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Preface 
 
The papers included in these Proceedings were presented during the USCID 11th 

International Conference on Irrigation and Drainage, held October 15-19, 2018, in 
Phoenix, Arizona. The Theme of the Conference was Water Reuse and Non-Traditional 

Water Sources for Irrigated Agriculture. 

Treated effluent is extensively used for agricultural and municipal irrigation in the United 
States and has been regulated by statutes at the state and federal level since the 1970s. 
When treated effluent cannot be used for irrigation, it is used for artificial groundwater 
recharge or as a supply for natural or artificial wetlands. As population and competition 
for scarce water resources increases, we can expect even greater use of treated effluent 
for irrigation, recharge and environmental uses. The current experience with the use of 
treated effluent has been positive, but there are short- and long-term concerns about its 
use, and thus about the sustainability of these practices.  

The goal of this Conference was to present and discuss these concerns, as they apply to 
treated water reuse and to the use of non-traditional water sources for irrigated 
agriculture. Implications for groundwater recharge and environmental concerns were also 
explored. Papers addressing issues facing irrigation water managers such as 
infrastructure, evapotranspiration and water management were also presented during the 
Conference. 

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. 

 

Brian T. Wahlin 
Tempe, Arizona 

Eduardo Bautista 
Maricopa, Arizona 

Conference Co-Chairs 
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INVESTIGATION AND ANALYSIS OF A VARIETY OF PHARMACEUTICALS 

AND PERSONAL CARE PRODUCTS IN RECLAIMED DOMESTIC 

WASTEWATER USED FOR URBAN AGRICULTURE IN NORTHERN UTAH 

 
Leila Ahmadi1 

R. Ryan Dupont 2 
Joan E. McLean3 

 
ABSTRACT 

 
Reuse of treated wastewater for irrigation of agricultural crops is one of the water 
management methods practiced in many locations in the USA, especially in arid and 
semi-arid regions with water scarcity issues. However, some of the complexities and 
challenges of this method have not been fully investigated. Previous research has shown 
that some pharmaceuticals and personal care products (PPCP) in domestic wastewater are 
still present in plant effluents even after treatment. Therefore, it is critical to identify the 
PPCPs that can cause health issues for humans exposed to this reclaimed water. The 
objective of this USDA-NIFA funded study was to investigate 12 pharmaceutical 
compounds in wastewater influent and effluent; reclaimed water used for irrigation; 
plants and fruits and vegetables grown with reclaimed water; and soil samples from the 
application areas. The study was conducted in Northern Utah where three treatment 
plants with significantly different treatment plant technologies were evaluated for the 
presence and treatment performance of 12 PPCPs. Irrigation water, plant and soil samples 
were also taken during two sprinkler irrigation events at one of the cities which utilized 
the most advanced treatment technology. Water samples were tested using solid phase 
extraction methods and analyzed using a Triple Quad LC/MS System. A similar approach 
to water samples was chosen for plant, fruit and soil samples after using the ASE 
(Accelerated Solvent Extraction) method.  Twelve PPCP compounds quantified in this 
study included Acetaminophen, Caffeine, DEET, Sulfamethoxazole, B-Estradiol, 
Estrone, Progesterone, Gemfibrozil, Carbamazepine, Triclosan, Fluoxetine and Tris-(2-
chloroethyl) Phosphate. The results of PPCP removal by various treatment technologies 
used in these municipalities will be presented, along with PPCP levels in irrigation water, 
plant (cucumber, beet, potato, squash, and onion) tissue, and soil receiving the reclaimed 
wastewater.  The potential risks of reuse practices based on these quantitative PPCP 
results will be addressed. 
 

INTRODUCTION 

 
Limited water supplies, uneven distribution of fresh water sources, and population 
growth has put growing pressure on water resources. Therefore, water conservation and 
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reuse of treated wastewater for various purposes, such as irrigation of agricultural areas 
or lawns and gardens, has been considered and practiced in many arid and semi-arid 
regions. Various municipalities in Utah use treated municipal wastewater during 
irrigation season to better manage their wastewater and extend their water resources. 
 
However, specific characteristics and quality of this water source compared to fresh 
water raises concerns and challenges that need to be considered carefully.  
Pharmaceuticals and personal care products (PPCP) are used for health and cosmetic 
purposes by individuals and end up in the wastewater influent. PPCPs include thousands 
of chemicals in a wide range of therapeutic classes (Daughton 2004).  
 
According to Mu (2015), the number of pollutants in water bodies has increased greatly 
in the last decade. Recent research studies have shown that PPCPs are not all removed 
from wastewater after conventional treatment methods and small quantities of some 
PPCPs have been detected in treated wastewater and the environment (Babcock et al. 
2002; Ellis 2006; Kuster et al. 2008; Miege et al. 2009; Blair et al. 2013; Bu et al. 2013; 
Cizmas et al. 2015; Wang and Wang 2016; Yang et al. 2018;; Zhang et al. 2018;). 
Sometimes reuse of treated wastewater is practiced to eliminate some of these 
compounds in the soil-plant system, assuming that they don’t cause pollution of soil or 
contamination of plants (Loftus et al. 2015; Al-Farsi et al. 2017). 
 
The risks associated with the presence of PPCPs in soil and plants, and the exposure of 
irrigators to small quantities of these compounds are not still well known. Many studies 
have focused on the fate of various PPCPs in soils (Wright 2013; Xing et al. 2016). The 
fate of PPCP compounds in soil-plant-irrigated systems is very complex and many factors 
affect the fate of PPCP compounds, some of which are (Wright, 2013): 1) Various 
properties and characteristics of the compound such as its solubility and octanol-water 
partitioning coefficient; 2) soil structure; 3) organic matter content of the soil; 4) soil 
properties such as soil pH; 5) groundwater depth; 6) plant cover and irrigation system 
characteristics, etc.  
 
According to Xing et al. (2016), soil colloids can greatly influence the fate of PPCP 
compounds in soil. For PPCP compounds with higher sorption to soil colloids, solutions 
with lower ionic strengths have higher colloid facilitated effects. While for PPCPs that 
have intermediate sorption to soil colloids the impact of soil colloids on PPCP 

movement changes with soil aqueous chemistry. Dalkman et al. (2012) also confirmed 
that the accumulation of PPCPs in soil is related to physiochemical properties of the 
pharmaceutical and soil type. Their results showed that the amount of sulfamethoxazole, 
ciprofloxacin, and carbamazepine increased in soils irrigated with untreated wastewater 
in Mezquital Valley, Mexico as the duration of irrigation increased until concentrations 
reached a steady state. The main degradation of contaminants in the soil to yield these 
steady-state concentrations would be through: aerobic biodegradation, soil photolysis 
(due to reaction with sunlight), and soil hydrolysis (due to reaction with water) (Boxall 
2012). 
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Other researchers studied the crop uptake of PPCP compounds and their presence in plant 
tissue (Eggen and Lillo, 2012; Sabourin et al. 2012; Carter et al. 2014; Wu et al. 2014; 
Malchi et al. 2014; Dodgen et al. 2014; Franklin et al. 2016; Al-Farsi et al. 2017; ). Carter 
et al. (2014) showed that plants can accumulate PPCP compounds based on the PPCP and 
plant characteristics. Various factors affect the uptake of PPCPs by plants (Colon 2016); 
PPCP compound physiochemical characteristics, environmental characteristics (such as 
soil properties, agricultural practices, etc.), and plant properties (such as leaf size and 
shape and lipid content) are some of those factors. The amount of PPCP uptake by plants 
is evaluated using a bioconcentration factor (BCF). BCF is “the ratio of the analyte 
concentration detected in the plant tissue to the spiked concentration in the growth 
medium” (Wu et al. 2015). Malchi et al. (2014), observed that for sweet potato and 
carrots irrigated with treated wastewater, non-ionic PPCPs (such as carbamazepine, 
caffeine) were detected at much higher concentrations than ionic PPCPs (such as 
gemfibrozil and sulfamethoxazole). Also, these PPCPs were detected at higher 
concentrations in the leaves compared to roots. Franklin et al. (2016) showed that in 
wheat plants spray irrigated with treated wastewater, trimethoprim was detected only on 
grain or straw surfaces, while carbamazepine and sulfamethoxazole were concentrated 
within the grain. Sabourin et al. (2012) investigated the uptake of PPCPs in vegetables 
(such as tomatoes, potatoes, carrots and sweet corn) grown in soil fertilized with 
municipal biosolids at a regulated rate in Ontario, Canada. Their results suggested that 
the uptake of PPCP was not significant enough to pose any health risks to humans.  
 
This study considers 12 PPCPs and their concentrations in effluent from treated 
wastewater and irrigation water as well as soil and plants irrigated with reclaimed water. 
These 12 compounds are: Acetaminophen, Caffeine, DEET, Fluoxetine, Carbamazepine, 
Progesterone, Estrone, B-Estradiol, Gemfibrozil, Triclosan, Sulfamethoxazole, and Tris 
(2- chloroethyl) Phosphate. Acetaminophen is a pain and fever medication; caffeine is a 
nervous system simulant and methylxanthine that is in many beverages; DEET is an 
active ingredient in insect repellent products; fluoxetine is an anti-depressant medication; 
carbamazepine is a mood stabilizer medication; progesterone is a major female sex 
hormone; estrone is a minor female sex hormone; B-estradiol is  a major female sex 
hormone; gemfibrozil acts as lipid regulator; triclosan is an antibacterial and is available 
in many personal care products; sulfamethoxazole is a bacteriostatic antibiotic; and 
finally Tris (2- chloroethyl) Phosphate is a placticiser and viscosity regulator and has 
flame retarding capabilities (U.S. National Library of Medicine 2018). A summary of 
some environmentally relevant physical/chemical characteristics of these compounds are 
shown in Table 1. 
 
Potential risks associated with these 12 compounds is discussed in the following parts of 
this study. 
 
