 

to the natural base flow determined by the water master. A scheduling meeting is held 

every day 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 

 

Initial Project Components 

 

A total of twenty sites were included in the 2009 plan for WRID. Implementation of the 

recommendations was intended to provide benefits for WRID and its customers by 

improving the accuracy of measured diversions from Walker River and enhancing the 

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 
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information such as local survey data and the preparation of drawings, in addition to an 

evaluation and field testing of communications options. Most of these original sites have 

been completed and numerous more added to the modernization list. 

 

Expanded Project Components 

 

As the initial plan has been implemented, updates have been made to the original designs 

to reflect updated knowledge and additional requirements. Figure 3 is an example of the 

modernization done at Campbell Canal, which is one of the main laterals. 

 

Additionally, the district has undertaken projects to (1) provide distributed storage 

(reservoirs) and (2) prevent and remediate sedimentation. Table 1 shows the additional 

detailed turnouts and measurement sites updated by WRID. 

 

 

Figure 3. Schematic overview of the modified headworks for the Campbell Canal for 

automated flow control 

 

An overview of the new SCADA system components at the Campbell Canal site is shown 

in Figure 15.   

 

 
Figure 15.  Schematic overview of the SCADA improvements at Campbell Canal 
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Table 1. Summary of WRID’s planned and completed improvement structures 

 NAME C
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M
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1 Saroni HWs ✓ 110 45 ✓ ✓ 2       

2 Colony HWs ✓ 140 60 ✓  2       

3 Plymouth HWs ✓ 55 30 ✓ ✓ 1       

4 Tunnel HWs  75  ✓ ✓ 1       

5 D&GW HWs  25  ✓ ✓ 1       

6 Fox-Mickey HWs ✓ 140 75 ✓ ✓ 2    ✓ ✓  

7 High HWs ✓ 25 18 ✓ ✓ 1       

8 Greenwood HWs ✓ 70 40 ✓ 
✓ 

2    
✓ ✓ 

 

9 Hall HWs ✓ 60 35 ✓ 2     

10 Campbell HWs ✓ 110 60 ✓  2       

11 McLeod HWs  10  ✓  1       

12 Nichol Merritt HWs ✓ 100 60 ✓  2       

13 Joggles HWs  65  ✓  1       

14 SAB HWs  40  ✓  1       

15 W Hyland HWs  50  ✓  1       

16 Topaz Outlet Gates ✓     8       

17 Bridgeport Reservoir      6       

18 Saroni Albright TO ✓  40     45’     

19 Saroni Wellington TO   50     60’     

20 Saroni @ Lateral A ✓        ✓    

21 Spragg HWs ✓ 35 15 ✓ ✓ 1    ✓ ✓  

22 Saroni Lateral A Weaver TO ✓ 5 3 ✓         

23 Saroni Lateral A Fenili TO ✓ 10 4 ✓         

24 Saroni Lateral A Nuti TO ✓ 10 7 ✓         

25 Saroni Lateral B Williamson TO ✓ 10 4   1       

26 Saroni Lateral A HWs ✓ 25 15 ✓         

27 Saroni Lateral B HWs ✓ 25 18 ✓  1       

28 River Simpson 1 HWs ✓ 60 34 ✓ ✓ 2       

29 River Simpson 2 ✓ 45 25     50’     

30 Upper Fulstone HWs ✓ 12 7 ✓  1       

31 FIM TO ✓ 5 2 ✓  1       

32 Mickey HWs ✓ 45 28 ✓  1       

33 Fox HWs ✓ 90 45 ✓    110’     

34 Campbell Split  110    2       

35 Plymouth Ithurburu TO  3.5  ✓     ✓    

36 Plymouth Upper Pipeline ✓ 35  ✓        ✓ 

37 Plymouth Lower Pipeline  35  ✓        ✓ 

38 Saroni Teranap Replacement  110          ✓ 

39 D&GW Last Hurrah TO  8 6 ✓         

40 Fox Friedoff TO  8 4 ✓         

41 Saroni Lateral B Garms TO ✓ 3.5  ✓  1       

42 Saroni Lateral B Concrete ✓ 15  ✓         

43 Hilbun HWs  20  ✓         

44 Plymouth Lompa 1 TO ✓ 5     ✓  ✓    

45 Plymouth Stevens-Wright TO  2  ✓  1   ✓    

46 West Walker HW  40  ✓  1       

47 Gage Peterson HW  25 15 ✓  1       

48 Saroni Cardoni TO  10 5 ✓ 1 1   ✓    

49 Saroni Carrasco Christof TO  1  ✓ 1 1 ✓  ✓    

50 Topaz Inlet      2       
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Buffer Storage. The district is in the process of adding buffer storage. Six reservoir sites 

have been analyzed and identified as suitable sites for distributed storage throughout the 

district. Currently, the district is pursuing the acquisition of land for the sites. These sites 

will provide many benefits, including: 

• Buffer storage during the irrigation season 

• A more constant flow rate to meet downstream legal flow requirements in the river 

(legal requirement shown as red dotted line in Figure 4)  

• Short-term storage during storms to reduce peak flows and silt loads in the water  

 

 

Figure 4. Average daily flow data from the Wabuska Gage for 2012 to 8/2016 (data from 

USGS) constantly exceeds and falls short of required (March-September, approximately) 

flow rate 

 

Sedimentation Remediation and Prevention. The 2016-17 winter brought higher than 

average precipitation and caused excessive erosion and sedimentation in the Walker 

River system. The Walker River Watershed Improvement Project is a collaborative 

project between multiple agencies (including WRID) and consulting firms (including 

ITRC and WEST Consultants, Inc.). The project is designed to reduce the amount of 

sediment entering the river system, remove and dispose of sediment that accumulates at 

undesirable locations within the system, and identify methods to route sediment that 

enters the river system to desirable locations for removal. The project is broken into three 

tasks:  

1. Watershed study 

2. Sediment removal 

3. Sediment collection 
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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. 

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 measurable water deliveries. Operators can 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 are also critical pieces of information for water users when 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. An example, the Spragg Canal headworks is shown before and after the 

upgrades in Figure 5. As part of this process, the existing slide gates are 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) 



 

USCID 2019 Conference  65 

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 

 

 

Figure 5. Spragg Canal headworks site before automated flow control gate package 

installation. Original site consisted of manual gate for canal delivery and flashboards. The 

spill consists of flashboards and a sluice gate. 

 

 

Figure 6. Spragg Canal headworks site after automated flow control gate package 

installation. New site consists of automated gate with electric motor gate actuator (solar 

powered) for canal delivery and on-site PLC, radio, and related equipment for automated 

control and remote connection. The spill consists of a sediment control structure, flap 

gate, and a sluice gate. 
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The objective is to have a district-standard slide gate and actuator package in WRID at all 

district canal headings.  

 

The slide gate(s) requires 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 automation and 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 

existing headgates using either anchor bolts into the existing/new concrete walls or 

anchoring to new pieces of angle iron that are mounted to the concrete walls. 

 

Flow Measurement Upgrades with Replogle Flumes 

 

Properly designed, constructed and maintained water measurement devices are a key 

component of the 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.  

 

Before a final design decision could be made about the suitability of Replogle flumes 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 Replogle 

flume 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 
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• Vandalism resistant 

• SCADA compatible 

 

Figure 7 shows an example of the measurement structures installed in the district. 

 

 

Figure 7. Concrete Replogle flume built in a rectangular cross-section for flow 

measurement on High Canal 

 

The Replogle flume (i.e., broad-crested weir, 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 Replogle flumes in the WRID canals is that they will 

require minimal maintenance except for periodically checking the site to clean moss off 

the concrete ramp. In addition, Replogle flumes are easily calibrated to as-built 

dimensions using the USBR WinFlume software. The software generates a discharge 

equation that is easily integrated into the automation and SCADA system. 

 

Replogle flumes can provide accurate measurement of flow rate. As with Parshall flumes, 

Replogle flumes allow for rapid stabilization of flows when the gates are changed and rapid 

feedback to the RTU controlling the radial gates. The operator can 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 several 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. A spill site with a flap gate installed is shown in Figure 8. 

 

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 
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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. Due to the short distance, 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. 

 

 

Figure 8. ITRC flap gate installed in the spill from the Saroni Canal to provide upstream 

water level control in the canal 

 

WRID AUTOMATION AND SCADA SYSTEM 

 

Automation and SCADA are valuable tools for enhancing water management. The 

automation and 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 automation and SCADA system has improved the reliability and 

flexibility of water deliveries throughout the service area. Other benefits of automation 

and 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 automation and SCADA system. 
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The implementation of the WRID automation and 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 Request for Proposals (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 automation and SCADA system. This type of 

system is reliable and can be expanded into the future. The following requirements were 

used to design the new WRID automation and 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 

 

Figure 9 shows a screenshot of the current SCADA system at the Fox Mickey 

Headworks site, including some of the detail on the monitoring and control on the sites. 

 

 

Figure 9. Example screenshot of WRID’s SCADA system at the Fox Mickey Headworks 

site showing measurements, setpoints, and automated control 
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CONCLUSION 

 

WRID’s system of remote monitoring and control has improved water delivery for 

growers within the district. ITRC and the district have implemented numerous new flow 

measurement, flow control and sediment control devices; installed new hardware and 

control equipment; and discussed water management strategies. 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 ITRC. 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, unanticipated structural 

problems, prevailing wages, etc. The district plans on continuing the modernization based 

on the success of the program to date. 
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WATER SUPPLY AND DEMAND MANAGEMENT SCENARIO AT KOTRI 

BARRAGE, SINDH, PAKISTAN ⸺ A CASE STUDY 

Sajid Ali Bhutto1 

Riaz Ali Bhutto2 

Syed Ahmed Ali Shah3  

 

ABSTRACT 

 
Pakistan is basically an agricultural economy and agricultural uses constitute almost 90% 

of the total availability. The other competitors being domestic, industrial and 

environmental sectors. The total availability of surface water is around 142 MAF per 

annum which constitutes run-off from snow-melt, and rainfall runoff received through 

Indus Rivers. Indus has a large basin with varying climate and rainfall. Almost, 80% of 

the total runoff is received in summer months of April to September. 

  

With increase in population, the water availability per capita has reduced from 5500 m3 

to almost 1000 m3. The sharing of available water among the four provinces had to be 

regulated through a water accord in 1991 which was signed by all the four provinces. The 

total share of Sindh province is at the present about 48 MAF which has to be shared by 

the different competitors, the agriculture being the user of almost 85% of the availability. 

The other competitors do not get sufficient supplies especially, the environmental sector. 

The provision of environmental flow below Kotri has remained a serious problem for 

over 5 decades now.  

 

This paper presents the present day plan and ways of meeting the demands within the 

available supplies at Kotri barrage in Sindh Province of Pakistan. 

 

INTRODUCTION 
 

Kotri Barrage is situated 3½ miles U/S of Kotri  Town on River Indus. The Construction 

work was Started in January 1950 and Completed in March 1955. The foundation Stone 

was Laid on 12th February 1950 and opening Ceremony performed on 15th March 1955. 

 

The length of Barrage is 2,984 feet. It Consists of 44 Bays of 60’ wide span each, 

provided with 23 feet deep gates, with maximum designed cut off 31 feet. After 

Rehabilitation work the new designed cut-off is 32.0 ft.   Two divide walls on each side 

enclose Pockets Containing head regulators, there are two Nos. Fish Ladders on D/S in 

each Divide wall. The Barrage is provided with a Lock Chanel to facilitate river traffic. 

 

 
1 Superintending Engineer (BS-19), Government of Sindh (Pakistan) bhuttosajid@hotmail.com  
2 Co-Author, Additional Director (BS-19), Agriculture Department, Government of Sindh (Pakistan) 

(+92)3009211733 
3 Co-Author, Executive Engineer, Education Works, Education and Literacy Department Government of 

Sindh (Pakistan) (+92)3003010217 

mailto:bhuttosajid@hotmail.com
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There are 3 Nos. sluice gates at different levels in left flank wall for facility of water 

Supply arrangements to Hyderabad City .The Barrage is provided with a road Bridge of 

24 ft wide with 4 ft foot path. 

  
Figure 1. Kotri Barrage 

 

There are four main Canals are off-taking from this Barrage Viz. Kalri Baghar Feeder 

(Semi Perennial ) from Right side, New Fuleli ( Non Perennial ) Old Fuleli ( Non 

Perennial ) and Akram Wah ( Perennial ) from left side. The designed discharge of Kotri 

Barrage is 8,75,000 Cusecs and the Salient Features of all four Canals are as under:-  

 

Table 1. Canal Supplies / Water Distribution 

S.No. 
Canal 

System 

Length in 

Miles 

G.C.A 

Acres 

C.C.A 

Acres 

Discharge 

Cusecs Total 

Miles 
Kharif Rabi 

1. 
Pinyari 

Canal 
56.5 8,41,069 8,33,651 13,636 - 824 

2. 
Fuleli 

Canal 
59.8 10,22,448 9,71,923 15,026 - 800 

3. 
Akram 

Wah 
76.2 5,66,605 5,46,418 3,714 1,900 481 

4. 
Kalri 

Baghar 
58.4 7,72,261 7,31,812 9,100 3,300 1,052 

Total:-  250.9 32,02,383 30,83,804 41,476 5,200 3,157 
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SALIENT FEATURES OF KOTRI BARRAGE 
 

i. Barrage construction started                             January 1950 

ii. Barrage completed / commissioned                 March 1955 

iii. Designed discharge of Barrage                        875000 cusecs 

iv. Highest flood  passed  in 1956                     981000 cusecs 

v. Designed discharge of Canals                    41250 cusecs 

vi. Design Discharge of Combined Channel    28223 Cusecs 

vii. Design Discharge of  Pinyari Canal           13800 Cusecs 

viii. Design Discharge of  Fuleli Canal             14350 Cusecs 

ix. Design Discharge of Akram Wah              4100 Cusecs 

x. Design Discharge of K.B.Feeder               9100 Cusecs 

xi. Length of Barrage between abutments       2984 Feet 

xii. Gates of Main Barrage                                44 Nos.  (60 ft x 23 ft) 

xiii. Number of Navigational Lock Channels      1 No. 

xiv. Number of Fish Ladders                                 2 Nos. 

xv. Width of ordinary Pier of Barrage                  7 feet 

xvi. Weight of River Gate                                      44 Tonnes 

xvii. Weight of Counterweight                               88 Tonnes 

xviii. Designed upstream flood level                    80.10 feet 

xix. Pond level ( After Rehab: )                             70.0   feet 

xx. Crest level                                                       48.0   feet 

xxi. Downstream Pavement level                          37.0   feet 

xxii. Upstream Pavement level ( Left Pocket )     40.0   feet 

xxiii. Upstream Pavement level (Right Pocket)      38.0 feet 
 

INDICATES WATER AVAILABILITY OF KOTRI BARRAGE 

 
Since last many years it is observed that the position of availability of water is seen in the 

months of June July & August, sometime in September and other part of the months 

totally dry, so this barrage facing too much shortage of water. 
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Table 2. Historical Flows at Kotri Barrage 

 

Redressal of the Problems at Kotri barrage 

 

1. Shortage of water  

2. Sedimentation 

3. Environmental issues 

4. Sea intrusion 
 

AGRICULTURE REQUIREMENT 
 

As per Accord 91 this barrage is fulfilling the agriculture requirement as per the 

availability of water at Kotri Barrage. 
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Table 3. Water Apportionment Accord 1991 

Figure 2. Kalri Bagar Feeder 

 

DISTRIBUTION PROBLEMS AT KOTRI BARRAGE 
 

Kotri barrage has four canals, two perennials (water 12 months) and two non-perennials 

(water six months). 
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The KB feeder, one of the perennial canals, provides water to Karachi and the other 

Akram Wah, also called Lined Channel. It provides water to its four sub-divisions up to 

Badin for agricultural purposes where the main crops are sugarcane, wheat and rice. 

 

The two non-perennial canals, old and new Fuleli, should get water from June 1 to 

November 30 for its main crops rice and fodder, etc. However, these canals get water all 

year round in connivance with the irrigation staff at the cost of the perennial canals. 

 

This year from January to May, some sub-divisions and canals of Akram Wah have faced 

over 90 per cent water shortage resulting in a total destruction of standing sugarcane 

crops while the same crop along the non-perennial have succeeded. 

 

Ironically, during the same period some farmers on the perennial canals have been forced 

to draw water from the non-perennial canals to survive. To date, while the non-perennial 

canals are flowing at almost full capacity, Akram Wah's four sub-divisions are still facing 

rotation i.e. water for one week after 15 to 28 days. 

 

Principally responsible for water distribution under the guidance of Secretary Irrigation 

department Government of Sindh Pakistan, are fully aware of these conditions. 

 
AGRICULTURAL REQUIREMENTS AND ENVIRONMENTAL FLOWS 

REQUIRED AT KOTRI BARRAGE DS  
 

In my opinion the Government of Sindh had not presented the case, in enough details 

covering all kinds effect of lack of water flows to the sea year around. My observations 

and studies show that lack of flow of water below the Kotri Barrage started affecting 

environments from 1960s onwards, resulting into the following consequences: 

a) Drying up and dying of the riverine forests soon after 1970. 

b) Reduction of area under fruit and vegetable crops like; banana, melons, tuber 

vegetables and etc., in the riverine areas. 

c) Shifting of settlements from the riverine areas. 

d) Destruction of natural pastures in the riverine areas causing reduction in animal 

populations. 
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e) Intrusion of sea water in the river bed to a distance of 60 miles up-streams from 

shore.

 

Figure 3: Sedimentation at KOTRI Barrage 

 

f) Intrusion of slaine water from the riverine areas into ground water of adjoining 

irrigated areas and turning shallow water lenses brackish. 

g) Desertification of settlements, specially those close to the river and migration of men 

and cattle to other areas of abandoning of animal husbandry. 

h) Desertification of Keti Bander, Ghorabari and other townships and population 

moving away to other areas. 

i) Destruction of mangroves due to increase in salinity of sea-water along the whole 

coast-line of Sindh. 

j) Increasing of salinity of water in the sea creeks and estuaries and raising salinity from 

about 25,000 ppm to over 35,000 ppm, thus making estuaries unhabitable to certain 

sea-fauna, like giant fresh water shrimps, sea water shrimps, hilsa, crustaceans and 

other species. 

k) Abandonment of 16,000 acres of land near Gharho reserved for shrimp farming by 

the Government of Sindh. Sea shrimp can survive within salinity range of 17,000 - 

27,000 ppm of water, but within 5 years i.e., 1983-1988, salinity rose beyond the 

tolerable limit and none of the allotees could raise shrimps. One allottee M/s. Lipton 

spent millions of rupees to raise shrimps but finally abandoned the area due to high 

salinity. With low salinity waters shrimp farming could have been established all 

along 200 miles of sea coast. 

l) Sea-fish and prawn catch reduced considerably. Today the number of fishing boats 

and trawlers are 10 times more that what they were 20 years back and yet the total 

fish catch is the same as it was then. The fishermen have also to spent longer time at 

the sea and go further away into the sea, and yet total catch has not increased 

substantially. 

m) During the inundation season the river water brought 0.6% silt with it. River waters 

pushed in to the sea some 30-50 miles and sea waves and tides brought this water 
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along with silt back to the whole coast of Sindh 200 miles long. It diluted coastal 

water and reduced their salinity. 

n) Due to this silt the delta was also advancing at the rate of one mile a century, and it 

was also combating the effect of strong sea-waves. Today reverse is taking place and 

sea waves are striking against the soft shore and eroding it. It is certain that the rate of 

erosion in a century may exceed 10 times the advancement of the past and in 5 

centuries from now coast line may reach the same limit at which it was 5,000 years 

ago, i.e., along the line running east to west of Gujo. 

o) The efforts of lack of water discharge in the river on the environments in the Arabian 

sea have not been measured and its reported that salinity is increasing there. The 

Pakistan’s Exclusive Economic zone extends 200 miles into the sea. The sea 

environments along the Sindh coast have already suffered, though data have not been 

collected. 

p) The Arabian sea it-self within the 500 miles of Sindh coast is an arid area, with very 

little rain-fall like that in Sindh. Its water are going to be effected badly by no 

discharge from the Indus. 

q) The figurtes for loss of agriculture land due to salinity increase close to river 

embankments in Thatta and Badin districts need to be studied. 

r) The report of M/s. Mott MacDonald International, Engineering Associates and MMP 

(Pakistan) for Sindh irrigation and Power Department is based on limited ‘Scope of 

work’, to check extrusion of sea-water in the irrigated area. It is the fact that sea-

water along the coast-line does not intrude land-words as fine silt of the river Indus 

brought back by the sea-waves becomes sealant, but sea water which now comes up 

stream of the Indus for 60 miles, intrudes from the river bed in the adjoining areas 

and turns existing shallow fresh water lenses saline and drinking wells and hand 

pumps brackish. It also turns the lands saline. This issue probably was not within the 

scope of work of the Consultants. Their suggestion that fisheries stocks have not 

declined does not take into consideration the increase in the number of fishing boats 

and increased time to meet the past years targets. Their contention that mangroves 

depend upon brackish water (mixed with river water) are being replaced by saline-

water species, does not state that new species have the same economic value, and 

same uses as the species getting extinct. Their contention that the brackish mangroves 

cover 3,000 hectares (7,407 acres) is miss-leading. The fresh river water entering the 

sea and being mixed with saline water in a width of 50 miles area was being brought 

back by the sea waves to the shore and the mangroves along the whole coast of 200 

miles were benefiting from lower salinity waters. 

s) Salinity level of regenerated water in the river-bed at Sehwan is 800 ppm and 

additional water is required to dilute it before its use for irrigation at Kotri Barrage 

and down below. 

t) Lack of water not only below the Kotri Barrage but also below Sukkur has effected 

forest and agricultural land. 

u) Some 600,000 acres were under forest and equivalent area under agriculture crops in 

the river an areas of Sindh in 1960s. Water is needed for restoring forest and 

agriculture, from Guddu to sea. 

v) Fresh ground water in Kotri Barrage Command in shallow depths is connected with 

old courses of river Indus and absence of fresh water in the river bed below the Kotri 
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and its replacement by sea water has turned water in the areas adjoining the river, 

saline in shallow depths. 

w) The Consultants have stated that the source of fresh water, is not known. Study of old 

courses of river Indus by me has confirmed that the fresh water lenses were connected 

with old beds, further confirming that ground water in the vicinity of the river bed can 

remain fresh or saline depending upon fresh and saline water in the river bed. 
x) Mr. Fazalullah has suggested an alternative to 10 maf fresh water to save mangroves, 

that drainage water from the Punjab (and perhaps NWFP from both on right and left 

banks) may be brought and dumped into the river below the Kotri Barrage. This 

essentially is the Punjab’s plan to pass their saline drainage water through Sindh to 

sea to which Sindh has hitherto opposed. It amounts to killing two birds with one 

stone, i.e., solution to disposal of the Punjab’s saline drainage waters through 

L.B.O.D and R.B.O.D and turning Sindh’s lands saline and closing the chapter of 

supply of 10 maf of fresh water to Sindh. Sindh should not agree to this proposal. 

They are trying to show us that drainage surplus of the Punjab, will almost be fresh 

water. The facts are other-wise. About 5,000 cusecs of Kandhkot-Thul-Shahdad Kot 

surface Drainage Project will be fresh almost like river water and storm water 

drainage of the Kotri Barrage will also be fresh, but their flow will coincide with 

annual inundation and can be utilised else-where outside the irrigated plains. 

STUDY / RESEARCH REQUIRED TO ESTABLISH MINIMUM FLOWS TO 

THE SEA  FROM DOWNSTREAM OF KOTRI BARRAGE 
 

The section 7 of the 1991 Water Accord reads: “The need for certain minimum flow to 

sea, below Kotri, to check sea intrusion was recognized. Sindh held the view, that the 

optimum level was 10 MAF, which was discussed at length, while other studies indicated 

lower/higher figures. It was therefore decided that further studies would be undertaken to 

establish the minimum escapage needs down stream Kotri.” Despite the passage of 12 

years since the signing of the accord, the study could not be commissioned because the 

provinces could not agree on the scope and terms of reference of the study. Unless a 

study is undertaken and the minimum flow of water required down stream Kotri is 

known, Punjab and Sindh may not agree on the amount of water available for additional 

storage. Many in Sindh contend that there is not sufficient water in river Indus for further 

storage. 

The federal government cites the historical records of the past 25 years according to 

which an average of 35 to 38 MAF water has escaped below Kotri. Even if 10 MAF is 

allowed to escape below Kotri, there is sufficient water for additional storage, the federal 

government contends. 
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Figure 4. Downstream KOTRI Barrage showing Baffle Blocks in impervious floor  

 
RECOMMENDATIONS / SUGGESTIONS 

 

* The Government of Pakistan must establish an Indus Delta rehabilitation 

programme with an independent body to implement it. The plan should envisage 

the revival of lost species, protection of environment resettlement of people and 

long term coastal zone management. 

 

* Ensure at least 10 million acre feet water downstream KOTRI Barrage 

immediately till such a time as the precise amount of water is assessed through a 

detailed study. However, the 10 million acre feet water release should be 

continual. 

 

* A comprehensive multi-disciplinary study must be conducted to determine the 

volume of water required for the protection, preservation and revival of the Indus 

Delta and blocking sea intrusion. 

 

* Environmental laws and standards must be adhered to when disposing the urban 

industrial as well as agriculture waste in coastal waters. The polluter pays 

principle must be adopted for those who dispose untreated waste into the sea. 

 

* Fishing communities must be facilitated for increasing sustainable fish 

production, which may include construction of jetties, provision of boats on 

subsidized rates. 