Field Study Site Locations 

 
For the purpose of this study three communities in Northern Utah that use their reclaimed 
wastewater during irrigation season were considered. These communities included Logan  
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Table 1. PPCP compound physical/chemical characteristics (U.S. National Library of 
Medicine 2018) 

PPCP Molecular Formula

Molecular 

Weight 

(g/mol)

Water Solubility 

(mg/L)

Vapor Pressure 

@ 25°C (mmHg)
Log Kow

Acetaminophen C8H9NO2 151.165 14,000 @ 25°C 6.29E-05 0.46
Carbamazepine C15H12N2O 236.274 18 @ 25°C 1.84E-07 2.45
Fluoxetine C17H18F3NO 309.332 50,000 @ 25°C 1.65E-06 4.60
Triclosan C12H7Cl3O2 289.536 10 @20°C 4.60E-06 4.76
Caffeine C8H10N4O2 194.194 21,600 @ 25°C 9.00E-07 -0.07
Gemfibrozil C15H22O3 250.338 11 @ 25°C 3.10E-05 4.77
Estrone C18H22O2 270.372 30 @ 25°C 2.49E-10 3.13
DEET C12H17NO 191.274 912 @ 25°C 0.002 2.02
Progesterone C21H30O2 314.469 8.81 @ 25°C 3.59E-04 3.87
B-Estradiol C18H24O2 272.388 3.6 @ 27°C 6.38E-09 4.01
Tris (2-
chloroethyl) 
Phosphate

C6H12Cl3O4P 285.482 7,820 @ 20°C 6.13E-02 1.78

Sulfamethoxazole C10H11N3O3S 253.276 610 @ 37°C 6.93E-08 0.89  
 
 
City, Wellsville, and Hyrum. The influent and effluent water for these treatment plants 
were tested and analyzed for 12 PPCP compounds of interest. 
 
The Logan City wastewater treatment plant is composed of 460 acres of lagoons and 240 
acres of wetlands to treat the municipal wastewater coming from Logan (including Utah 
State University), Smithfield, Hyde Park, North Logan, River Heights, Providence, and 
Nibley with a total population of approximately 94,000. The treatment system includes 
seven ponds two of which are equipped with pontoon mounted surface aerators. The 
wetland is designed to assist in ammonia removal and lagoon effluent polishing. During 
the irrigation season, the treated wastewater is released to Cow Pasture Canal after 
effluent chlorination and used for irrigation of the lands on the west side of the treatment 
facility. If the water is not used for irrigation it is released to the wetlands. After this step, 
the water is released to Cutler Reservoir through Swift Slough (City of Logan 2015). 
 
Wellsville utilizes lagoons to treat municipal wastewater generated from Wellsville with 
a population of approximately 3,700. Wellsville treatment plant is composed of four 
ponds with a total surface area of 56.6 acres. During irrigation season effluent from the 
last lagoon is diverted to adjacent farmland for irrigation of forage crops. When 
discharging, the water treated in the lagoons passed through a UV disinfection unit before 
being released to Little Bear River (Wellsville City 2018). 
 
The Hyrum wastewater treatment plant uses membrane bioreactors designed for 
biological nutrient removal using anoxic and aerobic activated sludge stages and UV 
disinfection (Roth 2012). Alum is used for additional phosphorus removal when effluent 
is discharged to the adjacent Little Bear River. The Hyrum wastewater treatment plant 
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treats municipal wastewater from Hyrum City with a population of approximately 8,000.   
The treated wastewater without chemical phosphorous treatment is used for secondary 
water irrigation during the irrigation season. Fields irrigated with reclaimed water in 
Hyrum were considered for this study and analysis of PPCPs in irrigation water, soil and 
plants as well as garden vegetables collected from throughout Hyrum City were 
conducted and are summarized below. 
 

METHODOLOGY 

Water samples were taken in triplicate from the influent and effluent for all three 
treatment plants considered in this study. Water samples were also taken from irrigation 
water and during several sprinkler irrigation events. All sample bottles were prepared to 
use in the field according to USEPA Method 1694 (USEPA, 2007). All samples were 
processed using three concentration factors of 1, 50 and 1000 to ensure a wide range of 
detectable concentrations in the widely varying samples collected in the study. 
Concentration of samples were done using the solid phase extraction method (SPE) using 
OasisTM HLB (500 mg, 6 cc; Waters Corporation, Milford, MA) cartridges. For a 
concentration factor of 1, acetonitrile was used as the solvent, while for the more 
concentrated solutions methanol was used. All samples were analyzed using an Agilent 
1290 Infinity LC system with an Agilent 6490 Triple Quadrupole MS and an Agilent 
Eclipse Plus C18 column (2.1 x 50 mm, 1.8 µm I.D, 0.45 mL/min flow rate, 10 min. run 
time, 3 µL injections). The LC-MS system uses a binary pump with mobile phase A 
prepared with 0.1 % formic acid and 0.1% LC-MS grade methanol (by volume) in DI 
water and mobile phase B prepared with 0.1 % formic acid (by volume) in LC-MS grade 
acetonitrile. 
Plant and soil samples were taken at an active irrigation event. Samples from three 
locations outside of the actively irrigated area and three irrigated locations were 
collected. For each soil or plant sample an area of 5 ft diameter was considered and 
multiple samples were taken and mixed well in a pan to obtain a homogenous composite 
sample at that location. The soil and plant samples were stored in Ziploc bags. All soil 
and plant samples were frozen at the lab and were ground into a powder after being 
lyophilized. The PPCP compounds were extracted from samples using the Dionex 
Accelerated Solvent Extraction (ASE) method with a methanol solvent at 120°C. 
Distilled water was used to dilute the extracted solution to a volume containing less than 
2% methanol. Then, the same analysis procedure for water samples was used for them.  
 
Garden vegetables grown with reclaimed water were taken from different gardens in 
Hyrum. These samples were chopped into very small pieces and were frozen at the lab. 
After freeze drying and grinding, the powder was analyzed using the same method 
described above for plant and soil samples. The vegetables considered for this study 
included: squash, tomato, potato, beet, and cucumber. The skin of the vegetable samples 
was tested separately.  
 
The results of these PPCP analyses in water, soil, and plant samples are shown and 
discussed in the following sections. 
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RESULTS 

 
Wastewater Treatment Plant Influent and Effluent Concentrations 

 
The results from quantifying the PPCPs of interest for influent samples at Logan 
Lagoons, Wellsville Lagoons and Hyrum Treatment Plant, and their percent removal 
through each treatment system are shown in Figures 1 and Table 2, respectively. As 
shown in Figure 1, all three treatment plants had similar influent concentrations ranging 
from 10 ng/L to more than 50 µg/L. Table 2 also indicates that removal efficiencies for 
the PPCPs of interest were also similar among the three treatment plants.  
 
 

 
Figure 1. Concentration of 12 PPCP Compounds in Influent Samples of the Logan, 
Wellsville and Hyrum Wastewater Treatment Plants, May 2017. Error Bars are 95% 

Confidence Intervals of Replicate Measurements 
 
 
The results show that the wastewater influent from Logan lagoons, Wellsville lagoons 
and Hyrum treatment plant have 10 of the 12 PPCP compounds detected and that two 
(estrone and -estradiol) were below their method detection limit. The highest values 
seen in the wastewater influent were for acetaminophen, caffeine and DEET for all the 
treatment plants. Of the 10 PPCP compounds detected in the wastewater influent, most 
were found in the wastewater effluent at ng/L levels as shown in Table 2.  
 
Even though the treatment technology is very different among the three treatment plants 
being monitored, the removal efficiency of most PPCP compounds was very high in all 
of them. The lowest removal efficiencies were found for tris–(2-chloroethyl) phosphate,  
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Table 2. Concentration and Removal Efficiency of 12 PPCP Compounds in Effluent 
Samples from Logan, Wellsville and Hyrum Wastewater Treatment Plants, June 2017 

Sample 
Acetamino

phen 
Caffeine

Sulfamethox

azole
Carbamazepine

Tris-(2-

chloroethyl) 

Phosphate

Fluoxetine DEET
B-

Estradiol
Estrone

Progester

one
Gemfibrozil Triclosan

Logan Lagoon Effluent (Pre 

Chlorination) Concentration 

(ng/L)

1.66 0.81 39.1 9.8 17.0 1.95 16.5 < 5 < 5 2.80 55.8 4.00

95% Confidence Interval 0.06 0.12 0.97 0.38 0.49 3.46 1.18 NA NA 30.84 3.08 4.30
Percent Removal 100.0 100.0 83.6 37.4 41.2 97.4 99.6 NA NA 65.9 75.0 94.1
Wellsville Effluent 

Concentration(Before UV) (ng/L)
1.56 577 16.7 6.1 11.5 0.34 79.5 < 5 < 5 0.26 30.6 0.99

95% Confidence Interval 1.4 26.4 0.52 0.16 0.36 0.07 2.3 NA NA 0.03 2.5 0.12
Percent Removal 100.0 98.7 56.9 82.2 53.9 98.5 98.6 NA NA 93.5 60.6 99.4
Hyrum Effluent Concentration 

(ng/L)
36.0 48.1 708 11.4 28.2 4.22 16.9 < 5 < 5 1.63 19.8 5.40

95% Confidence Interval 30.8 15.1 36.0 0.53 0.69 0.32 6.1 NA NA 2.8 2.6 1.1
Percent Removal 100.0 99.8 35.0 -14.1 36.9 90.1 98.7 NA NA 89.0 97.9 90.9  
 

10,000

1,000

100

10

1

0.1

0.01

1,000.00

10,000.00  
41.2%, 53.9%, 36.9% for the Logan lagoons, Wellsville lagoons, and Hyrum, wastewater 
treatment plant, respectively; for carbamazepine, 37.4% for Logan lagoons and 0% for 
Wellsville lagoons and the Hyrum wastewater treatment plant, respectively. The highest 
PPCPs concentrations detected in Logan lagoon effluent were for gemfibrozil (55.8 ng/L) 
and sulfamethoxazole (39.1 ng/L). Caffeine (577 ng/L) and DEET (79.5 ng/L) were 
elevated in the Wellsville lagoon effluent, while sulfamethoxazole (708 ng/L) and 
caffeine (48.1 ng/L) occurred at the highest concentrations in the Hyrum wastewater 
treatment plant Hyrum effluent. 
 
At the end of August, the effluent of all three treatment plants were sampled and analyzed 
again. The results for the 12 PPCP compounds in the wastewater effluent at the end of 
August is shown in Figure 2. At this sampling event, the highest concentrations of PPCPs  
 
 

 
Figure 2. Concentration of 12 PPCP Compounds in Effluent Samples of the Logan, 

Wellsville and Hyrum Wastewater Treatment Plants, August 2017. Error Bars are 95% 
Confidence Intervals of Replicate Measurements 

10,000

1,000

100

10

1
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were detected for gemfibrozil (97.4 ng/L) and DEET (54.0 ng/L) for Logan lagoons;  
gemfibrozil (32.3 ng/L) and caffeine (20.2 ng/L) for Wellsville lagoons; and 
sulfamethoxazole (1,331 ng/L) and gemfibrozil (32.6 ng/L) for Hyrum treatment plant.  
 
As seen in a comparison between Table 2 and Figure 2, based on the time of the year, the 
effluent concentration of the PPCP compounds detected from these three plants can vary 
significantly and additional sampling will be carried out over the duration of this study to 
quantify the seasonal variation that is apparent in these preliminary data.  
 
Irrigation Water Samples 

 
During an irrigation event, various samples were collected to test the irrigation water as 
well as plant, soil and aerosols in an in an area directly receiving Hyrum wastewater 
treatment plant effluent in the secondary water system. All samples were collected and 
analyzed in triplicate. A schematic of the irrigation line and all sampling locations are 
shown in Figure 3.  
 
The spigot water was tested at the beginning, middle and end of the irrigation event. As 
shown in Figure 4, while all the compounds have concentrations of below 1 g/L, the 
highest values of PPCP detected were for sulfamethoxazole and tris–(2-chloroethyl) 
phosphate. This confirms the lowest removal efficiencies observed for these two 
compounds at the Hyrum wastewater treatment plant. The results show that the amounts 
of PPCPs are consistent in the spigot during the irrigation event as well as along the 
sprinkler system. The PPCP concentrations do not change based on the location of the 
sprinkler on the sprinkler line suggesting a uniform application of PPCPs throughout an 
irrigated plot. 
 
PPCP Concentrations in Soil and Plant Biomass 

 
The concentration of PPCP compounds in the soil and plant samples from the field study 
plot in units of ng per gram dry weight are shown in Figures 5 and 6, respectively. As 
seen in these figures, one of the compounds with the highest concentrations in plants and 
soil is DEET. It can also be seen that estradiol, estrone, gemfibrozil and triclosan were 
not detected in any soil or plant samples collected from this field site. This is to be 
expected for ß-estradiol and estrone that were also not found in the reclaimed irrigation 
water, but was not expected for gemfibrozil nor triclosan that were measured in the 
reclaimed irrigation water at average concentrations of 18.0 and 3.4 ng/L, respectively. 
The results also show consistent concentrations of PPCPs for plants and soils in both 
irrigation spray zone and the non-spray zone samples. These results reflect the long-term 
irrigation practices with reclaimed Hyrum effluent water over this entire field area. True 
background samples obtained from an area not receiving wastewater treatment plant 
effluent will be collected in future sampling events to evaluate PPCP accumulation in 
plant tissue and soils over time in response to the use of this reclaimed wastewater. 
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Figure 3. Schematic of the Sprinkler Configuration and Water, Plant and Soil Sampling 

Locations During the Field Test Conducted in Hyrum 
 
 

 
Figure 4. Concentration of 12 PPCP Compounds in Irrigation and Sprinkler Water 
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Figure 5. Concentration of 12 PPCP Compounds in Plant Samples Taken at the Hyrum 

Field Study Site 
 

 
Figure 6. Concentration of 12 PPCP Compounds in Soil Samples Taken at the Hyrum 

Field Study Site 
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The results for PPCP detection in vegetables grown with reclaimed water (Figure 7) show 
the highest concentration of acetaminophen in squash skin and squash pulp of 1,119 and 
758 ng/g dry weight, respectively. Consistent with the field test plant sample results, no 
triclocan was detected in any vegetable biomass. Unlike the pasture grasses, ß-estradiol 
(2.9 ng/g dry weight in tomato tissue), estrone (18.7 ng/g dry weight in potato skin), and 
gemfibrozil (0.38 ng/g dry weight in beet tissue) were detected in these vegetable 
samples harvested from local gardens using reclaimed wastewater for irrigation. There 
were traces of DEET in all the vegetable samples tested. 
 
 

 
Figure 7. Concentration of 12 PPCPs in Vegetable Samples Collected from Throughout 

Hyrum from Areas Irrigated with Reclaimed Water 
 
 
PPCP Bioconcentration 

 
Bioconcentration factors (BCFs) for all pasture grass samples were defined based on the 
accumulation of PPCPs in the plant tissue normalized to PPCP concentration in sprinkler 
water (pasture grasses) applied to the plants These results are summarized for the pasture 
grass samples in Table 3 in units of L/kg dry weight, and for individual samples ranged 
from a low of 0.05 for sulfamethoxazole to a high of 20,581 for progesterone. As would 
be expected, the BCFs for a specific PPCP were consistent as samples collected from the 
field site represented replicates of the same plant species.  
 
BCFs were also calculated for vegetable samples collected from a home garden in Hyrum 
using reclaimed wastewater for irrigation. For these calculations, the average Hyrum 
effluent wastewater concentration was assumed to be applied to the plants in this garden. 
Results for the range of vegetable tissue analyzed are summarized in Table 4. As  
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Table 3. BCF (L/kg Dry Weight) of 12 PPCP Compounds Found in Pasture Grass 
Samples Taken from the Hyrum Field Plot 

Sample 
Acetamino

phen
Caffeine

Sulfametho

xazole
Carbamazepine

Tris-(2-

chloroethyl) 

Phosphate 

Fluoxetine DEET
B-

Estradiol
Estrone 

Progester

one
Gemfibrozil Triclosan 

Plant at SP1 19.2 NA 0.68 3.5 0.62 71.4 413 NA NA 4,249 NA NA
Plant at SP3 NA 21.8 0.13 NA 0.61 NA 371 NA NA 20,581 NA NA
Plant at SP4 33.4 71.4 0.05 1.9 0.76 NA 1,992 NA NA 3,045 NA NA
Plant at SP5 NA 151 NA NA 2.5 NA 2,229 NA NA 9,759 NA NA
Plant at SP2 NA 42.9 1.08 1.4 0.57 179 2,203 NA NA 10,827 NA NA
Plant at SP6 59.7 NA 0.20 NA 0.40 NA 1,842 NA NA 4,158 NA NA
Mean 37.4 71.8 0.43 2.3 0.91 125.2 1,508 - - 8,770 - -
95% CI 23.2 55.6 0.39 1.3 0.63 105.4 701 - - 5,298 - -  
 
 
Table 4. BCF (L/kg Dry Weight) of 12 PPCP Compounds Found in Vegetable Samples 

Taken from a Home Garden in Hyrum where Reclaimed Wastewater is Used for 
Irrigation 

Sample
Acetamino

phen
Caffeine

Sulfametho

xazole
Carbamazepine

Tris-(2-

chloroethyl) 

Phosphate 

Fluoxetine DEET
B-

Estradiol
Estrone 

Progester

one
Gemfibrozil Triclosan 

Beet NA NA 0.78 20.1 42.5 1190 157 NA NA 366 14.7 NA
Beet skin NA NA 0.42 8.25 39.4 425 177 NA NA 760 NA NA
Tomato 5.50 NA NA 2.52 NA NA 77.0 NA NA 110 NA NA
Potato NA NA 0.00 3.06 22.5 20.8 207 NA NA 20.6 NA NA
Potato skin NA NA 0.00 6.31 14.8 7.9 188 NA NA 1922 NA NA
Squash 40758 13.1 NA 2.21 17.5 NA 39.9 NA NA 24.8 NA NA
Squash skin 60132 6.7 NA 1.37 19.6 NA 120 NA NA 27.8 NA NA
Cucumber 0.58 0.0 0.88 9.73 22.7 NA 151 NA NA 51.1 NA NA
Cucumber skin 4.84 0.0 NA 11.3 44.5 NA 168 NA NA 138 NA NA  
 
 
indicated in Table 4, there was significant variability in the relative concentration of a 
specific PPCP across the range of vegetable tissue evaluated, i.e., acetaminophen BCF 
ranging from 5.5 in tomato to 60,132 in squash skin.  
 
The relationship between logBCF and logKow, the relative affinity of PPCPs to partition 
to an organic phase compared to water, are shown in Figure 8 for the mean BCF values 
from Table 3 generated from the pasture grass samples. These data indicated a trend in 
increasing logBCF with increasing values of logKow as would be expected. Despite the 
consistency in BCF for these pasture grass samples, there was a large variation in results 
across the range of PPCPs evaluated resulting in an R2 (0.1795) shown in Figure 6 that 
indicated that the relationship was not significant at the 95% confidence level. 
 