 

* Comprehensive coastal zone management plan must be developed in consultation 

and with the informed participation of local communities, which must ensure 

communities rights over land and resources. 
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AQUIFER UNITIZATION: 

APPLYING COLLECTIVE GOVERNANCE AGREEMENTS TO AQUIFERS 

 

Jakob S. Wiley, J.D., M.S.1 

 

ABSTRACT 

 

Aquifer governance needs a paradigm shift to meet future demands. Groundwater laws 

have evolved to include conjunctive management, groundwater quality, and competition 

over groundwater. However, these attempts at solving the aquifer “tragedy of the 

commons” still result in conflict, litigation, and fights over “objective” science. Without 

additional change, today’s groundwater wars continue without an end in sight. 

 

A curious creature may help break the cycle: the “lawgineer,” who combines legal and 

technical knowledge into oil and gas unitization agreements, ending the “race to the 

pump.” Unitization agreements have become the oil industry’s standard approach since 

the early 1900s. Lawgineers may be able to bring their unique skill in negotiating and 

conserving commonly held hydrocarbon resources to aquifers. 

 

Unitization principles adopt conflicting interests as the basis of governance at the nexus 

of private and public entrepreneurship, rather than as an unintended consequence. 

Antitrust issues are put to rest when states pass laws permitting voluntary agreements 

between users. 

 

Aquifer unitization would take the lessons learned over the century to resolve competing 

interests in common pool resources, solve the tragedy of the commons, preserve the 

storage and recovery properties of aquifers, improve the efficient use of aquifers, include 

water marketing, and provide collective governance to all interested parties in an aquifer. 

 

Colleague and attorney Steve Clyde of Clyde Snow in Salt Lake City said in a 2011 

article: “[u]nitization certainly did work in the oil and gas context. While it was fought by 

some, it has proven to be the savior of all.” 

 

INTRODUCTION AND BACKGROUND 

 

At its most basic, a unitization agreement is simply a contract between multiple owners 

and users of a commonly accessed resource.  

  

Groundwater law as it has developed since the mid twentieth century struggles to address 

collective aquifer issues. Groundwater rights of use were issued in the same manner as 

surface water rights of use in the West and when conflicts arose between individuals the 

courts applied common law doctrines like nuisance. More recently, conjunctive 

management rules have expanded the claims of injury between water users.  

 

 
1 Associate Attorney, Schroeder Law Offices, PC, 1915 NE Cesar Chavez Blvd., Portland, OR 97212; 

j.wiley@water-law.com 
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Basin-based regulation, such as the designation of critical and special areas that limit the 

volume of groundwater that may be used in any one season, attempt to address returning 

such a groundwater supply to a “safe yield” by incorporating large numbers of users 

within a designated area. What these approaches can never address is the complexity of 

each aquifer, the unique benefits and challenges each aquifer possesses, and how aquifers 

are much more than groundwater. It is this author’s opinion that instead of reinventing 

the “water wheel” to find the next paradigm in aquifer governance, unitization should be 

applied to provide a self-contained and well-tested governance approach, shifting from a 

mindset of crisis and conflict to a mindset of goal-driven planning, inclusion, and 

protection of social responsibilities. 

 

Unitization began in the wild west of Texas oilfields in the late 1800s. At the time, the 

rule of capture resulted in thousands of wells being drilled in close proximity, attempting 

to pump as much oil out of the ground as quickly as possible before the neighbors. The 

scramble to out-pump neighbors had some negative consequences, including 

depressurizing the formation, “stealing” oil from neighboring properties, and the 

solidification of some components of the oil (sealing the well). Over-pumping can cause 

pockets of oil to become inaccessible in the reservoir, benefitting nobody. (Weaver, 

1989). States dealing with oil and gas controversies introduced new laws and protections 

for neighboring landowners. However, these new laws could not overcome the 

fundamental flaws with the competition between pumpers. 

 

Instead of relying on potential legal reforms, oil and gas pumpers developed unitization 

agreements themselves to allow greater collective production without financial harm to 

small landowners that forego drilling their own wells. “Lawgineers” is a term coined by 

Robert Hardwicke to describe the “creatures” that combine complex legal and technical 

knowledge to draft these agreements for oil and gas reservoirs, which. (1948). Collective 

resource governance agreements, also referred to as unitization agreements, overcame 

individual self-interest, realigning individual benefits with benefits to the whole 

community. The lawgineer must balance financial interests, technology, and layered 

governance systems in the unitization agreement. The same principles used by the 

lawgineer in oil and gas context might be applied to aquifers and their varied interests 

and resource conditions. 

  

Collective Resource Governance and Unitization Principles 

 

While every unitization agreement reflects the negotiation of the parties who customize it 

to the specific conditions of the oil, reservoir, and parties involved, many unitization 

agreements share several common principles. These common features appear in the 

majority of unitization agreements, forming a governance model that may transfer to 

aquifers: 

 

Centralized Governance. Unitization agreements place much of the planning, 

management, and operations with the “unit operator.” (Weaver, 1989). The unit operator 

is the primary authority for the daily decision making in the unit, gathers data, and 
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completes the “unit plan” for the unit that is later approved by the individual parties to the 

agreement. 

 

Reservoir-Scale Planning. The “unit plan” encompasses the entire reservoir, seeking to 

maximize the production from the entire reservoir rather than individual wells. Through 

this planning mechanism, all wells accessing the reservoir are coordinated and operated 

to produce the maximum benefits for the entire unit.  

 

Respect for Individual Rights. Participation in a unitization agreement is often voluntary, 

which means that individual rights to withdraw oil and gas must be either protected or 

compensated to encourage participation. Unitization agreements benefit individual 

landowners by giving each landowner “equity shares” or “working interests” in their 

land’s contribution to the common reservoir. As the unit operator produces oil and gas, 

the unit operator compensates each party holding shares. Through the use of shares, the 

greater long term benefit of participation in the unit overcomes individual incentive to 

overproduce at their own well. Multiple classes of shares are used to reflect the diverse 

number of resources present in the reservoir (oil, gas, water, pressure, etc.). 

 

Unit Boundary. The unit boundary defines the three-dimensional extent of the unit’s 

operations. Typically, this includes the entire reservoir, or multiple overlying reservoirs, 

based on the predicted extent of the oil and gas stored in the formation. 

 

Redetermination. As the unit operator gathers data and refines the models of the 

reservoir, the original allocation of shares and determination of the unit boundary may 

become incorrect. Redetermination redistributes the shares to individual parties based on 

the best prediction of the original volume of oil, gas, or other transresources.  

 

Inclusion of Transresources. Because the reservoir is not a single resource, the unitization 

agreement includes all relevant resources present in the reservoir. For example, the unit 

plan may include extraction of oil on one side of the reservoir and injection of water on 

the other to more efficiently extract oil from producing wells. A unitization agreement 

directly or indirectly incorporates each component of the reservoir in shares, unit plan, or 

unit boundary. 

 

OIL AND GAS VS. GROUNDWATER HYDRAULICS:  

WATER EXCEPTIONALISM 

 

The physical conditions for groundwater aquifers are relatively similar to the conditions 

for oil and gas reservoirs. Both occupy pore spaces within specific strata in the 

subsurface, are subject to hydrostatic pressures from the surrounding formations, and 

flow through pore spaces. Both resources interact with other chemical substances (such 

as salt, minerals, and introduced chemicals, gasses, etc.) and physical forces (heat, 

pressure, gravity, fluid interactions with the surrounding porous media, etc.). However, 

the policy approach taken towards these two resources fails to treat these two 

subterranean fluids in a similar manner.  
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For oil and gas, private companies incorporate interactions with substances and physical 

forces into the planning, development, and overall management of the resource. Oil and 

gas reservoirs often include a complex combination of heavy oils, gasses, groundwater, 

and brines, and the pressures between each of these components. For example, secondary 

recovery operations maintain a reservoir’s pressure to manipulate such that the flow of oil 

maintains a single “front” of salt-laden brines.2 This manipulation prevents the “watering 

out” of producing wells, rendering them useless for oil production purposes. A unit 

operator may maintain gas “caps” at the top of the reservoir, used to sustain the pressure 

of the overall oilfield. (Weaver, 1989). The organization selected to manage the entire 

field incorporates each of these components, which collectively can be called 

transresources3, into the overall management plan for the reservoir, to maximize the 

general benefits available from the reservoir for participating parties and society. 

 

For groundwater, different statutes, agencies, and interests each have a role in different 

components of an aquifer’s management. Water quality agencies regulate certain types of 

substances in the aquifer, either naturally occurring (arsenic, manganese, iron, etc.) or 

introduced (nitrates, biological contaminates, or other chemical contaminates). States 

regulate water quantity using separate agencies, which enforce the rights of individuals to 

access the resource against other individuals’ rights, and ensure overall groundwater use 

meets state requirements. This bifurcated system only indirectly incorporates some 

physical and chemical aspects of aquifers, sometimes resulting in subsidence, decreasing 

water quality, or incidental depletions in surface water. A third agency applies mineral 

laws and generally regulates geothermal wells and energy production. Only in rare 

circumstances do some organizations attempt to incorporate all physical and chemical 

aspects of an entire aquifer into a single management system designed to maximize the 

overall social and economic benefits of an aquifer. 

 

The laws and doctrines that govern water quality and quantity have diverged greatly over 

time in the United States, largely because water was determined to be owned by the 

public as necessary for life with its use, being considered a usufructary property interest, 

constitutionally protected and in the purview of state law. Regulation of water quality 

was left to the states as well, until the federal government determined that it could 

regulate water quality under the commerce clause of the US Constitution. As to water 

quantity, courts in the 1800s applied the Roman and medieval concepts of ferae naturae 

(rule of capture), res nullius (no property, open access) res communes (common 

property), res publicum (public property), and res privatum (private property) to 

determine the various rights to minerals, water, oil, and gas, forming the foundation of 

the future development of each resources. (Barbenell, 2001). 

 

Oil, Gas, and Groundwater’s Common History: Oil and Water Mix(ed) 

 
2 Secondary recovery occurs after the internal pressure of the reservoir has decreased, leaving 

approximately half the oil remaining in the reservoir. Fluids are injected into certain wells to force the 

remaining oil towards wells withdrawing oil. (Hardwicke, 1948; Weaver, 2006). 
3 Transresources are the collection of interacting physical and chemical properties and resources of a 

primary resource. “[T]ransresource approaches refocus the resource scope from a single resource to all the 

transresources in a system. Including transresources transforms groundwater governance into aquifer 

governance.” (Wiley, 2018). 
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When water quantity conflicts arose between surface water users, a state’s court system 

made determination based upon common law drawing from historical guiding principles. 

The ferae naturae doctrine, commonly known as the rule of capture, underlies the 

foundation of rights to oil and gas in the majority of states. Under the rule of capture, 

resources are unowned until brought under human control. The term res communis 

roughly means commonly owned resources and applies to resources, like air, water, and 

light, belonging to no person, but may be used by all. Public property is owned by the 

state as a res publicum resource. Private property concepts originate in the theories of res 

privatum, often associated with ownership of land and non-fluid minerals. When courts 

attempted to address new resources with undeveloped legal systems, they turned to these 

ancient categories to guide their decisions. 

 

For example, the Supreme Court of Nevada wrestled with how to address competing 

water users in Vansickel v. Haines, and attempted to apply Roman and medieval law 

directly to a conflict in 1872: 

 

“True, it is often said that water is publici juris, or belongs to those things 

which are res communis; but how it can be either publici juris or res 

communis, and also bonum vacans, is a problem not yet solved in the 

science of the law. If common property, or, as argued by counsel, 

something in which no one has an absolute property, but every one has the 

use, the right to the use certainly must then be in the community; but 

bonum vacans is property without an owner of any kind, and which 

belongs absolutely to the person who may first find or appropriate it, and 

he has the complete right of property in it against the world, except the 

real owner. It is a flat contradiction in terms, to say that running water is at 

the same time common property and bonum vacans.” 7 Nev 249 (1872). 

While the Supreme Court of Nevada used slightly different terminology (bonum vacans 

has roughly the same meaning in this context as the rule of capture; publici juris roughly 

corresponds with public property), the Court applied the same concepts. Likewise, when 

the Supreme Court of the United States considered conflicts over oil and gas resources in 

1900, they turned to the same Roman and medieval law concepts to guide their reasoning, 

comparing them to water:  

“Water, also, is a mineral, but the decisions in ordinary cases of mining 

rights, etc., have never been held as unqualified precedents in regard to 

flowing or even to percolating waters. Water and oil, and still more 

strongly gas, may be classed by themselves, if the analogy be not too 

fanciful, as minerals ferae naturae. In common with animals, and unlike 

other minerals, they have the power and the tendency to escape without 

the volition of the owner . . . They belong to the owner of the land, and are 

a part of it, so long as they are on or in it, and are subject to his control; 

but when they escape and go into other land, or come under another's 

control, the title of the former owner is gone. Possession of the land, 

therefore, is not necessarily possession of the gas.” Ohio Oil Co. v. 

Indiana, 177 U.S. 190, 204, 20 S. Ct. 576, 582 (1900). 
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Water law doctrines and the doctrines that determine rights to oil and gas have common 

legal and theoretical foundations. When settlors moved to the western United States and 

began developing placer mines, the settlors treated the land and water as essentially a res 

nullius, or a collection of resources without existing rights, free for development. 

(Barbanell, 2001). The prior appropriation doctrine related to the rule of capture 

developed as courts wrestled with conflicts between miners, competing for use of limited 

water sources. Likewise, courts developed the rule of capture for oil and gas resources 

when faced with producers that alleged that their oil was being drawn away from their 

land by neighboring uses.  

 

Prior appropriation resembles the rule of capture in many aspects, protecting the first user 

to “capture” or “appropriate” the resource for private use, while still being recognized as 

owned by the public, reflecting their common origins in farae naturae legal theories. 

However, the common origins between the legal treatments of these two resources are 

relegated to a footnote in modern regulation of these resources. 

 

Divergent Doctrines and Divergent Terms, but Similar Patterns 

 

From their relatively similar legal-theoretical origins, water and hydrocarbons have taken 

divergent paths, each developing their own doctrines, conflicts, and regulatory systems. 

However, the same kinds of conflicts, specifically, individual harms caused by adjacent 

users, localized harms within a small region, reservoir- or aquifer-wide issues, and 

conflicts over the impacts on transresources incidentally connected to resource use, have 

occurred with these two resources. The regulatory and statutory attempts to address these 

issues also followed similar tracks. The timeline for the regulation of oil and gas 

progressed quickly, likely due to the intensity of development and national security 

concerns regarding preventing waste of the resource. (Olien & Olien, 2002). Water policy 

development progressed more slowly, but similar regulatory stages are still present. 

 

At first, no regulations applied to oil production and the conflicts between oil producers 

grew unabated. Later, the Texas Railroad Commission intervened by imposing limited 

regulation of individual wells attempting to prevent some of the numerous problems that 

had started. (Olien & Olien, 2002). One of these rules imposed minimum spacing 

distances, requiring drills to be placed further apart to reduce interference between wells. 

In the 1940s and 1950s, pooling laws forced neighboring small landowners to group 

together to share a single well, distributing profits between the pooled properties. 

(Weaver, 2006). Later, rules implementing the maximum efficient rate (“MER”) limiting 

production from the entire reservoir to prevent basin-wide harms. (Weaver, 1989). 

However, landowners threatened to challenge these statutory approaches as a “taking” of 

private property requiring government compensation. With governments unable or 

unwilling to fully address these issues though legal reforms, unitization agreements 

accomplished the same waste prevention and benefit-maximizing system that these was 

the goal of legislative efforts. 

 

The very same problems face aquifers today. As shown in Table 1, each resource uses 

different terms, but regulations and laws address the same general underlying issues. 
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Table 1. Comparing Stages between Aquifer and Oil and Gas Regulation 

Resource Problem Oil and Gas Terms Aquifer Resources 

Terms 

Individual Harms Rule of capture, well 

construction rules, blowout 

preventers 

Well construction rules, 

prior appropriation 

Localized Harms Group production limits, daily 

production limits, well spacing 

rules, pooling requirements 

Production restrictions, 

conjunctive 

management, well head 

protection areas 

Reservoir/Aquifer-

Wide Harms 

Maximum Efficient Rate Sustainable yield, safe 

yield, basin yield  

Transresource Issues Unitization (enabling 

secondary recovery techniques, 

pressure maintenance via 

injection wells, efficiency 

improvements, reduced waste) 

Unitization? (enabling 

integrated artificial 

storage and recovery 

techniques, geothermal, 

and water quality 

management?)  

 

Similar to oil and gas development, surface water development began with little 

regulation. (Barbanell, 2001). Groundwater development often began without clearly 

defined rules. In Nevada for example, the State Engineer did not address groundwater 

sources in regulations until 1911, and groundwater was not clearly subject to the laws of 

appropriation until 1913 when the state legislature amended the water code to include 

groundwater. (Shamberger, 1991). 

 

After some western states began recognizing groundwater rights of use under the prior 

appropriation system, the focus was on addressing conflicts between individual 

groundwater users. More recently, localized harms, like stream depletions due to 

interference with nearby surface water users, have become recognized through some 

states’ conjunctive management rules. Even more recently, states have begun to limit 

overall pumping from an aquifer to its “safe yield” (sometimes called “sustainable yield” 

or “perennial yield”) to attempt to balance the rate of withdrawal with the recharge rate. 

The concept of “safe yield” has been firmly rejected by hydrologists, but has become 

embedded in many state’s groundwater codes and regulations. (Bredehoft, 1997). As can 

be seen in the condition of many western states’ aquifers today, these legal efforts have 

failed to achieve sustainable and equitable management of aquifer resources. 

 

The oil and gas community rejected the idea that state or national laws could compel 

large numbers of landowners to cooperate to efficiently and scientifically manage a 

common reservoir. (Hardwicke, 1948). Likewise, unitization principles developed in the 

oil and gas industry could provide a viable, proven method of governing aquifers in 

western states without resorting to coercive legal requirements. Just as legislatures feared 

that statutes restricting oil production could constitute a “taking” of property, water users 

resist similar legislation restricting groundwater production or development, fearing that 

their property right of use to the groundwater would be “taken” without compensation. 
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Unitization agreements sidestep the takings issue by allowing a private, voluntary 

contacts to replace coercive state action requiring compensation. 

 

LEGAL AND ECONOMIC THEORY: WHY DOES UNITIZATION WORK? 

 

Unitization fundamentally changes the incentives and interests of the participating parties 

by changing the theoretical form of property. Under the rule of capture, each well owner 

competes to gather oil and gas before the other well owners draw the resources away 

from their land. After unitization of the reservoir, the agreement splits each party’s right 

to pump under the rule of capture into two components: (1) a right to control (pump) and 

(2) a right to the benefits of the well. Barbanell (2001) terms these the “liberty” and 

“claim” rights respectively. Parties to the agreement grant the right to management of 

their wells to the unit operator but retain the right to income from wells. 

 

The splitting of rights into management and income components represents the 

conversion of rule of capture property interests into community property, or, more 

specifically, a collective property system. Common property systems grant a specific 

group of individuals use of a resource managed by the whole group.4 Collective property 

systems are similar, but instead of granting an undefined amount of access, they grant 

each individual a specific amount of the resource managed by the group. (Peredo et al., 

2017). These forms of property contrast with circumstances of no property and open 

access, often confused with common property and conflated with the theory of the 

“tragedy of the commons” by economists. (Barbanell, 2001). The theory of the tragedy of 

the commons suggests that parties with unlimited access to a resource will compete and 

overconsume a common resource. (Ostrom, 1990). By designating the benefits to a 

limited group of individuals and allotting a portion of the common resource to each party, 

the theory of tragedy of the commons is mitigated by contract. 

 

For aquifers, unitization agreements would task the unit operator with the management of 

the entire aquifer, including distributions of groundwater and aquifer storage and 

recovery (“ASR”) activities, and with planning projects and water use to maximize the 

benefit of the aquifer for the entire unit. Because unitization is akin to a collective 

property system, the benefit or income provided by groundwater rights remain with the 

parties to the agreement. Use of those water rights, however, vests with the group. Using 

this system, the unit operator may develop new ASR systems, place new wells in 

geologically preferable locations, abandon harmful or poor quality wells, or develop 

pipelines to provide water to those parties whose wells are determined to be unfavorable. 

The key feature of unitization is that individuals do not bear the costs or receive benefits 

of redesigning the entire aquifer infrastructure as individuals, but as members of the 

contracting unit. 

 

 
4 As the cases cited above discuss, legal theories treat water as a common property owned by the public. 

This is often confused with public ownership, where a state legislature, agency, or local government owns 

the water. Under common property systems, the groups make management decisions internally, not from a 

functionally external source. (Barbanell, 2001). 

 



 

USCID 2019 Conference 89 

THE CHALLENGES TO UNITIZATION: 

 COOPERATION, MONOPOLIES, AND PERCEPTION 

 

Applying unitization principles to aquifers presents a collection of challenges. Like any 

new concept, especially one attempting to address a “wicked problem,” aquifer 

unitization will likely face a series of challenges if pursued. (Jarvis, 2014). Like oil and 

gas unitization that took several decades to settle on a definite structure, aquifer 

unitization would take many forms and face unprecedented challenges as the legal tool 

matures. The history of oil and gas unitization can provide lessons that may predict the 

kinds of issues aquifer unitization may face. 

 

Internal Resistance 

 

One of the first issues faced by advocates for the unitized development of oil and gas 

reservoirs was internal resistance within the proposed unit. Because early unitization 

agreements were voluntary, reluctant parties could refuse to join the unit and create a 

“free rider” problem. (Weaver, 1986). For this reason, some commentators claim that 

voluntary unitization agreements may be “too utopian” to actually be a viable option. 

(Clyde, 2011). Today, all oil-producing states, excluding Texas, have compulsory 

unitization statutes. (Weaver, 2006). These statutes force reluctant parties into the 

unitization agreement when a certain threshold of participation is met. Without a 

compulsory unitization statute specifically for aquifers, reluctant parties may undermine 

the potential effectiveness of a potential unit. Most problematically, the reluctant parties 

would likely be the same parties with plentiful and secure groundwater rights that would 

be the most beneficial to a unitized aquifer. A counteracting incentive could be the threat 

of the imposition of critical groundwater areas, like those discussed by Clyde (2011). The 

threat of government regulation of the entire aquifer may encourage reluctant parties to 

the negotiation table that would otherwise have no interest in participating. 

 

At the same time, examples in the groundwater context show fears of free-riders may be 

overblown. Efforts to address groundwater depletion using methods similar to unitization 

in Utah’s Escalante Valley appear to rebut the perceived difficulty of cooperatively 

managing an entire aquifer. (Jarvis, 2011). The Escalante Valley Water Users Association 

(“EVWUA”) negotiated a voluntary agreement that would have gradually reduced overall 

groundwater pumping in the valley over 40 years to the state mandated “safe yield” level, 

with senior appropriators providing water supplies to junior water users facing 

curtailment under threatened government regulations. (Keiter, et al., 2011). The 

agreement pooled the basin’s groundwater rights, sharing curtailments of any individual 

groundwater use on a pro-rata basis by all participating parties. The Utah Division of 

Water Rights adopted the Beryl-Enterprise Groundwater Management Plan, developed 

with the EVWUA in December, 2012. The experience in the Escalante Valley shows that 

voluntary agreements, even those where some users forego their senior priority position, 

are possible in some circumstances. 
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Threat of Aquifer Monopolies 

 

The largest perceived threat to unitization in the oil and gas industry was anti-trust laws. 

Some of the attention to the monopoly issue may be due to the politics of the period in 

which unitization agreements developed. (Hardwicke, 1948). However, later-adopted 

statutes explicitly authorizing unitization agreements alleviate the threat of anti-trust 

litigation against parties to a unitization agreement for oil and gas operations. Aquifers, 

on the other hand, do not have the same explicit statutory authorization to unitize. Some 

states, like Oregon, authorize and encourage voluntary agreements between groundwater 

users which could be used in a similar manner. For example, under Oregon Revised 

Statute 537.745(1), the Oregon Water Resources Commission may approve a voluntary 

agreement among groundwater users of a common aquifer, allowing the agreement to 

operate in lieu of formal orders from the agency. Statutes like this one would impliedly 

authorize a unitization agreement, shielding the unit from claims the agreements create a 

monopoly. Just as seen in the oil and gas industry’s experience, the threat of anti-trust 

litigation may be more academic conjecture than reality. 

 

Lack of Public Interest and Environmental Review 

 

The final challenge that unitization agreements face is the perceived differences in 

perceived purposes between oil reservoirs and aquifers. The purposes of unitization 

agreements in the oil and gas context are to (1) prevent physical waste of the resource by 

leaving oil within the reservoir; (2) prevent economic waste by drilling and operating 

excessive numbers of wells; and (3) protect parties’ rights in the common reservoir and 

fairly distribute benefits. (Weaver, 2006). These purposes are compatible with the goals 

for an aquifer to (1) efficiently and conjunctively manage groundwater and aquifer 

storage resources; (2) reduce costs for the basin and sustainably develop the aquifer (like 

implementation of ASR projects); and (3) protect individuals from bearing the costs of 

development and water curtailments alone. The two resources share the same goals of 

collective, efficient, and science-based resource management. Unitization incorporates 

the public interest in conserving and beneficially using an aquifer without waste directly 

into the purposes of the agreement. 

 

Many of the hurdles facing aquifer unitization are the same ones that faced oil and gas 

unitization during its history. The perception that aquifer unitization agreements will be 

ineffective, generate monopolies, and lead to further depletions of groundwater resources 

may be valid. However, “[u]nitization certainly did work in the oil and gas context. 

While it was fought by some, it has proven to be the savior of all.” (Clyde, 2011). 