Figure 9 shows the relationship between Log BCF and Log Kow of PPCPs for the 
vegetable samples collected from throughout Hyrum. While the R2 for these mixed 
vegetable samples was higher than that for the pasture grasses, 0.2305 versus 0.1795, the 
error bars Figure 9 reflect the wide range of logBCF values across the different plant 
tissue types. LogBCF versus logKow relationships were also explored for individual 
vegetable tissue type, but these relationships tended to have even lower R2 values than 
with the mixed vegetable samples shown here. These samples were taken from one 
location within the Hyrum secondary water distribution system. It is recommended to 
take more vegetable samples from various locations in the broader distribution system 
area with a wider range of crops irrigated with reclaimed water to improve the 
representativeness and hopefully the predictability of PPCP uptake in various plant tissue  
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Figure 8. The Relationship Between LogBCF and LogKow for the Pasture Grass Samples 
Collected from the Hyrum Field Site 
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Figure 9. The Relationship Between Log BCF and Log Kow for the Vegetable Samples 

Grown with Reclaimed Water in Hyrum 
 
 
to improve our understanding of the potential health risks associated with use of 
reclaimed water in urban home gardens and pasture areas. 
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SUMMARY AND CONCLUSIONS 

 
Preliminary studies have been conducted to determine the presence and concentration of 
12 select PPCPs in the influent and effluent of three wastewater treatment plants in 
Northern Utah that represent a wide range of treatment technologies from communities 
that utilize this treated wastewater for some form of secondary irrigation water reuse. 
Additionally, preliminary sample has been conducted of this reclaimed irrigation water 
and soil, pasture grass, and home grow vegetables in areas using this reclaimed water for 
irrigation purposes. Based on results of these preliminary sampling events the following 
conclusions can be reached. 
 
1. Ten of the 12 target PPCP compounds have been consistently detected in influent 

wastewater from all treatment plants at concentrations between 1 ng/L and 100 µg/L. 
Estrone and -estradiol were not detected in any influent samples above their method 
detection limits. 

2. Even though the treatment technologies are drastically different among the three 
treatment plants evaluated (simple facultative lagoons with duckweed to advanced 
membrane bioreactor mechanical treatment), removal efficiencies through the plants 
for the 10 detected PPCPs were quite similar. Removal efficiencies were compound 
specific and ranged from a low of 0% for carbamazepine in the Hyrum membrane 
plant, to approximately 100% removal for acetometaphen through all treatment 
plants. 

3. Low concentrations in the ng/L range were detected in all wastewater effluents for all 
10 of the PPCPs detected in influent samples, indicating that PPCP loading does 
occur, albeit at very low concentrations, through the secondary irrigation reuse water. 

4. Effluent concentrations of the target PPCPs appeared to be highly seasonally 
dependent, and additional sampling of both influent and effluents concentrations will 
continue to more completely define the variability of the target compounds in these 
systems over time. 

5. Irrigation water analysis at a field test plot confirmed the consistent detection of all of 
the detectable effluent PPCP compounds, indicating the conservation of PPCP 
compounds in the secondary water distribution system. 

6. Corresponding analysis of soil and pasture grass samples indicated to persistence of 
eight of the 10 detectable reclaimed water PPCPs, with gemfibrozil and triclosan 
becoming non-detectable in soil and pasture grass tissue following their application at 
the field site. 

7. Screening analysis of a range of vegetable samples collected from a home garden 
using this reclaimed water were consistent with results from the pasture grass, with 
the same eight PPCP compounds being consistently detected in vegetable samples 
ranging from tomatoes to potatoes to squash skin. 

8. Exploration of the predictability of PPCP accumulation into plant material suggested 
the expected increase in compound logBCF with an increase in its logKow, but the 
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relationships were not statistically significant for either the pasture grass (R2 = 
0.1795, n = 8) nor the combined vegetable data (R2 = 0.2305, n = 9) using the mean 
of logBCF values across all replicate samples. 

9. Continued sampling of secondary irrigation water samples, as well as soil and plant 
samples from pastures and multiple home gardens will continue through the summer 
and fall of 2018 to increase the range of PPCP concentrations, plant types, and 
replicate samples to increase the reliability and applicability of findings being 
generated from this study. 
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ABSTRACT 

 

Reuse of treated wastewater for agriculture is practiced in many arid and semi-arid 
regions to better manage limited water resources for expanding populations. However, 
the risks and challenges associated with the reuse of reclaimed water for irrigation has not 
been fully investigated. One of the aspects of reuse of reclaimed wastewater in urban 
agriculture that needs to be explored is an investigation of potentially harmful 
pharmaceuticals and personal care products (PPCPs) in aerosols generated in active 
irrigation areas. There is no specific method defined in the literature for studying various 
PPCPs in aerosols. This study explored different test methods and sampling durations to 
develop the best standard operating procedures for quantifying the potential health risks 
from PPCPs in aerosols generated in sprinkler irrigation of reclaimed wastewater. More 
specifically, two methods were considered for PPCP aerosol sampling: 1) Filters, and 2) 
all glass impingers. The sampling setup is designed around portable, battery-operated 
TSP/PM10/PM2.5 AirMetrics MiniVol samplers. A spike solution of 12 PPCP compounds 
(Acetaminophen, Caffeine, DEET, Sulfamethoxazole, B-Estradiol, Estrone, 
Progesterone, Gemfibrozil, Carbamazepine, Triclosan, Fluoxetine and Tris-(2-
chloroethyl) Phosphate) of known concentration was prepared in distilled water and used 
for the impinger solution. Also, filters were spiked with a known concentration of those 
compounds. Test durations of 3, 6, 12 and 24 hours were conducted for both filters and 
impingers. The samples were analyzed using a Triple Quadrupole LC/MS System. The 
impinger tests were repeated for spike solutions made with 80% distilled water and 20% 
methanol and the results were compared. Also, the adsorption of PPCP compounds to the 
impinger walls was determined by rinsing the impinger with methanol and analyzing this 
rinse solution. Various test durations were repeated using two impingers in series. The 
recovery of all PPCP compounds under different conditions were compared and analyzed 
to assist in choosing the best sampling duration, impinger solution, and method for PPCP 
detection in aerosols generated during sprinkler irrigation. The results from this study are 
unique and valuable in detecting and recovering PPCPs in aerosols in active irrigation 
areas that may represent important health risks from reclaimed water reuse. 
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INTRODUCTION 

 

Reuse of treated wastewater for agriculture is practiced in many arid and semi-arid 
regions to better manage limited water resources for expanding populations. However, 
the risks and challenges associated with the reuse of reclaimed water for irrigation has not 
been fully investigated. One of the aspects of reuse of reclaimed wastewater in urban 
agriculture that has not been studied carefully is investigation of potentially harmful 
pharmaceuticals and personal care products (PPCPs) in aerosols generated in active 
irrigation areas.  
 
There are no one method for measuring pharmaceuticals and personal care products in 
aerosols in an active irrigation event or around wastewater treatment plants. Some 
methods for bioaerosol measurements include (Griffiths and DeCosemo 1994; Dungan 
and Leytem 2009; Kienlen 2015): liquid impingers; solid impactors; cyclones; and filter 
systems. Researchers have sampled specific airborne pathogenic microorganisms in 
aerosols (Griffiths and DeCosemo 1994) as well as bacteria and fungi contamination of 
bioaerosols (Niazi et al. 2015). However, there is very little information in the literature 
on PPCPs in aerosols in active irrigation areas that use reclaimed water.  
 
This study focused on measurement and quantification of 12 PPCP compounds in 
aerosols in an active irrigation area. These 12 PPCPs include: acetaminophen, caffeine, 
DEET, fluoxetine, carbamazepine, progesterone, estrone, -estradiol, gemfibrozil, 
triclosan, sulfamethoxazole, and tris (2- chloroethyl) phosphate. Acetaminophen is a pain 
and fever medication; caffeine is a nervous system simulant and methylxanthine that is in 
many beverages; DEET is an active ingredient in insect repellent products; fluoxetine is 
an anti-depressant medication; carbamazepine is a mood stabilizer medication; 
progesterone is a major female sex hormone; estrone is a minor female sex hormone; -
estradiol is  a major female sex hormone; gemfibrozil acts as lipid regulator; triclosan is 
an antibacterial and is available in many personal care products; sulfamethoxazole is a 
bacteriostatic antibiotic; and finally tris (2- chloroethyl) phosphate is a plasticizer and 
viscosity regulator and has flame retarding capabilities (U.S. National Library of 
Medicine 2018). A summary of some environmentally relevant physical/chemical 
characteristics of these compounds are shown in Table 1. 
 

METHODOLOGY 

 

In order to quantify various pharmaceuticals and personal care products in aerosols in an 
active sprinkler irrigation site, different methods can be used: all-glass impingers and 
filters. In this study various methods, sampling durations and impinger solutions were 
tested in order to define the recovery of 12 PPCP compounds and to define the most 
suitable method to measure PPCPs aerosols. The tests considered for this study were a 
combination of the following: Sampling Method - All-glass impingers, one impinger or 
two impingers in series or filters of 47 mm diameter Teflon with 0.25 µm pore size 
(Figure 1); Impinger Solution - distilled water and distilled water and methanol 
(80%:20%); Sampling Duration - sampling durations of 3, 6, 12, and 24 hours were 
examined to determine an optimum sampling system for PPCP detection in aerosols. 
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Table 1. PPCP Compound Physical/Chemical Characteristics (U.S. National Library of 
Medicine 2018) 

PPCP Molecular Formula

Molecular 

Weight 

(g/mol)

Water Solubility 

(mg/L)

Vapor Pressure 

@ 25°C (mmHg)
Log Kow

Acetaminophen C8H9NO2 151.165 14,000 @ 25°C 6.29E-05 0.46
Carbamazepine C15H12N2O 236.274 18 @ 25°C 1.84E-07 2.45
Fluoxetine C17H18F3NO 309.332 50,000 @ 25°C 1.65E-06 4.60
Triclosan C12H7Cl3O2 289.536 10 @20°C 4.60E-06 4.76
Caffeine C8H10N4O2 194.194 21,600 @ 25°C 9.00E-07 -0.07
Gemfibrozil C15H22O3 250.338 11 @ 25°C 3.10E-05 4.77
Estrone C18H22O2 270.372 30 @ 25°C 2.49E-10 3.13
DEET C12H17NO 191.274 912 @ 25°C 0.002 2.02
Progesterone C21H30O2 314.469 8.81 @ 25°C 3.59E-04 3.87
B-Estradiol C18H24O2 272.388 3.6 @ 27°C 6.38E-09 4.01
Tris (2-
chloroethyl) 
Phosphate