 

THE NEXT STEP: WHY UNITIZATION PRINCIPLES COULD ADVANCE 

GROUNDWATER GOVERNANCE 

 

While the timeline in the oil and gas industry from its first conflicts to the acceptance of 

unitization to achieve coordinated, comprehensive governance spanned approximately 50 

years, groundwater’s timeline is still unfolding. The final catalyst for the adoption of 

unitization in the oil and gas industry was rampant overproduction, low oil profits for 
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individual well owners, the national focus on preventing resource waste during World 

War II, and the possible untapped benefits of secondary recovery using injection wells. 

(Hardwicke, 1948). Similar circumstances to those seen in the oil and gas industry are 

developing for aquifers today. Ever increasing pumping costs to reach deeper water 

tables, the potential reuse of aquifers as storage reservoirs using ASR technology, and the 

water availability challenges associated with climate change require the development of 

new groundwater governance systems. 

 

Today, efforts to address groundwater issues remain focused on reining in use on a basin-

wide level and the limiting the effects of groundwater use to hydraulically connected 

streams though conjunctive management. These efforts are similar to the limited 

regulatory efforts to prevent overproduction and protect correlative rights developed 

before the advent of the unitization age in the oil and gas industry. Just as secondary 

recovery efforts required more cooperation than these laws provided, the emerging use of 

ASR may necessitate that groundwater injections and withdrawals are coordinated by a 

large number of overlying groundwater users. The policies surrounding ASR are still in 

development or experimental stages in many states. Basin-wide planning, cooperation, 

and coordination could greatly expand the potential benefits of ASR technology. 

Additionally, litigation surrounding pore space property rights may require landowner 

consent prior to development of ASR projects. The Agua Caliente Tribe claimed trespass 

and conversion of tribally-owned pore spaces by an aquifer recharge project in Southern 

California in Agua Caliente Band of Cahuilla Indians v. Coachella Valley Water District. 

849 F.3d 1262, 1267 (9th Cir. 2017). If ASR development requires adjacent landowner 

consent, agreements akin to voluntary unitization will be required.  

 

With the looming threats of depleted aquifers and efforts to reduce conflicts over aquifer 

resources, unitization agreements may serve as a potential tool to advance aquifer 

governance. While never attempted in its complete form, pressures to solve the 

groundwater crisis and the potential benefits provided by collective aquifer governance 

may serve as the catalyst for aquifer unitization. However, until a group of aquifer users 

attempt to negotiate one of these agreements, aquifer unitization will remain untested. 
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ABSTRACT 

 

The concept of an “urban-rural divide” is a sociological theory that distinguishes the 

cultural and social perspectives between urban and rural sectors. This division underlies 

the conflicts over water resources in the western United States. Often, the disparate 

perceptions between these groups result in clashes over goals and priorities of water 

resources. 

 

Western states have embedded the urban-rural “divide” into water codes and related land-

use policies. Western water laws in most western states shield municipalities from 

forfeiture laws that support urban agricultural practices and provide urban water users 

more flexibility than their rural counterparts. This flexibility provides a level of water 

security for urban residences that incentivizes suburban and urban growth and 

development. As a consequence, the increased density and demand for resources creates 

an additional burden on accessible water and a more contested dispute over allocation of 

who gets the water especially as between the urban-rural water users.  

 

INTRODUCTION 

 

Water scarcity has wreaked havoc on the development of the western United States since 

early settlements in the 1800s. The increase in population density has served to 

exacerbate the scarcity issue, but the ultimate concern is the division in ideologies 

between urban and rural populations of how to utilize what water is available.  

 

The clear separation of urban and rural lifestyles and socioeconomics continues to feed 

opposing viewpoints regarding water management. As the concentration of money flow 

increasingly migrates to urban developments, likewise do water management practices 

that favor urban-friendly uses. As populations become ever-more urbanized, the pressure 

to prioritize urban uses over rural uses will only grow.  

 

To show the differences between urban and rural water uses, a basic understanding of 

water rights provides a common foundation to contrast the growing divide. Both urban 

and rural water use in the western United States require a water right. This paper focuses 

mainly on the prior appropriation water management system used in the American West. 
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Basic Elements of a Water Right 

 

As part of an introduction to water law and regulation, it is beneficial to identify the basic 

elements of a water right. These elements are necessary for both urban and rural water 

users, and serve to outline the boundaries for water laws in the western United States. 

 

Point of Diversion. The first element of a water right narrows in on the precise location at 

which the water is diverted, withdrawn, or appropriated from its source, known as the 

“point of diversion.” For example, a concrete dam intercepts water at the river and diverts 

it from its natural course to a non-natural channel. 

 

Water diversions can generate from either surface or groundwater. Surface water sources 

encompass visible bodies of water such as lakes or rivers. Groundwater tends to trace its 

source to underground aquifers, usually accessed through a well or natural spring. 

 

Place of Use. The location at which the water is used for a specific purpose is known as 

the “place of use.” These locations are often identified through a legal description of the 

property where the water is used, or the “appurtenant” lands.  

 

Urban users, such as municipalities, are loosely regulated by a large area described as the 

place of use. Under an urban water right of use, a city’s limits may stand as the confines 

for where the water must be used. However, rural water rights are more explicit and 

defined. A rural place of use must specifically define a location with physical boundaries 

on a map, and any deviation from those boundaries exposes the water right to penalties, 

such as a loss of portions or all of the water right of use by cancellation through forfeiture 

or other means.  

 

Quantity (Flow and Volume). “Flow” is the maximum rate at which water can be 

diverted under a water right, generally measured in cubic feet per second (“cfs”). A five-

foot-wide and one-foot-deep irrigation ditch, flowing at one-foot-per-second, has a flow 

rate of five “cfs.” Similarly, “volume” is the maximum rate diverted annually, and is 

measured in acre-feet per year. One acre-foot is about a football field covered one foot 

deep in water.3 Municipal rights of use very often are limited only by rate, not total 

volume, a limit that applies to rural rights of use.  

 

Season of Use. Specific types of water rights are only permitted to divert water during set 

times of the year, designated as the “season of use.” An example of a water right with a 

specific season of use is an irrigation right. Under an irrigation water right, the user can 

only divert water during the irrigation season that is either defined by an adjudicating 

court considering climate, soil types, usual crop patterns, or by a state’s water code or 

rules. 

 

Municipal water rights are generally not subject to season of use restrictions, since the 

amount of water needed throughout the year is continuous and not confined to a specific 

 
3 Sigler, Adam & Bauer, Brad (2017), Water Rights in Montana: An Overview, Montana State University. 

Page 2.  
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season or time. Year round seasons of use for municipals are granted for the same rate 

throughout the year. Even though urban/municipal users use water for irrigation of lawns, 

parks, and other similar “seasonal” uses, a municipal right of use is not split between a 

restricted use seasonally as is the rural irrigator. 

  

Priority. The “priority date” is the time at which the water right was first created and 

used. Priority dates serve to settle disputes among competing water users during scarcity; 

whoever has the oldest “senior” right has priority during times of scarcity, and whoever is 

the newest, or “junior” user, is only allowed to divert water once all the other, more 

senior users have diverted their allocated water portion.  

 

Beneficial Use (Purpose). The purpose for obtaining a water right is commonly known as 

the “beneficial use.” Beneficial uses tend to be strictly enforced, and nonconformity with 

the officially designated use can result in loss of the water right.  

 

Urban beneficial users, such as municipalities, are allowed to use water for a variety of 

purposes under the municipal “umbrella” description such as domestic, industrial, 

commercial, public supply, and irrigation for lawns and trees. In contrast, rural water 

rights are stricter, with specific single beneficial uses designated like irrigation of fields.  

A rural user is regulated even when changing from irrigation of fields to irrigation inside 

a greenhouse, considered a “nursery” beneficial use.   

 

THE WATER DIVIDE: URBANISM VS. RURALISM 

 

The distinction between urban and rural water uses traces its history to long before the 

thirteen original colonies had taken root, where the groundwork for modern water law in 

the United States was conceived under England’s common law. The history of water use 

in the western United States chronicles a past wrought with fights over water, from 

international disputes over fishing to neighbors vying for access to a river for their cattle 

to drink. As water management regulations took shape, so too did underlying contentions 

over water use. An analysis of core water rights issues is essential to understanding the 

division between urban and rural water users.  

 

Consumption Levels with Transfers 

 

The term “consumptive use” refers to the amount of water that a user diverts under a 

water right. Water that is not consumed reenters the water source and is designated as 

“return flow.” Since return flows are not consumed, or “depleted,” they are often 

reallocated to a different water user, generally downstream.  

 

Transfers of a water right’s use, either to change an element of the right itself or to 

transfer use to a different user, have led to a meticulous framework under the prior 

appropriation doctrine common throughout the western United States. In some states, the 

standard for evaluating a transfer is known as the “no injury rule.” This rule requires the 

reviewing authority to determine if the proposed transfer would “injure” other existing 

water rights. Jurisdictions vary on precise interpretations, but the baseline rule requires a 
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finding of “no injury” to both senior and junior priority users of return flow for approval 

of the transfer.  

 

Many western states require a public review for proposed water transfers to assess the 

projected impacts on local communities. Often, urban users are very protective of their 

municipal supply while protesting transfers of agricultural water rights of use as a way to 

obtain a negotiating position that may require the agricultural user to “mitigate,” or give 

up, to the municipal use either directly or indirectly by assuring return flow volumes to 

the downstream municipal to approve the agricultural transfer.   

 

The concept of water transfer is based upon the idea that reallocation of water from one 

location or use to a better-suited designation is an appropriate way to abrogate water 

scarcity. Although this rationale is sound in theory, reality indicates that the end result is 

often more water for “higher value uses,” such as domestic and municipal, and less water 

for “lower value uses,” like irrigation.  The reality supports an often repeated statement in 

the West that “water flows to money.” 

 

While irrigation is a predominate water use given the volumes necessary to grow fruits 

and vegetables as well as fodder for livestock, the framework for regulation of water 

rights has come to partially favor urban users. The infrastructure in place sets stringent 

permitting requirements and approval processes for rural water users, like irrigators, 

while at the same time allowing urban water users, such as municipalities, to self-regulate 

most aspects of their water rights. Urban users, like cities, are allowed far greater 

discretion to transfer water from one location to another within the city’s boundaries, or 

for a different purpose than originally designated. For example, cities may transfer 

commercial and industrial uses to domestic uses without any oversight or formal transfer 

process. In contrast, transfers between two types of rural uses typically require an 

administrative process and a showing of “no injury” or “enlargement” in the use of the 

water. 

 

Rural water uses, such as irrigation, are required to stay within strictly defined locations 

and uses, impeding needed flexibility in irrigation of fields and crop-rotation. Transfer of 

irrigation rights to other types of uses may require an analysis of the consumptive amount 

used historically.  

 

Case Study: Transfer of Oregon Irrigation Rights. Oregon water law addresses the issue 

of “enlargement” in irrigation water transfers. Under Oregon Administrative Rule 690-

380-0100, an enlargement occurs when the transfer would expand the rate or duty of the 

diversion or increase the number of irrigated acres.4 This diminishes the value of 

irrigation water rights relative to other uses, since transfers require the applicant to ensure 

that the proposed use would not impact the flow regime in such a way that other water 

rights would be injured. This places a heavy burden on irrigators who wish to transfer 

irrigation water rights of use.  

 

 
4 Or. Admin. R. 690-380-0100(2). 
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Abandonment and Forfeiture 

 

Typically, failure to use a water right for its beneficial use or to secure a change of use 

before making a different type of use opens the door to cancellation of the water right of 

use. This framework spans many of the western United States, with the rationale that a 

water right of use may be reallocated for a better use if it is no longer required for the use 

permitted.  

 

A common exception to the cancellation framework is municipal water rights of use. A 

city’s water right of use is permitted to ebb and flow with urban development and growth. 

For example, a row of city lots can lie vacant without water use, and the city can later 

reallocate the water to more promising neighborhoods without having to first seek the 

approval of state water authorities. 

 

In contrast to urban water rights, rural users must either develop all their acreage and 

water use within specific time frames or lose the right of use. Certainly, they cannot 

change the use to a different location or place of use without state water authority 

approval. The idea that water, if not applied to the beneficial use for which it was 

appropriated, is subject to cancellation and reallocation is sound in theory and flawed in 

practice, because water use is dynamic in nature and is reliant on infinite variables.  

 

As a rural water user, it is challenging to rehabilitate a water right of use that has been 

left unused for more than five years, often meaning a permanent loss of the associated 

right of use. The loss of the water right of use is a loss to the entire agricultural 

community because once lost, obtaining a junior priority right of use, if possible at all, 

will be junior to all then existing uses. 

 

 “Spreading” of water conserved from one location to be used on an additional area 

amounts to an admission of “waste” of the resource and is disallowed in some states on 

policy grounds. In Oregon, it constitutes an illegal use unless the agricultural water user 

has engaged in a very specific conserved water program wherein a water user can expand 

the place of use but must in this process sacrifice a portion of the conserved water to 

instream uses, with a priority only one minute later than the water right from which it was 

conserved.5    

 

The “use it or lose it” principle, although designed to encourage productive use and 

prevent water hoarding, creates a cycle wherein the water right holder must exclusively 

use in order to escape cancellation. 