C6H12Cl3O4P 285.482 7,820 @ 20°C 6.13E-02 1.78

Sulfamethoxazole C10H11N3O3S 253.276 610 @ 37°C 6.93E-08 0.89  
 

 
 a b 

  
Figure 1. Aerosol Sampling System Consisting of: a) Minivols and Liquid Impinger; or 

b) Minivols and Filter Sampler 
 
 
All tests were conducted in the lab, and under all test conditions the impingers were 
rinsed with methanol to quantify individual PPCP adsorption to the impingers. The 
sampling setup is designed around portable, battery-operated TSP/PM10/PM2.5 AirMetrics 
MiniVol samplers. All Minivols used for this study were calibrated before the 
experiments. A spike solution of 12 PPCP compounds (acetaminophen, caffeine, DEET, 
sulfamethoxazole, b-estradiol, estrone, progesterone, gemfibrozil, carbamazepine, 
triclosan, fluoxetine and tris-(2-chloroethyl) phosphate) of a known concentration of 20 
g/L was prepared in distilled water and used for the impinger solution. To minimize the 



22 Water Reuse and Non-Traditional Water Sources 

effect of photolysis on the PPCPs, the lights were off during the experiments and the 
impingers were covered with aluminum foil. To minimize impinger solution evaporation, 
the impingers were cooled using ice packs during the experiments. The volumes of 
impinger solution at the beginning and end of each experiment were recorded. For each 
experiment some portion of the solution was lost to evaporation during the experiment, 
while some portion of the solution was lost when the Minivol was started and was 
trapped in a side arm flask that was place immediately following the impinge. All 
samples taken were prepared in acetonitrile and analyzed using a Agilent 1290 Infinity 
LC system with an Agilent 6490 Triple Quadrupole MS with an Agilent Eclipse Plus C18 
column (2.1 x 50 mm, 1.8 µm I.D, 0.45 mL/min flow rate, 10 min. run time, 3 µL 
injections). The LC-MS system uses a binary pump with mobile phase A prepared with 
0.1 % formic acid and 0.1% LC-MS grade methanol (by volume) in DI water and mobile 
phase B prepared with 0.1 % formic acid (by volume) in LC-MS grade acetonitrile. For 
each test triplicate samples were taken to increase the accuracy. These tests were repeated 
for various durations of 3, 6, 12 and 24 hours. The tests were repeated with the spike 
solution made in 80% DI water and 20% methanol and for sampling period of 24 hours. 
Also, the 24-hour test was repeated using two impingers in series. The spike solution was 
made and kept at the fridge and tested to investigate if its storage for short periods of time 
can affect the amount of PPCPs and if degradation of any of the compounds are observed. 
 
Similar procedures were carried for filters. A spike solution of 20 µg/L was used to spike 
the filters. After, the filters were completely dry, they were used for 3, 6, 12 and 24-hour 
test durations. For each test triplicate samples were used. After the tests were concluded, 
the pharmaceuticals were extracted from the filters using methanol as the solvent 
solution.  
 

RESULTS 

 

Experiment 1 – Single Impinger 

 

Experiment 1 was done using an all-glass impinger with 110 mL concentrated spike 
solution of 20 g/L (equivalent to 2.2 g) of 12 PPCP compounds in DI water. The 
experiment was repeated for triplicate samples for 3, 6, 12 and 24 hours. The Minivols 
were set to a sampling rate of between 7.0 to 7.5 L/min. The results for the 12 PPCP 
compounds are shown below in Figure 2 in terms of mass recovery and in Figure 3 in 
terms of total percent mass recovery. 
 

Experiment 2 – Single Impinger and Adsorbed Mass 

 

A second experiment similar to Experiment 1 was conducted for a 24-hr sampling 
duration.  This time, at the end of the test, the impinger was rinsed with 20 mL DI water 
and then 20 mL methanol was transferred into the impingers and rinsed well. The 
methanol was then analyzed separately to quantify the adsorption of PPCPs to the walls 
of the impingers during the experiment. The results (Figure 4) showed very small 
amounts (<< 1% of the starting mass) of the compounds adsorbed to the walls of the 
impingers for all 12 PPCPs. 
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Figure 2. Mass of 12 PPCP Compounds Recovered in Impinger Solution in Experiment 

1. Error Bars Represent 95% Confidence Intervals of Triplicate Analyses 
 

 

 
Figure 3. Mean Percent Mass Recovery of 12 PPCP Compounds in Experiment 1 
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Figure 4. Mass of 12 PPCP Compounds Recovered in Impinger Solution and Methanol 
Rinse Solution at the End of the 24-Hour Sampling Period in Experiment 2. Error Bars 

Represent 95% Confidence Intervals of Triplicate Analyses 
 
 
Experiment 2 confirmed that long duration sampling designed to collect very low aerosol 
concentrations of PPCPs results in significant evaporation losses of PPCPs (≈40% to > 
90%) from the impingers even when the impingers kept cool using ice packs. As the 
results shown in Figures 3 and 4 suggest, the amounts of three compounds (fluoxetine, 
progesterone, and triclosan) that showed 24-hour mass recoveries in the first experiment 
of 10% or less is confirmed in the Experiment 2, and is not due to significant adsorption 
of compound mass to the interior of the impingers.  The recovery of the other PPCPS was 
also very low after the 24-hr test, ranging from 20% to 60%, which is confirmed in both 
experiments. 
 
Experiment 3 – Water/Methanol Impinger Solution 

 

An experiment similar to Experiment 2 was conducted with a concentrated spike solution 
made in 80% DI water and 20% methanol to investigate the effect of impinger solution 
composition on PPCP recovery. The duration of this experiment was 24 hours.Even 
though an ice bath was used to cool the impingers throughout the experiment, two of the 
triplicate impinger samples were completely empty at the end of the 24-hour experiment 
period, leaving only a single set of data to summarize from this experiment. It appears 
that evaporation of this solution was higher than using DI water alone, exacerbating 
attempts to optimize PPCP collection efficiency for long sampling durations. The results 
of this experiment are shown in Figure 5 for total mass recovery and in Figure 6 for mean 
percent recovery for each PPCP. 
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Figure 5. Mass of 12 PPCP Compounds Recovered in Impinger Solution in Experiment 3 

 
 
 

 
Figure 6. Mean Percent Mass Recovery of 12 PPCP Compounds in Experiment 3 
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Experiment 4 – Two Impingers in Series 

 

This experiment was conducted using two impingers in series. The first impinger was 
filled with 100 mL concentrated spike solution of 12 PPCP compounds (equivalent to 
total mass of 2.0 g) and the second impinger was filled with 100 mL of DI water. 
Samples were collected at 3 , 6 , 12, and 24 hours over the duration of the sampling 
period. The volume of the solution in the impingers and the pH of the solutions before 
and after of the experiment were measured. Also, Impinger 1 was rinsed with methanol at 
the end of the experiment to measure the amount of PPCP adsorption to the impinger 
over the duration of the experiment. The results of PPCPs detected in Impinger 1 for 
various sampling durations is plotted in Figure 7. The total mass recovery of each of the 
PPCPs detected in both impingers, the recovery flask, and adsorbed to both impingers as 
detected in the methanol rise solutions are shown in Figure 8. 
 
Despite the placement of an additional impinger, recovery efficiencies of fluoxetine, 
progesterone, and triclosan remained very low, as did sulfamethoxazole and 
carbamazepine in this set of experiments (Figure 8). 
 
 

 
Figure 7. Mass of 12 PPCP Compounds Recovered in Impinger 1 Solution Over Time in 

Experiment 4. Error Bars Represent 95% Confidence Intervals of Triplicate Analyses 
 
 
Experiment 5 - Filters 

 

In this experiment filters were used to measure PPCPs in aerosols under simulated lab 
conditions. Teflon filters were spiked with the 12 compound PPCP mixture containing a 
total of 0.08 g of each PPCP compound. After the filters air dried, they were attached to 
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Minivols operated for sampling durations of 3, 6, 12, and 24 hours. The results of these 
tests are summarized in Figures 9 and 10.  
 

 
Figure 8. Mean Percent Total Mass Recovery of 12 PPCP Compounds in Experiment 4 as 
Quantified by Mass Recovered in Both Impingers, the Recovery Flask, and Adsorbed to 

Both Impingers Recovered in Methanol Rinse 
 

 

Figure 9. Mass of 12 PPCP Compounds Recovered from Filters Over Time in 
Experiment 5. Error Bars Represent 95% Confidence Intervals of Triplicate Analyses 
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Figure 10. Mean Percent Total Mass Recovery of 12 PPCP Compounds from Filters Over 
Time in Experiment 5 

 
 

Filter sampling resulted in a much more stable mass loss rate over time than when using 
the liquid impingers, and demonstrated improved retention for some of the target PPCPs 
(fluoxetine and progesterone) and poorer recovery for others (caffeine, tris(2-chloroethyl) 
phosphate, DEET, and gemfibrozil) compared to liquid impingers. Triclosan recovery 
remains low in both liquid impinge and filter sampling systems. 
 

SUMMARY AND CONCLUSIONS 

 

This study was undertaken to develop effective and representative sampling methods for 
PPCPs that can occur in aerosols generated from spray irrigation of reclaimed wastewater 
used as secondary water in urban agricultural systems. Quantitation of PPCPs in 
irrigation water aerosols is important to determine the significance of this exposure 
pathway in evaluating human health risks from the use of reclaimed wastewater for urban 
irrigation purposes. Collecting irrigation system aerosols using both impingers and 
particle filters was evaluated for a test set of 12 PPCPs that have been found in reclaimed 
wastewater and that represent a wide range of physical and chemical properties of this 
wide group of compounds classified as PPCPs. Based on the findings presented in this 
paper, the following conclusions can be reached. 
 