 

Case Study: Forfeiture Exemptions in the Western States. In Washington, the water code 

includes nine water uses exempt from forfeiture. The majority of the exemptions listed 

under the code target urban uses, such as municipal water supply.6 Although one of the 

exemptions is for “agricultural industrial processes,” this broad category refers to 

industrial water uses for processing agricultural products rather than supporting rural 
 

5 Or. Rev. Stat. 537.455 to 537.500. 
6 Wash. Rev. Code 90.14.140(2). 
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uses. Additionally, Washington’s “trust water rights program” is designed to act as an 

alternative to the state’s forfeiture laws for excess water.7 However, the exception only 

applies if the excess or “waste” water is managed through the state-run program.  

 

Under Utah law, the forfeiture exemption is specifically designed to encourage urban 

expansion. Public suppliers are exempt from forfeiture so as to provide for future urban 

development.8 The code’s definition of “public water supplier” includes irrigation 

districts, but private rural water users are prohibited under the exemption as it explicitly 

targets “public” water suppliers.  

 

Under the Nevada Revised Statute 533.060(3), abandonment does not apply to water 

rights of use on agricultural land if two conditions are met: first, that the land is converted 

to urban use; and second, that a water purveyor, public utility, or public body acquired 

the water for municipal use.9 The underlying result is twofold: urban users are 

incentivized to acquire rural water rights, and rural users are left with an increasingly 

limited water supply.  

 

Place of Use Limitations 

 

Place of use, as defined in the above section on water elements, places a requirement on 

where the water is applied. Although the guidelines and flexibility for place of use vary 

from jurisdiction to jurisdiction, the most striking distinction is the disparity between 

urban and rural place of use limitations. Under a municipal water right, a city’s place of 

use limitations are only defined by the city limits or even the urban growth boundary both 

of which can change over time. On the opposite end of the spectrum, a rural water use, 

such as irrigation, is required to remain within a strict designated location, and deviation 

of that location requires an extensive and lengthy place of use transfer application. 

 

The framework for urban water users is based on practicality. It is impractical to expect a 

city to request prior approval for every modification in a water use. Instead, 

municipalities are allowed leeway to assess where to best utilize their allocated water. 

Instead of restricting municipal water rights to a designated lot, they can move the use 

like pawns on a chess board. This makes sense because to require approval from a state 

water authority for every alteration would require an unmanageable measure of state 

oversight and would place the decision-making in the hands of individuals incapable of 

understanding issues at the local level. Therefore, municipal flexibility to adjust their own 

water rights makes sense. 

 

The regulations set in place for rural water uses are starkly different from those in urban 

areas. The requirements for maintaining a rural water right involve strict adherence to the 

state-approved place of use. Any deviance from that location must follow approval of an 

 
7 Bell, Craig & Taylor, Jeff (2008), Water Laws and Policies for a Sustainable Future:  A Western States’ 

Perspective, Western States Water Council. Page 110. 
8 Utah Code Ann. 73-1-4.  
9 Nev. Rev. Stat. 533.060(3).  
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application to transfer the place of use. If the place of use changes without proper 

authorization, the water right of use is potentially subject to cancellation.  

 

Self-supplied domestic uses, such as indoor water use for a farmhouse, are likewise 

subject to strict regulations in some states. While some states have carved out an 

exemption for domestic single-household wells, the water must only supply that 

household and its needs, such as a small number of livestock watering. If down the road 

the landowner decides to parcel-off the property for multiple households, each household 

may be required to obtain its own exemption or must secure water rights of use, possibly 

either through a state-approved agreement with neighbors or through an entirely new 

water source, such as a new well. The domestic “exception” to the requirement for a 

water right is not protected because it is not an approved water right of use via permit 

issuance, and could be decreased or eliminated by the legislature’s statutory changes. It is 

rare that rural domestic water users hold a water right, which is a protected property 

interest that would survive any statutory changes to the domestic exceptions.  

 

Increasingly, already scarce water resources are being allocated in rural areas to protect 

instream flows. The broad category of “instream uses” runs the gamut from fish and 

wildlife protection to water quality to sufficient water flow to float a recreational raft or 

fishing boat. The benefits of safeguarding instream flows are indeed extensive, but the 

recent focus on permanently allocating water rights of use to maintain streams and rivers 

persistently encroaches on water available to future agricultural growth. Essentially, this 

form of “beneficial use” is a water right for the non-use of the water left instream, with 

the impact primarily borne by rural residents. As generational farmers and ranchers retire, 

and their water rights of use fall abandoned to the wayside as younger generations leave 

agriculture, water is increasingly transferred to urban or instream uses rather than 

maintained for their historic beneficial purposes. Over time, this reduces rural 

communities’ total access to water indefinitely.  

 

Case Study: Places of Use in Montana. Water laws in Montana recognize places of use 

comparable to other western states. Municipalities are allowed flexibility in the places of 

use, and rural water rights must receive prior approval before deviation from the 

designated place of use. However, unlike most western states that prohibit “spreading” of 

excess water to additional land, Montana allows water users through an application 

process to apply the conserved or “salvaged” water to neighboring land. This allows rural 

water users to expand irrigated acreage. Unfortunately, the lengthy application process 

acts as a deterrent. 

 

Extended Development Timelines 

 

Once a new water right application has passed the approval stage, a development timeline 

is set for the user to “develop” the water right under specific guidelines. These 

development deadlines often fall short of the time needed to “develop” the water for its 

designated beneficial use. The water authority may grant an extension to allow further 

time as needed. The standard for extension determinations vary from state to state. 

However, as a general rule, an extension of time for development of the water use is 
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based on the state water authority’s analysis of “due diligence” during the initial period of 

development including physical developments such as construction of a well and how 

much further work is needed to fully put the water to beneficial use. 

 

The norm for approval of a city’s request for extension of time is loosely based on what 

work has been done to reach the water’s beneficial use. With capital and resources from 

local businesses pushing projects forward, the probability of an extension from the state 

water authority favors urban growth. Likewise, commercial and industrial projects are 

similarly situated. With the financial security to back up physical development of a water 

permit, extended development timelines are assured.   

 

Unfortunately for rural water users, much of the manpower to develop a water right 

comes from spare time on the weekends and what little cash flow survives day-to-day 

living expenses. Without the corporate-level capital to pay for the physical labor and 

necessary supplies, a rural water right of use may take longer to develop. Once the 

quickly approaching deadline looms ahead, the work done to develop the beneficial use 

may not pass the state water authority’s inspection. Consequently, the built-in incentives 

to allow time extensions results in more leeway for those individuals with more 

financing, and the small farmers struggling to obtain water for their fields end up with the 

short end of the straw. 

 

Case Study: Time for Municipal Development in Oregon. The statutory scheme under the 

Oregon water code favors municipal water development projects. The Oregon Revised 

Statute (“ORS”) 537.230 provides for the initial development period as follows: 

 

(2) Except for a holder of a permit for municipal use, the holder of a water right 

permit shall prosecute the construction of any proposed irrigation or other work 

with reasonable diligence and complete construction within a reasonable time, as 

fixed in the permit by the Water Resources Department, not to exceed five years 

from the date of approval. 

 

(3) The holder of a permit for municipal use shall commence and complete 

construction of any proposed works within 20 years from the date on which a 

permit for municipal use is issued under ORS 537.211. The construction must 

proceed with reasonable diligence and be completed within the time specified in 

the permit, not to exceed 20 years. However, department may order and allow an 

extension of time to complete construction or to perfect a water right beyond the 

time specified in the permit …. ORS 537.230 (Internal emphasis added).  

 

This excerpt from the Oregon Revised Statute is one of many examples that demonstrates 

the division between urban and rural water use regulations, instilled within the state’s 

water code.  

 

As to municipal extensions if needed beyond the 20 year period for the initial 

development, Oregon requires quite an onerous municipal extension process for those 

municipals appropriating from a surface source or a hydrologically connected well 
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source. However, the municipal who successfully navigates the Oregon procedure may 

obtain a 30-50 year extension to fully develop the water use only limited by a regulatory 

priority attached to the water approved for development so that fish flows must be 

satisfied before the development water can be appropriated by the municipality. These 

lengthy time periods are not available to rural users, most limited to extensions of one to 

five years. 

 

Types of Use Available 

 

Universally necessary for virtually every aspect of life, water often requires management 

frameworks to carve out specific categories for water use. Some of the most common 

uses in modern times are designated as agricultural, domestic, municipal, industrial, and 

environmental. Additionally, legislators and courts have chosen to exclude some types of 

uses. Prohibited uses include intentional flooding to preserve soil moisture or to 

exterminate rodents, water as a means of transporting sand and gravel for mining, and 

testing wells with temporary pumps.10 

 

Urban water uses strive to accommodate the rapidly changing and dynamic nature of 

urban and suburban expansion. Examples of urban water uses include housing 

developments, new schools and hospitals, processing plants, and commercial 

developments like hotels and other businesses. Every example of urban growth share a 

common prerequisite: access to water. As a result, regulations of urban water uses are 

flexible and place a majority of the decision-making in the hands of those benefitting 

from the water: the municipalities. Municipal water rights include all forms of uses, such 

as industrial, commercial, irrigation of lawns and trees, public supply, and domestic. 

 

The scope narrows for rural residents, as rural water rights tend to be restricted to a single 

use. One major discrepancy is the flexibility of permitted uses. For example, urban water 

rights are designed to accommodate growth, but go for a Sunday drive into the heart of 

rural America, and the laws of water change drastically. Rural water rights are strictly 

held to defined uses, and any deviation from that permitted use requires an application 

and approval process through the state water authority. For example, a typical rural water 

right may only provide for irrigation of a field on a specific tax lot.  

 

Case Study: Types of Uses in Idaho. As a western state with a thriving agricultural 

industry, Idaho maintains some of the region’s most rural-friendly water laws. In addition 

to recognition of both diversion and instream flow water rights, the state has also carved 

out a category for “instream livestock,” wherein a water right holder can water livestock 

directly from a stream.11  Other beneficial uses in Idaho are more restrictive for a rural 

user, such as irrigation, stock-water, and fish and wildlife designations. These latter 

categories are specific to certain types of uses, and allow little room for change without 

prior approval from the state water authorities.   

 

 
10 Danielson v. Milne, 765 P.2d 572 (Colo. 1988). 
11 Idaho Stat. 42-113.  



USCID 2019 Conference 102 

Categories of beneficial use for urbanites are broader in Idaho including domestic, 

municipal, manufacturing, recreation, and hydropower. These uses are generalized and 

allow for discretion on the part of the water right holder to determine what might be 

included in the actual use.  

 

CONCLUSION 

 

The very nature of water as a necessary component of society places users at odds with 

each other. The water rights scheme in the western United States has attempted to address 

the inherent issues of water use. Unfortunately, when a perceived issue was identified, 

rather than rely on the courts to resolve matters under the prior appropriation doctrine that 

was the foundation law of appropriation in the West and developing common law on that 

doctrine as Colorado has done, legislatures in all the other western states have passed 

successive laws and adopted regulations that may have solved the issue of the “year,” but 

created more conflicts necessitating more legislative action or state agency rule-making 

the following year. Decades of legislative and agency activism have compounded and 

complicated the laws of water use in the West. Unfortunately, it is unlikely that we can 

turn back the clock. 

 

Ultimately, water has always and will continue to give rise to disputes across urban and 

rural boundaries. Technological fixes may mitigate the impact, but are more akin to 

superficial answers to bigger questions. While urban developments are sprouting up 

across the western United States, rural farmland is being abandoned for lack of resources. 

Failure to cultivate rural lifestyles does more than open up water for reallocation – it 

leaves grocery stores barren, dinner tables sparse, and a dying legacy gasping for water. 

The division between urban and rural water uses begs the question: how far can society 

go before realizing the importance of maintaining rural water availability? Perhaps 

Benjamin Franklin correctly foresaw the conflict over water, when he said: “when the 

well is dry, we know the worth of water.”  

 

REFERENCES 

 

Bell, Craig & Taylor, Jeff (2008), Water Laws and Policies for a Sustainable Future:  A 

Western States’ Perspective, Western States Water Council. Page 89. 

 

Danielson v. Milne, 765 P.2d 572 (Colo. 1988). 

 

Doherty, Todd & Smith, Rod (2012), Water Transfers in the West: Projects, Trends, and 

Leading Practices in Voluntary Water Trading, Western Governors Association. Page 

111. 

 

Idaho Stat. 42-113. 

 

Marston, Landon & Cai, Ximing. (2016), An overview of water reallocation and the 

barriers to its implementation. Wiley Interdisciplinary Reviews: Water. 

 



USCID 2019 Conference 103 

Nev. Rev. Stat. 533.060(3).  

 

Or. Admin. R. 690-380-0100(2). 

 

Or. Rev. Stat. 537.455 to 537.500. 

 

Plaven, George (2019), The Last Water in the Valley: Agricultural Concerns, Capital 

Press. 

 

Sigler, Adam & Bauer Brad (2017), Water Rights in Montana: An Overview, Montana 

State University. Page 2. 

 

Shupe, Steven J., Weatherford, Gary D. & Checchio, Elizabeth (1989), Western Water 

Rights: The Era of Reallocation, 29 Nat. Resources J.413.  

 

Utah Code Ann. 73-1-4.  

 

Wash. Rev. Code 90.14.140(2). 

 

 

 





 

USCID 2019 Conference 105 

MANAGEMENT OF INDEPENDENCE LAKE FOR WATER SUPPLY, 

RECREATION, AND THE ENVIRONMENT 

 

W. Martin Roche, P.E.1 

 

ABSTRACT 

 

Independence Lake is a natural lake on Independence Creek which flows into the Little 

Truckee River which is a major tributary of the Truckee River.  Independence Dam was 

constructed at the outlet of the lake in 1879 with a storage capacity of about 3,000 acre-

feet, and enlarged to its present capacity of 17,500 acre-feet in 1939.  The stored water 

provides municipal and industrial water supply for the Truckee Meadows Water 

Authority in the Reno-Sparks area and is usually released in the late summer.  A 

minimum release of 2 cubic feet per second (cfs) to Independence Creek is required by 

the State of California to maintain fishery habitat.  Walt Disney Productions proposed a 

year-round resort near the lake in the 1970’s which never came to fruition.  Land 

surrounding the lake was obtained by the Nature Conservancy (Conservancy) in 2010 and 

the conservancy restricted watercraft on the lake which has been quite controversial.  The 

Conservancy provides boats and kayaks free of charge for use on the lake; however no 

outside watercraft are allowed.  In 2012 the U. S. Bureau of Reclamation constructed a 

fish barrier on Independence Creek to prevent invasive species from entering the lake.  

The purpose is to protect the Lahontan Cut Throat Trout, an endangered species that 

inhabit the Lake. 

 

This paper will discuss the history and current management of Independence Lake for 

water supply, recreation, and the environment. 

 

INTRODUCTION 

 

Independence Lake (Lake) is a natural lake on Independence Creek which flows into the 

Little Truckee River which is a major tributary of the Truckee River in Northern 

California (Figures 1 and 2).  It is accessed by driving five miles over a dirt road which is 

generally open from late May to the middle of October each year.  A dam on the Lake 

provides stored water for municipal and industrial water supply for the Truckee Meadows 

Water Authority in the Reno-Sparks area.  The Lake is considered by some to be one of 

the most pristine alpine lakes west of the Rockies (Nature Conservancy).  At an elevation 

on 6,949 feet (Tahoe Donner Land Trust), the Lake and the surrounding forest area 

provide outstanding recreational opportunities, which include kayaking, fishing, hiking, 

and wildlife observation as well as environmental benefits. 

 

 

 

 
1 Consulting Engineer, 13879 Naomi Way, Grass Valley, CA 95945 wmroche@usamedia.tv 

mailto:wmroche@usamedia.tv
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Figure 1. Location Map, Truckee and Carson Rivers 
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Figure 2.  Independence Lake 

 

EARLY AND RECENT HISTORY 

 

The area around Independence Lake has been used by Native Americans for at least 

9,000 years (Truckee Donner Land Trust).  According to some sources, Independence 

Lake was named by Lola Montez on July 4, 1853 (Roche).  Ms. Montez was famous 

(notorious?) for being famous.  She had limited talent but was noted for performing the 

“spider dance” at saloons in Grass Valley, California where she lived for several years.  

She later became the mistress of King Ludwig of Germany.  She also is the namesake for 

Mount Lola, which at the headwaters of the Lake’s drainage basin, is one of the highest 

peaks in the Northern Sierra Nevada Mountains at 9,143 feet. 

 

A wooden dam was built on the Lake in 1879 and provided about 3,000 acre-feet of 

storage.  During the 1880’s ice harvesting was conducted at the Lake, averaging about 

1,000 tons per year. 

 

In the 1970’s Walt Disney Productions proposed a high-end, all seasons resort on the 

bank of the Lake.  Due to local opposition and economic conditions, the project never 

came to fruition (Roche).  Throughout the last several decades, the Lake has been a 

destination for camping, boating, fishing, and hiking enthusiasts.   
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WATER SUPPLY 

 

A new dam was constructed on the Lake in 1939, enlarging the capacity to about 17,500 

acre-feet.  The water is used for municipal and industrial supply in the Reno-Sparks area 

in Northern Nevada and is managed by the Truckee Meadows Water Authority (TMWA) 

(Truckee Meadows Water Authority Web Site).  TMWA is a community-owned non-

profit water utility that provides drinking water for over 400,000 residence in the Reno-

Sparks area of Northern Nevada.  Most of the releases from the Lake are made in the fall; 

however a minimum release of 2.0 cubic feet per second (cfs) is required at all times by 

the California Department of Fish and Wildlife to maintain the fishery habitat. 

 

ENVIRONMENT 

 

Prior to 2010, 2,325 acres of land surrounding the Lake was owned by NV Energy, which 

with its predecessor Sierra Pacific Power had held the property since the late 1930’s.  

This property around the Lake was acquired by the Nature Conservancy (Conservancy) in 

April 2010 (The Nature Conservancy).  The Bureau of Reclamation (Reclamation) was 

directed by the Congress of the United States (Congress) to provide $9,000,000 to the 

Conservancy to partially fund the land acquisition, and conducted the Environmental 

Assessment for the acquisition (U.S. Department of the Interior). 

 

Reclamation was subsequently directed by Congress to modify the above grant to provide 

funding for other projects, including the construction of a fish barrier project to prevent 

non-native fish from migrating upstream into the Lake (Bureau of Reclamation).  These 

non-native species pose a threat to the long-term viability of the Lahontan Cutthroat 

Trout.  The fish barrier was completed in 2012. 

 

The Conservancy is working with about two dozen partners to preserve critical habitat for 

native fish and wildlife, to reduce the risk of aquatic invasive plants and animals being 

introduced into the lake and surrounding area, and to reduce the risk of wildfire and 

subsequent erosion into the Lake by implementing forest management strategies.  Species 

such as the quagga mussels, New Zealand mud snails, and Eurasian watermilfoil could do 

significant harm to the environment if they enter the Lake.  Not only would they disrupt 

the Lake’s healthy ecosystem, but they could have a major impact on recreation.  The 

Lake is home to one of only two self-sustaining populations of the Lahontan Cutthroat 

Trout (Tahoe Donner Land Trust). 

 

In 2016 California issued Annual Guidelines for Truckee River Reservoir Operations 

which included these guidelines for the operation of Independence Lake (The Nature 

Conservancy): 

 

1. To benefit Lahontan Cutthroat Trout, the Lake should be at maximum 

elevation by May 15 for successful spawning. 

2. The Truckee Meadows Water Authority should hold the Lake relatively 

high until December 1, and then rapidly draw it down 3 to 5 feet to de-
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water Kokanee Salmon redds.  To accommodate this, drawdown during 

the fall months should be limited. 

 

RECREATION 

 

The Nature Conservancy also manages the Lake and surrounding land for recreation in a 

manner that is compatible with protecting the local environment (The Nature 

Conservancy).  In a very controversial move the Conservancy has banned all outside 

watercraft from the Lake and allows walk-in access to the Lake only.  Many local and 

nearby residence who had access to the Lake with their boats for many years were 

displeased with the new restrictions.  A parking area is provided within about a quarter 

mile of the Lake.  The Conservancy provides boats and kayaks at no cost at the Lake, 

which are generally available on a first come, first serve basis. 

 

Although fishing is allowed at the Lake, only artificial lures with barbless hooks may be 

used, and all Lahontan Cutthroat Trout must be immediately returned to the water.  In 

addition fishing is not allowed in any tributaries and within 300 feet of the mouth of the 

tributaries (California Department of Fish and Wildlife). 

 

CONCLUSION 

 

Independence Lake is a valuable resource that contributes to water supply for Northern 

Nevada, and environmental and recreational resources in Northern California.  

Sustainable management by the Truckee Meadows Water Authority, the Nature 

Conservancy, and about two dozen partners will ensure that this resource is protected in 

the future. 
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NEW WATER SOURCES, PROMISES AND PROBLEMS 

John A. Replogle1 

ABSTRACT 

Conservation and technical improvements to water use efficiency can only go so far in 

meeting the world food needs.  Granted, political stability and improved education are 

prime contributors, but if they are ever achieved, water ranks high for fostering both.  

Some of the previous water distribution proposals may warrant a review in the light of 

changing political and population demands.  Biological implications that are concerning 

in any transfer of water need to be addressed.  The possibility of new energy sources 

being the provider of new water, needs consideration.  Social unrest, political boundaries, 

resistance to change, real and imagined fears, all go well beyond scientific solutions.  

Therefore, solutions are expected to involve special cooperation among scientists, 

engineers, social scientists, and political entities.  Energy sources reviewed include solar, 

wind, and special nuclear opportunities, particularly Thorium Nuclear.  Opportunities for 

substituting energy transfer from one region to another instead of raw water, in order to 

reduce demand on the raw water source are explored. 

INRODUCTION 

The quote, “whisky is to drink, water is to fight over,” while often attributed to Mark 

Twain, with few ways of verifying, still conveys the ever increasing “war” of the waters.  

These battles are conducted more often in legal settings heavily laced in political garb.  

The result is apportioning a commodity that is just too small.  Few are satisfied.  At the 

best, the effort seems to try to evenly distribute dissatisfaction.  Within this complicated 

framework, conservation and technical improvements in water-use efficiency can only go 

so far in meeting the world food needs.  Granted, political stability and improved 

education are prime contributors, but if they are ever achieved, water ranks high for 

fostering both.  

Very recently Mark Fischetti and Lisa Mahapatra {Scientific American, June 2019. 

Follow the Water.  Page 80.} graphically summarize The United Nations Sustainability 

Development Goals. They show an analyses by four international researchers, which 

indicates that water solutions provides the greatest synergistic advantages for achieving 

17 goals and 169 interactions involving water, energy, and agriculture.   

With water of this great importance, it is of little wonder that great efforts are made to 

secure a portion of an increasingly scarce resource.  But where will the needed supplies to 

meet necessary goals come from? 

Redistribution on a global scale is a possibility, but highly improbable because of 

political boundaries as well as the massive surface disruptions to land and populations for 

the necessary structures. Examples are the Great Recycling and Northern Development 

 
1 Consultant; 4555 E Mayo Blvd, #4219, Phoenix, AZ 85050; reploglearizona@cox.net 
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(GRAND) Canal of North America (GNAC) and the North American Water Plan 

(NAWAPA) of the 1950s and 1960s, which will be briefly reviewed.  The reviewers of 

their histories suggest that most untapped water sources will probably remain in place 

because of the difficulty of long-distance transfers, political resistance, and biological 

implications of pests and diseases that are concerning in water transfers.  

WATER REDISTRIBUTION 

As mentioned, there has been two large scale water transfer proposals for North 

American.  One was primarily to supplement flows into the Great lakes and other eastern 

locations, and the other would have basically benefitted the western United States.  Both 

in their largest scopes covered most of the North American Water short regions, 

including Mexico. 

The Great Recycling and Northern Development (GRAND) Canal of North America 

The Great Recycling and Northern Development (GRAND) Canal of North America, or 

GCNA, is a water management proposal designed by Newfoundland engineer and 

visionary Thomas Kierans to alleviate North American freshwater shortage problems. 

The plan was promoted by Kierans from 1959 until his death in 2013 and since by his son 

and executor of his estate Michael Kierans. However, the reluctance of the US and 

Canadian governments to enter into large scale co-operative international water sharing 

arrangements and claims of potential negative environmental impact of the proposal have 

prevented serious consideration of the idea.  The entire plan is estimated to cost $100 

billion and require an annual billion dollars in operating costs. 

His solution was to dam a portion of Hudson Bay, called St James Bay, so that it would 

fill with fresh water and overflow into the salt water of Hudson Bay. This would produce 

an enormous freshwater lake. A percentage of that water would then be pumped south 

into Great Lakes. The flow would be the equivalent to 2.5 Niagara Falls.  Extensions of 

the plan would carry water as far west as Saskatchewan and on into Western United 

States.  

NAWAPA (North American Water and Power Alliance) 

Also known as The North American Water Plan, NAWAPA, was considered by many as 

a viable, yet grand plan. It proposed to tap some of the continent’s largest rivers — 

including the Yukon in Alaska, and the Peace and Fraser in British Columbia — and 

store most of it in an enormous valley that runs the length of British Columbia, turning 

the much of the valley into a reservoir 500 miles long. (Lake Mead on the Colorado 

River, the largest reservoir in the United States, is 112 miles long when full.) A canal 

would carry fresh water from British Columbia 2,000 miles east to the Great Lakes, 

diluting their polluted waters and, not incidentally, opening a commercial waterway from 

Vancouver to Lake Superior. Other canals, tunnels, and pumps would send water from 

the reservoir in British Columbia to some of the driest regions of the United States and 
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Mexico: the inland Pacific Northwest, the Great Basin, Southern California and the desert 

Southwest, and the northern Mexican states of Sonora and Chihuahua. 