1. Mass of all PPCPs was lost from both liquid impinger and filter samples over time. 

Sampling events longer than 6 hrs for the liquid impingers, and more than 12 hours 
for the filter samplers are not recommended as longer sampling periods resulted in 
low recoveries of the 12 PPCPs on the target list. 
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2. Recovery efficiencies were particularly low (10 to 15% for single impingers, 15 to 
25% for two impingers in series) for fluoxetine, progesterone, and triclosan using the 
impingers even at the 6-hour sampling duration suggesting alternative sampling 
methods will be required for these compounds in aerosols generated in irrigation 
systems. 

3. Recovery efficiencies significantly increased for fluoxetine (≈65%) and progesterone 
(≈65%) using filter samples, suggesting that paired impinger and filter sampling 
should provide quantitative recovery of all target PPCPs but triclosan from the target 
analyte list in aerosols generated from irrigation system. 

4. DI water was a better solution for PPCP detection in aerosols compared to methanol 
and water solutions. The addition of a polar organic phase to the impingers did not 
increase PPCP recovery and resulted in accelerated impinger solution loss compared 
to DI water alone. 

5. The sorption of these 12 PPCP compounds to the all-glass impingers was very low 
and was not the major source of mass loss during the recovery experiments. 

6. Additional studies are needed to determine more optimal method for recovery of all 
12 target PPCPs. Improvements in the recovery rates, especially for gemfibrozil 
(<45% with impingers, <15% with filters) and triclosan (≤ 20% with impingers, < 
15% with filters) are necessary if these compounds are to be reliably quantifiable in 
aerosols from irrigation systems. Using impingers with sorbent tubes or sorbent tubes 
alone to recover the target PPCPs is the next step in this study. 
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ABSTRACT 

 
The Salt River Project (SRP) has a partnership with the City of Goodyear to supply water 
to the City for the development of a drinking water treatment plant. The connection point 
form SRP to the City of Goodyear is still being evaluated. In order to supply water to the 
City of Goodyear, SRP solicited assistance from WEST Consultants, Inc. (WEST) to 
evaluate the capacity of existing lateral canals in the project area. The proposed treatment 
plant is south and west of the main SRP service area. So SRP decided to evaluate lateral 
canals that receive water from the western end of the Grand Canal (Canal 2). Twelve 
lateral canals along the Grand Canal were evaluated. SRP has rated capacities for these 
canals, but over time, development has occurred, with each leg of a canal possibly piped 
by a different developer/contractor. The net result was considerable uncertainty in actual 
capacity. WEST developed a spreadsheet templet that includes automatic calculation of 
backwater between structures. Structure and canal elevations were surveyed so that actual 
capacity was not subject to variations in survey datum. This presentation describes the 
spreadsheet template and how it was used to determine lateral capacity. 
 

INTRODUCTION 

 
SRP lateral canals consist of canal or pipeline sections divided by check structures. While 
most of the system was originally canals, much of the system has been converted to 
pipelines as development took place. When a canal was converted into a pipeline, the 
check structure was replaced with a head box. These head boxes performed the same 
function as a check structure. On the upstream side, the pipeline enters the head box. The 
head box includes a weir wall with a gate below the weir. If the gate is closed the water 
raises up in the head box until it spills over the weir. These weirs are operated by the 
zanjero to control water levels for delivery gates. On the downstream side, a pipeline 
exits to head box to continue the pipeline downstream. If water is not delivered to turnout 
structures from a head box, sometimes the head box is no longer used to control water 
surface elevation, and therefore is considered abandoned. 
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Figure 1. SRP Service Area 26. 
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Figure 2. SRP Service Area 24.  

 
The canals analyzed included lateral canals off the Grand Canal from 35th Ave. to 
roughly 115th Ave. in Phoenix. The Grand Canal is designated as canal 2. Laterals are 
designated by the number of mile downstream. Thus lateral 2-23 is a lateral off the Grand 
Canal that is roughly 23 miles downstream from the canal heading. The study evaluated 
Lateral canal from 2-15 to 2-23 plus drains that supplied the Buckeye Feeder Canal at 
roughly 115th Ave. and Broadway Rd. in Phoenix. Figure 1 shows a map of SRPs Area 
26, including laterals from 2-21 to 2-23. Figure 2 shows a map of Area 24, including 
laterals from 2-13 to 2-20. Pink highlighted laterals were excluded from the study since 
water could not be sent the Buckeye Feeder Canal from these canals. 

 

SRP REQUIREMENTS 

 
SRP irrigation laterals consist of a series of canal or pipeline segments that are 
interrupted by water control or check structures. These check structures allow the water 
level to be checked up so that the water level in the lateral is sufficiently high so that the 
proper rate of flow can be delivered to water users at that location. These check structures 
have gates so that water can pass downstream and weirs so that water will continue to 
flow downstream regardless of how the gates are set. 
 
There are two types of irrigation laterals: canals and pipelines. Pipelines have headboxes 
that have weirs and undershot gates within the structure that serve as check structures, 
while canals have a simple check gate structure across the canal. SRP provided estimates 
of the water level upstream from check structures required to make deliveries. This was 
called the Highwater Level. For canals, a depth below the top of the structure (TOS) was 
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provided. For pipeline headboxes, this proved to be inconsistent. Instead, SRP decided to 
define the desired water level on the upstream side of pipeline headboxes as 6 inches 
above the weir. 
 
One SRP requirement is that the water level at one check structure cannot be so high that 
it backs up on the next check structure upstream. For pipelines, SRP’s requirement is that 
the backwater from the downstream structure should be 0.2 feet below the weir in the 
headbox. This means that the total drop in water level at pipeline headboxes is 0.7 feet. 
For canal structures, SRP’s requirement is that the backwater from the downstream 
structure should be 0.5 feet below the highwater level upstream from the structure. These 
criteria were used to develop estimates of lateral capacity in between check structures 
based on backwater curves. 
 
Additional SRP requirements include a minimum manhole energy loss of 0.2 feet. For 
channels, a minimum of 0.5 feet of freeboard is required, except upstream from 
broad‐crested weirs which can have a freeboard of 0.2 feet. Channels should have an M1 
backwater curve. The general requirements for a pipeline lateral is shown in Figure 3. 

Figure 3. Schematic diagram of backwater curves showing control and allowable 
elevations. 

 
BACKWATER TEMPLATE 

 
To satisfy SRP requirements under this project, WEST Consultants Inc. (WEST) 
developed a template for the development of backwater curves in the various laterals. The 
backwater curve starts at the downstream check structure, which has one of two options: 

• Downstream (D/S) Channel Headbox 
• Upstream (U/S) Channel Headbox 

The backwater is calculated upstream through two types of elements: 
• Pipeline 
• Channel 

The backwater ends at the upstream check structure, which has two options: 

Downstream 
Control 
Elevation

Upstream
Allowable
ElevationHydraulic 

Grade
Line

Weir

Headbox
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• Upstream Pipeline Headbox 
• Upstream Channel Headbox 

The section of lateral between the two headboxes is often comprised of many structures, 
including several sections of canal, several sections of pipeline, manholes, and various 
other transitions. The template was set up so that after selecting one of the components 
described above, the user is required to select a transition between it and another 
component. The following transition elements were included in the template: 

• Headbox to Pipeline 
• Headbox to Channel 
• Channel to Channel 
• Channel to Pipeline 
• Pipeline to Pipeline 
• Pipeline to Channel 
• Pipeline to Headbox 
• Channel to Headbox 
• Pipe Bend 
• Manhole 

 
The template system provides calculation in blocks of 10 rows. The calculations from one 
block to the next assumes that information will be provided in the proper cell in the block 
above it. At the start of each 10‐row block, the user enters the block type from a 
drop‐down menu. The user is responsible for assuring that the blocks are selected in the 
proper sequence. When the block is selected, data from the template are copied into the 
rows below where the block type was selected. Rows without data are automatically 
hidden. Once this data is copied, the user can change any of the values or change any of 
the calculations. This provides the user a great deal of flexibility to alter the calculations 
as needed to match unique situations. 
 
The user manually enters the flow rate in Arizona Miner’s Inches (MI). The program 
automatically computes the energy level at each component in the system. It also 
calculates whether the actual freeboard satisfies SRP’s freeboard requirement and 
computes the difference between the actual energy level at the upstream headbox and the 
allowed level. If the freeboard requirement is met and the actual level is below the 
allowed level (positive value), then the capacity is greater than the discharge value 
entered. The discharge is gradually increased until the criteria is no longer met. The 
highest flow rate that meets the criteria within 10 MI is considered the capacity of this 
reach of the lateral. 
 

PROCESS 

 
For each lateral, the process was to start at the structure defining the downstream end of 
each branch and compute the hydraulic grade line to the upstream structure. A schematic 
showing the basic layout is shown in Figure 3. SRP as‐built drawings were used to 
determine stationing. Canal and culvert distances were determined by measurements on 
an aerial image. Structure elevations were determined with surveying instruments. All 
surveys were referenced to SRP benchmarks based on the National Geodetic Vertical 
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Datum of 1929 (NGVD29). And the horizontal control was the North American Datum 
of 1983 (NAD83). For all canal check structures and pipeline head boxes the Top of the 
Structure (TOS) was surveyed. These elevations were used as the basis of the 
calculations. The distance from the TOS to the weir crest within the headbox was 
provided by SRP personnel on an Area Map. The project area included SRP Areas 24 and 
26. The details of the check structures are show in Figures 4 and 5. For canals and drains, 
cross‐sections were measured both upstream and downstream of any check structure, 
including top of canal and toe (or invert). These elevations were used directly in the 
backwater calculations. 
 
For pipeline structures, pipe invert elevations were taken from the plans. This only 
influenced the backwater curve if the pipe was not full, or in an open channel condition. 
This only occurred in a few places. Since these plan elevations were not considered 
highly accurate, no attempt was made to collect more detailed data or to more closely try 
to reconcile the hydraulic grade line. 
 