It would require the construction of 369 individual dams, canals, pipelines, tunnels, and 

pumping stations. Its builders would have to move 32 billion cubic yards of earth and 30 

million tons of steel. Its largest proposed dam would be 1,700 feet tall, more than twice 

the height of Hoover Dam (and far taller than any dam in the world today). Parsons and 

his staff estimated that the project would cost between $100 and $200 billion over 30 

years — or, in today’s dollars, somewhere around $760 billion and $1.5 trillion. 

(Wikipedia: https://en.wikipedia.org/wiki/North_American_Water_and_Power_Alliance) 

As journalist Marc Reisner (1993) observed in his book Cadillac Desert, the project had 

only two major drawbacks: It would destroy anything still resembling nature in western 

North America. And it might require taking Canada by force. 

OTHER OPPORTUNITIES 

While the boating opportunities that might have been offered by the grand water 

schemes, the promise of unlimited energy from nuclear fusion would have seemed able to 

provide economical water anywhere in any quantity.  From the 1950’s the thought that 

such energy was less than 30 years away and would be too cheap to bother with metering.  

However, the skeptics standard joke is that “it is 30 years away and always will be”, 

which seems close to describing the current situation.  Therefore, staying within current 

technologies, there are possibilities that economically suitable schemes may be available, 

or appear feasible in a much shorter time frame than 30 years to forever. 

Solar Power—the Supposition 

Consider the American Southwest, particularly Arizona, California and Nevada.  Suppose 

we could reduce California’s need for water from the Colorado.  This would significantly 

benefit Nevada and Arizona.  Suppose that we use solar power production in parts of 

Arizona where mined, pumped water is projected to end productive irrigated agriculture 

in the not-to-distant future.   Since 2014, when Arizona had the then largest solar farm in 

the world (290 megawatt), much larger solar farms now exist with the cost projections 

continually falling. These irrigated farm areas already have roads, power line rights-of-

way, and established population centers.   Existing agricultural support businesses would 

be impacted, but these would be lost anyway when ground water pumping ceases.  If the 

economics were suitable, the coastal cities could use the ocean waters and the inland 

areas could raise our food on the river waters.   

How much power is needed for one million acre-feet of water per year? 

Two solar farms in California producing 550 MWac each, are the Topaz Solar Farm 

(Wikipedia, 2019) completed in 2014, with a loan of $ 1.9B, and the Desert Sunlight 

Solar Farm (Wikipedia, 2019) with a loan of $1.48B.  These costs of about 2.5 to 3.5 

cents per kWh are much higher than the current 2019 expected bid prices of about 1 cent.  
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These constructions operate on about 19.5 square miles and 6 square miles respectively.  

They are on desert topography and much of the property is not conducive to be easily 

developed, so the ratio of property area to production is not readily comparable to 

previously leveled irrigated lands, such as arias proposed in Arizona.  Arizona has 

approval more construction for at least one solar project on federal land near Buckeye 

Arizona, and a few others are planned around the state, but none on the scale suggested 

herein. 

The following values and estimates are available on-line from several sources.  Using a 

conservative 13 kWh per 1000 gallons of desalinated sea water, then one MWh would 

produce 76,923 gallons.  Then 4.235 MWh are needed for an acre foot per day (325,800 

gallons), yielding 365 acre-feet per year. 

The usual estimate is that it will take 4 acres of solar farm for one MWh per year.  This 

includes maintenance roads and support building sites.  This means that 16.94 acres are 

needed per acre foot per day, or 365 ac-ft/year.  For each million acre-feet per year, then 

2739.7 units of 16.94 acres are needed, or 46,411 acres. 

Recent bids for solar farms are decreasing to the point that in 2019 they are less than one 

dollar per watt, or $1 Million per MW and using 4.235 MWh for 365 acre-feet per year, 

or 11.602 MWh for 1 million acre-feet of water, is $11.6 billion for a million acre-feet of 

water per year.  As of the summer of 2019, Los Angeles, CA planned to approve a project 

that claims to make solar power less expensive than fossil power.  It is expected to 

address the main limitation of solar power in that it only works when the sun shines 

because the project calls for a huge solar farm backed up by what would be the largest 

battery system in the world.  It would provide about 7% of the of the electric power 

required by the city beginning in 2023.  The estimated costs are 1.997 cents per kWh for 

the solar part and 1.3 cents per kWh for the battery storage.  As of late August, 2019, 

Union opposition to closing gas-fires plants has delayed action, according to the Los 

Angeles Times newspaper (Roth, 2019). 

This is would be $1.997 per MWh., whereas others suggest that solar is going to be bid at 

near $1.00 currently, or in the near future.  This is to suggest that the solar quote may be 

high.  However, the Lithium batteries may be priced too low.  The very size of the project 

may actually cause shortages in both and end up “bidding” against itself. 

Los Angeles, CA, currently charges about $6.40 per hundred cubic feet of delivered 

water at the lowest customer rate, which is about $8.66 per 1000 gallons or $2.82 Billion 

per million acre-feet of water serving about 5 to 10 million people at 85 to 170 gallons 

per day per person.   Desalinization of sea water costs are about $3 to $4 per 1000 

gallons, or using the higher cost, $1.3B per million acre-feet.  This leaves about $1.5B 

annual return on the nearly $12B investment, or 12.5% annual return.  Maintenance and 

transport charges must be charged against this.  This may result in making it a marginal 

investment even if the city would accept the cost. California currently pumps water over 

mountains amounting to over 1000 feet of lift.  Estimating lift energy, pipe losses, and 

pump efficiencies, this amounts to about 2 MWh per acre foot, or less than half of 
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desalinization costs.  This would probably require cost adjustments for the water left in 

the river. 

Considerations for accommodating and using the solar production, that could influence 

the total cost, include oversizing the desalinization plants to absorb the solar power 

during the peak 5 hours per day, so that the solar-farm production is dedicated to that 

load and does not have to be stored in expensive batteries.  Likewise, the desalinization 

plants would use the peak production and taper off during the rest of the day and not 

demand load during off hours.  The economics of the desalinization plant operating at 

about 30% to 40% capacity, plus the storage reservoirs needed, have not been evaluated.  

A rough estimate is that if the desalinization costs would double, then the income margin 

reduces to almost zero.  If arrangements for off-peak power were made, this may lower 

costs and improve the economic advantage. 

Other considerations include the environmental impacts of solar panel production.  Toxic 

chemicals must be properly handled during manufacture and final disposal.  The 

completed operational panels do not pose these hazards.   

Also, the waste from the distillation plants need consideration.  The Israeli desalinization 

plants are accused of spoiling the fishing environment of the eastern Mediterranean.  

They are considering piping it much further into the sea. The salinity of the 

Mediterranean is diluted by the Atlantic Ocean which feeds it with about 40.5 million cfs, 

average flow.  Less than one-half percent enters the sea from other sources.  This would 

be a lesser problem with the Pacific Ocean, which is slightly less saline than the Atlantic, 

and has currents offshore to aid dispersion.    

Lastly, while reducing or eliminating the need for storage batteries is suggested as cost 

saving, no further analysis is offered of whether transport of the power by high-voltage 

DC creates any economic advantage, using AC conversion as needed for the pumping 

systems. 

Nuclear Energy 

Following the Chernobyl and Fukushima Daiichi Nuclear plant disasters in April 1986 

and March 2001, Respectively, fear of anything “nuclear” among the general population 

is not surprising.  Despite this, after 30 years of no new plants in the United States, 

Georgia Power, a part of Southern Companies, is constructing The Vogtle Units 3 and 4, 

named after a former Southern Company President, Alvin Vogtle. (Georgia Power, 2019) 

The ongoing nuclear waste disposal problem continually burdens standard nuclear plants.  

These nuclear electricity generating plants use only a small fraction of the nuclear energy 

expressed by Einstein’s famous equation.  The so-called fast breeder reactor would have 

extracted a large percentage and would have left a small fraction of the current waste 

problem.  However, the generated reuse-products were thought to be too dangerous 

because they may fall into hostile hands and used for convenient bomb production.  
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Recent thinking over the last decade has turned to what is termed Liquid Fluoride 

Thorium Reactors (LFTR).  Thorium is an element that is two steps left of uranium on 

the periodic table.  Protactinium lies between the two and is generated as a part in the 

recovery and reuse cycle as is some radioactive thallium, which generates dangerous 

gamma rays. 

Never the less, the development of cleaner, cost effective, nuclear power is continuing. 

Researchers at NRG, a Dutch nuclear materials firm, have begun the first tests of nuclear 

fission using thorium salts since experiments ended at Oak Ridge National Laboratory in 

the early 1970s. (Reilly, 2017).  

Thorium melts at 1,110ºC (2030ºF), and is made more easily used as it’s fluoride, which 

when mixed with fluorides of beryllium and lithium, reduces its melting-point to 360ºC 

(680ºf) (Economist, 2014).  To make liquid Thorium radioactive, and turn it into 

radioactive 233U, a small amount of a neutron source such as plutonium, is introduced, 

after which the liquid can be made radioactively sustainable by a chemical system that 

would continuously bleed off reaction-slowing fission products from the molten fuel. 

This leaves plutonium and all the other long-half-life fissile isotopes in the system to be 

more completely consumed.  Small amounts of new fuel would be injected as needed. 

This process can be done at atmospheric pressure, so the large containment domes of the 

usual nuclear plants are claimed to be unnecessary.  One major advantage is the 

radioactive 233U is not produced until the liquid phase is circulated, so no intermediate 

factory, or storage of fissionable product, is needed to turn thallium into 233U. Better 

plumbing material may be needed because the molten product is very corrosive. 

Because this process acts somewhat like the fast breeder reactor in that it consumes much 

more of the fissionable material than the standard system currently uses, which seems to 

only diminish the mass of the uranium fuel by about 0.002 %, leaving a large byproduct 

that is very radioactive.  This calculation is based on the published information that 10-

gram pellets of uranium fuel is equal to about 149,000 barrels of oil.  It can be shown that 

Einstein’s equation would show a quarter million times the total energy in that 10-gram 

mass.  Light water reactors use about 0.5% of the useable uranium while heavy water 

reactors use about 0.7% in a typical pellet. This is still a long way from total mass 

conversion to energy of Einstein’s Equation.  

Meltdown is improbable because the fuel is already melted.  The fusion process requires 

chemical removal of the fusion products because they absorb neutrons that eventually 

stop the process.  Stop removing the products and the reaction stops.  This adds to the 

safety claims presented.  Because this process acts somewhat like the fast breeder reactor 

in that it consumes much more of the mass-energy value, the final waste product is less.  

This final waste product of the liquid thorium should be about 1% of that produced by 

current nuclear plants and have a half-life of a few hundred years instead of hundreds of 

thousands of years.   While bomb-making materials, are not easily obtained in the 

process, it is possible, and security oversite will probably be needed.   



USCID 2019 Conference 117 

China seems to be leading the effort with large investments in developing liquid Thorium 

reactors. They claim to have developed corrosive resistant plumbing, but do not discuss 

in detail dealing with high energy gamma rays that seem to be an inherent byproduct to 

the conversion of thorium to radioactive uranium, (Press release, 2018). 

Several companies are hoping to make the process “truck portable”.  This may be 

difficult because of the problem associated with those gamma rays from the thallium 

byproduct, because they can penetrate concrete a meter thick.  They do envision small 

plants throughout the country, or in small villages, reducing the need for long 

transmission lines.  This would act as a distributed generating system that would be less 

vulnerable to massive natural calamities or hostile activities. 

If these companies can work around the radiation and plumbing problems, another power 

source may be worked into desalinization of sea water for cities for reducing the strain on 

the over-allocated river systems and enhance our ability to continue food and fiber 

production.   

SUMMARY AND CONCLUSIONS 

While the planet may be shown to have adequate fresh water on the global scale, 

redistribution of water would probably require dictatorial world power and a social order 

that most would not care to share.  Substituting energy for desalinating sea water in the 

more water short areas is already being practiced in such places as the Middle East, but is 

costly.  Using current technology, it appears marginally feasible to desalinate with solar 

power at the million acer-foot of annual water supply level, because of the generally 

lowering cost of large-scale solar farms proposed for desert areas with highly reliable sun 

exposure.  Promising developments in Liquid Thorium for nuclear power seems likely to 

replace standard nuclear at much lower costs in production of electricity and much lower 

nuclear waste production.  This may bridge the gap between current nuclear facilities and 

the long- promised nuclear fusion systems, if the latter is ever developed.  If cost 

effective power can be transported to coastal cities for desalination, then perhaps the 

reduced demands on internal river systems could allow agriculture to continue producing 

our food and fiber. 
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