SRP personnel also made note of check structures that were no longer used to control 
water surface elevation. When starting downstream, the calculations for a single 
worksheet progressed upstream until a check structure was used to control head. A single 
capacity was determined for each worksheet. Thus, the capacity was between these two 
check structures and did not always align with the capacities on SRP maps. The 
worksheet name is based on the downstream structure. In some cases, a single headbox 
serves multiple structures. In these cases, the turnout name was chosen arbitrarily. 
 
The procedure for determining capacity was as follows. The worksheet named “Lateral” 
was copied and named according to the downstream turnout. The TOS elevation from 
survey was entered for the downstream headbox. Then either the depth to highwater (for 
canals) or distance to the weir crest (for pipelines) was entered. This was used to 
determine the downstream energy head to start the backwater calculation. For pipeline, 
the pipe size, roughness, and elevations were determined from the plans. For canals, 
cross‐section and roughness was determined from the plans, but elevations were 
determined from survey. Structures were added from downstream to upstream either 
according to plans, or if plans were missing for canals from measurement from aerial 
photos. Plan numbers were entered so that the calculation could be verified in most cases.  
 
These calculations were carried to the upstream headbox where the TOS elevation and 
other details were added, similar to the downstream headbox. Note that the user enters the 
same information for a structure regardless of whether it is upstream or downstream. The 
actual backwater calculations occurred automatically, except in a few cases where 
manual entry is required to more accurately define conditions (e.g., where a downstream 
canal depth just above critical depth is entered when the calculations result in critical 
depth). The spreadsheet automatically summarizes the allowable head and whether or not 
freeboard is satisfied just below the capacity to make it easier to verify these constraints. 
The capacity typically started at the SRP stated capacity and then was decrement up or 
down. The highest capacity in 10 MI increments that satisfied all the criteria was 
considered the calculated capacity. 
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EXAMPLE 

 
Figure 4 shows details for a section of Area 26 along Lateral 2-23 and 2-22. The numbers 
in the middle of each grid element is the section number. Short dashed lines are pipelines. 
Blue means canal and red means drain. The solid red line are open canals. Gold long 
dashed line is an open drain. The letter M in a purple box means that the headbox is 
considered a manhole. The large blue labels along the laterals is the SRP capacity in MI. 
The capacity analysis attempted to verify these capacities. The black and green numbers 
with arrows are the turnout name. The gold numbers are the distance from the TOS to the 
high water. The red numbers are the distance from TOS to the weir. 
 

 
Figure 4. A section of SRP Service Area 26 with additional details. (North is up) 

 
Lateral 2-22 flows along the east side of Section 16. A side branch of lateral 2-23 flows 
along the west side on Section 16. The Excel worksheet for the section between 2-22-75 
to 2-22-74 is shown in Figure 5. While on the map, the section looks like it is all canal, 
there is a short section of pipeline not shown on the Map. This is likely a road culvert. 
Figure 5 shows the overall flow of the program. The discharge in MI is shown in the 
upper right. Below that are the head available and whether or not the freeboard is 
acceptable. There is also a note that says that freeboard is the limiting factor for this 
capacity. Note that there is still almost a foot of available head (0.972). The station 
numbering comes from the plans. Plan numbers are usually noted in the comment 
section. For this example, the section of canal shown is not constrained by freeboard. The 
short pipe section that follow is not full. In this case the user has to assure that the energy 
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grade line is appropriate. The sequence of elements for this example are: D/S Channel 
Headbox, Headbox to Channel, Channel, Channel, Channel to Pipeline, Pipeline, Pipeline 
to Channel, Channel, Channel to Headbox, and Upstream Canal Headbox. Note that for 
Headbox to channel transition, the head loss is specified and the loss coefficient is 
calculated. This results from optimization conflicts is computing this head loss directly. 
 

 
Figure 5. Spreadsheet Calculations for Lateral 2-23.0.  

 

LIMITATIONS TO CAPACITY 

 
The constraint to delivery of water to the Buckeye Feeder Canal is described below. 

• The highwater elevation just upstream from turnout 2‐23‐98 limits drainage flow 
from the east. 

• The drain along 115th Avenue is limited by a crossing over a drainage structure 
just north of Buckeye Road. 

• Capacity is restricted along the branch of 2‐23 that follows 107th Avenue just 
north of Buckeye Road. 

• The capacity of the branch of lateral 2‐23 along 99th Avenue south of McDowell 
Road is 

• constrained by the freeboard in concrete canals in the vicinity of turnout 2‐23‐66 
just north of Buckeye Road. 
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• The capacity of 2‐22 is limited between Buckeye Road and Lower Buckeye Road, 
again by canal freeboard. 

• The capacity of 2‐21 is limited below turnout 2‐21‐71 where the pipeline turns to 
a canal, roughly ½ mile south of Lower Buckeye Road and 87th Avenue. 

• Capacity to bring water from 2‐20 along Lower Buckeye Road is somewhat 
limited. 

• Bringing water from laterals further east is limited by these capacities.  
 

CONCLUSIONS 

 
The spreadsheet template approach was an effective way to organize the large number of 
calculations required to evaluate lateral capacities over about 120 miles of irrigation 
lateral canals. The worksheets provide a useful platform for maintaining the data in a 
format where calculations can be reviewed and modified as needed. The worksheets 
describing existing conditions can be copied and new structures added or subtracted to 
evaluate the influence of proposed alternatives. 
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ABSTRACT 

 
Facing an unprecedented amount of crop conversion within the District’s boundaries, 
from annual crops to permanent crops between 2012 and 2014, the Solano Irrigation 
District (District) commissioned a comprehensive water balance study to understand the 
impacts said crop conversion would have on water resources available to the District.  In 
2014, the District completed the water balance study and the results were eye-opening.  
The study projected a water supply deficit to occur 96% of the time beginning in the year 
2024, with a supply deficit up to 60,000 acre-feet, or 40% of the District’s annual surface 
water allocation of 151,000 acre-feet. Knowing that increased water use efficiency, water 
conservation, and alternative sources were the future, District staff began developing 
projects and programs to address the projected water supply deficit. Forced towards 
developing more sustainable water supplies, the District began looking into groundwater, 
beneficial water exchanges, and water recovery/reuse. After completing a System 
Optimization Review study, a recovery project, the Sweeney-McCune Creek Outflow 
Recovery and Automation Project (Project), was identified as a beneficial project to 
address a portion of the District’s water supply needs. The Project was developed to 
construct a drainage and tailwater recovery facility at the confluence of two (2) flood 
control channels, allowing the District to capture and reuse an estimated 12,000 acre-feet 
of water annually. The new facility consisted of two (2) long crested weirs, totaling 350 
feet in length. The District faced many challenges during all Project phases, one of which 
was obtaining environmental clearance of the Project, which was partially funded with a 
grant from the United States Bureau of Reclamation (USBR). Close coordination with 
USBR, U.S. Army Corps of Engineers, California Department of Fish and Wildlife, U.S. 
Fish and Wildlife, and the California Water Resources Control Board, occurred from 
Project design through implementation, which resulted in authorization to construct the 
weirs within jurisdictional waters of the U.S., State, and special status species habitat. 
The Project was successfully constructed in five (5) months. This Project provides a 
guide for meeting the strict regulatory agency requirements for water conservation 
projects. 
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INTRODUCTION 

 
The District is located in the Northern California, County of Solano, midway between 
San Francisco and Sacramento. Figure 1 is a Location Map for the District to provide 
some context for the general location within the State and a map of the geographic 
location of the District within Solano County. 
 
The District was organized in 1948 under the provisions of the California Irrigation 
District Law for the purpose of contracting surface water supplies from the USBR’s 
Solano Project. Upon formation, the District and Solano County made a substantial effort 
to obtain authorization and congressional funding for the construction of the Monticello 
Dam, the Putah Diversion Dam, the Putah South Canal (PSC) and the District's water 
distribution system. The Secretary of the Interior authorized the Solano Project on 
November 11, 1948 under the terms of the Reclamation Project Act of 1939. The Solano 
County Flood Control and Water Conservation District subsequently entered into a 
contract with the USBR on behalf of the Solano Project Member Units. The Solano 
County Flood Control and Water Conservation District was dissolved subsequently and 
the Solano County Water Agency (SCWA) now represents the Solano Project Member 
Units.  
 
The Solano Project was completed approximately six (6) years after construction began, 
and the first Solano Project water was delivered in the spring of 1959. The Solano Project 
consists of Lake Berryessa, Monticello Dam, Putah Diversion Dam on Putah Creek, PSC, 
Terminal Reservoir, and the various conveyance facilities that deliver surface water to the 
member units. By the spring of 1963 all lands within the District had water available. The 
average annual deliveries from the Solano Project are approximately 200,000 acre-feet 
(AF), of which the District receives 141,000 AF. 
 
The District's average annual water supply is approximately 155,000 AF, including 
groundwater resources, recovery pumping of drainage water and supplies for municipal 
and industrial users. Approximately 147,000 AF/year is delivered to farms and 8,000 
AF/year is delivered to municipal and industrial users. Currently there are 1,834 
agricultural water users and 1,200 urban connections. Irrigation methods include furrow, 
flood, sprinklers, drip, and micro-sprinkler irrigation systems. Major crops include 
tomatoes, alfalfa, grapes, wheat, corn, walnuts, almonds, nursery stock and pasture. The 
total acres served within the 70,773-acre district are approximately 63,393 irrigable acres. 
Domestic water customers include agreements with the cities of Fairfield and Vacaville, 
businesses, and a District partnership with the City of Suisun City known as the Suisun-
Solano Water Authority (SSWA). 
 
The primary conveyance facility for the Solano Project is the PSC, which is concrete 
lined and 33 miles in length. The PSC distributes water through 60 lateral canals and 
turnouts, of which the Vaughn Canal is the largest and diverts the greatest amount of 
water. The District's distribution system consists of gravity diversions from the PSC and 
pumped diversions to the service areas. The distribution system consists of approximately  
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Figure 1. Location Map 

 
 
95 miles of open canals, six (6) miles of lined canals, and 77 miles of pipeline. The 
District operates four (4) drainage recovery dams and five (5) reservoirs of which 
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114,921 square feet are lined and 83,521 square-feet are unlined. In addition, there are 
several tail-water recovery systems, 55 recovery pumps, and a conjunctive use program 
in place to utilize 23 District-owned deep groundwater wells to supplement water 
demands when needed. 
 

PROJECT BACKGROUND 

 
The District was formed in 1948 to provide agricultural water to growers within Solano 
County. Since its formation, the District’s client portfolio has increased from solely 
delivering agricultural irrigation water to providing municipal water and non-potable 
landscape irrigation water. With such a diverse range of customers, from commercial 
agricultural operations, to city and commercial landscaping, to drinking water, the 
District found it necessary to develop a Plan4 for the continued delivery of ‘safe and 
reliable water’.  
 
Over the course of the District’s history, since the first water delivery in 1959, the 
District has been able to deliver 100% of grower’s demands while sustaining ground 
water supplies, with the exception of one (1) year, in 1992. Through volumetric 
accounting for water purchased by the District, water sold to the District’s customers and 
by monitoring groundwater levels, District staff had a general idea that District supply 
and demand was sustainable. In recent years however, several events, such as climate 
change, cropping patterns, water transfer agreements and State-wide water shortages, 
have created a scenario in which the District may not have sufficient water supplies to 
meet future water demands. 
 
The reliability of surface water and ground water supplies are becoming increasingly 
important issues for water purveyors. The necessity of balancing water supply and water 
demand has been thrust to the forefront by California’s recent drought. In anticipation of 
these changes, the District has been making a proactive effort to audit and maintain 
surface and groundwater supplies for the past five (5) years. The District’s first step, as 
outlined in the District’s Plan, was to develop a detailed water balance. The District 
contracted with Davids Engineering (Davis, California) in 2011 to begin the first phase of 
the water balance study (Study) comparing water supplies and demands. The results of 
the first phase Study indicated a possible shortage in meeting future water demands. Due 
to the first phase Study results, the District engaged Davids Engineering for the second 
phase Study to complete a full water balance, tracking all inflows and outflows. The 
findings of the second phase Study, completed in July, 2015, were of great importance as 
the results not only achieved the highest priority action of the District’s Plan, but also 
contained invaluable information required for defining the District’s water allocation 
policy and capital improvement program, also key tenets of the Plan. 
 
In conjunction with the Study, the District performed an overarching System 
Optimization Review Study (SOR). The purpose of the SOR was not only to perform a 
water shortage risk analysis, including the calculation of the District’s water use 
efficiency, but also to develop a Strategic Plan, evaluate the District’s planning efforts, 
                                                 
4 http://sidwater.org/DocumentCenter/View/791 
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identify additional projects to be included in the District’s Rehabilitation and Betterment 
program, and assess water marketing options. From the SOR, the District was able to 
formulate two (2) important conclusions: 1. The District has a high probability of not 
being able to meet water demands with current supplies beginning in the year 2024, and 
2. The District needs to focus on projects that will reduce water losses, improve water use 
efficiency, and develop alternative water supplies. 
 
The Study projected a District water supply shortage 96% percent of the time beginning 
in 2024, with the worst years’ water supply falling 60,000 AF short of the corresponding 
water demand, or 39% of the District’s 155,000 AF allocation from the Solano Project. 
Beginning in 2014, the District shifted the focus of the Rehabilitation and Betterment 
(R&B) Program, similar to a capital improvement plan, from projects that focused on 
replacement of existing, aged facilities, to projects that improved water use efficiency. A 
substantial portion of the District’s annual budget was dedicated to the automation of the 
District’s largest canals. Although the canal automation projects improved the District’s 
level of service to customers, the automation projects only prevented approximately 
1,500 AF of operational spills annually, a very small volume compared to the projected 
water supply shortage; the District concurrently explored alternative water supply 
options.  
 
The SOR evaluated several alternative water supply options. One (1) of the alternative 
water supply options was the recovery of flows leaving the District, which included 
operational spill flows, on-farm runoff flows, and storm drainage flows. In total, five (5) 
suitable locations were identified for the construction of water recovery structures, with a 
cumulative projected recovery volume of 19,500 AF annually. The most viable of the 
water recovery structure projects was the Sweeney-McCune Creek Outflow Recovery 
and Automation Project (Project), with an estimated recovery capacity of 12,000 AF 
annually. In addition to the Project capturing a majority of the District’s outflows, the 
Project was also adjacent to areas of the District’s existing distribution system that would 
be able to beneficially divert and use the recovered outflows.  
 
In 2014, the District applied for and received an Agricultural Water Conservation and 
Efficiency Grant from the USBR, Mid Pacific Region. With funding from the USBR and 
the District’s R&B Program, the District commenced the design and permitting processes 
(including a thorough environmental process) for the Project in 2015. Through substantial 
efforts from Dokken Engineering and District staff, the Project was constructed during 
the latter half of 2017 and was placed in to service during the 2018 water season.  

 

PROJECT FEASIBILITY AND DESIGN 
 
Initial challenges 

 

The proposed location for the Sweeney-McCune Creek Outflow Recovery and 
Automation Project (Project) was at the confluence of two (2) existing Ulatis Flood 
Control Project Channels: Sweeney Creek and McCune Creek. Although the historical 
creeks were relocated and channelized in the late 1960’s with the Ulatis Flood Control 
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Project (UFCP), work within the channels was not treated any differently than work 
within a creek, resulting in a myriad of requirements for environmental process and 
permitting; the environmental processes and permitting requirements are discussed later 
in the Environmental section. To further complicate the Project, the District was 
proposing to construct a permanent, District owned facility within right-of-way granted to 
the Natural Resource Conservation Service (NRCS) and within channels operated and 
maintained by the SCWA under contract with the NRCS.  
 
Prior to Project development, the District reached out to the NRCS through the SCWA to 
determine whether or not a project to construct a recovery facility would be considered 
within the flood control channels. After some preliminary discussions, the District 
received a Letter of Support from the SCWA, on behalf of the NRCS, for the project. 
Through a subsequent change in the SCWA’s Executive staff, the SCWA transitioned 
from a proponent of the project to an opponent of the project, requiring the District to 
reach out directly to the NRCS for approval. The approval was contingent upon the 
project being capable of accommodating a 10-year storm flow total of 3,800 cubic-feet 
per second (CFS) at the confluence. 
 
Beyond the construction of a new recovery structure, the District required access to the 
Project location, right-of-way, and areas to which the impounded flows could be diverted. 
The District reached out to the neighboring landowner, Trinitas Partners LLC (Trinitas), 
to discuss the District’s needs. Trinitas was currently provided water through a portion of 
the District’s existing distribution system, however the District’s existing distribution 
system was incapable of delivering the flow rate required once Trinitas’ permanent crop 
became mature. Recognizing a mutual benefit of the Project, Trinitas partnered with the 
District, providing a portion of the Project funding, access across Trinitas’ property, and 
future grants of easements to the District and the Pacific Gas & Electric Company. In 
exchange, the District was to provide a diversion structure as part of the Project for 
Trinitas to secure future required irrigation flows. 
 
Development of Project Scope 

 

First and foremost, the District needed to construct a recovery facility to capture the 
estimate 12,000 AF of outflows leaving the District as identified in the SOR. Since the 
construction of a 12,000 AF reservoir was infeasible, the Project was not only required to 
construct a facility to impound outflows, but also divert the outflows to other parts of the 
District’s existing distribution system for the beneficial use of the recovered water. 
Lastly, the Project’s location at the confluence of the Sweeney and McCune Channels 
was a transition point, at which water left the District’s boundary and entered Maine 
Prairie Water District (MPWD). Historically, unknown volumes of water were delivered 
to MPWD with no ability to control the flows based on MPWD’s water order. The final 
Project needed to include the ability to accurately measure and deliver water to MPWD 
while avoiding flow rate fluctuations. 
 
The overall project was initially developed as two (2) phases, with a third phase being 
added in 2018. Phase One (1) was for the construction of a recovery structure at the 
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Sweeney and McCune Channels confluence, complete with two (2) diversion structures, 
one (1) diversion structure in each channel, and the ability to accurately measure and 
control water orders to MPWD. The Phase Two (2) project included the construction of a 
low lift pump station and approximately 3,000 feet of large diameter pipeline to deliver 
20 CFS from the McCune Channel diversion structure to the District’s existing 
distribution system; the Sweeney Channel diversion structure is dedicated to Trinitas for 
a future connection and diversion of 12 CFS. The final phase, Phase Three (3) of the 
project was an afterthought. Phase Three (3) involves the construction of an additional 
diversion structure in McCune Channel, approximately 3,000 feet upstream of the 
recover structure, for the diversion of approximately six (6) CFS to a different portion of 
the District’s existing distribution system.  
 
Evaluation of Weir Types 

 

The District owns and operates several existing recovery structures within the other flood 
control channels and drains. The District’s existing recovery structures are steel plate 
check dams with steel member stanchions. The steel plate check dam type of recovery 
structure was used as the initial basis for preliminary design and Project budget 
development. As the Project reached the design phase, District staff decided to evaluate 
innovative, alternative structures to the historical steel plate check dams. 
 
Steel Plate Check Dam.  The steel plate check dam was the first type of structure 
evaluated by District staff. The benefit of the steel plate check dam was project cost, 
which was estimated at $800,000, however the cost was the only attractive attribute of the 
steel plate check dam. The District’s existing steel plate check dams required a 
cumbersome process in install and removal, and the beginning and ending of every water 
season, respectively. In addition, the steel pieces required to construct the dam required 
replacement every 20 years. Most importantly, the steel plate check dams are not 
conducive to allowing large flow rates to pass the structures without a substantial 
increase in upstream head. The steel plate check dams operate like large, sharp crested 
weirs, being installed perpendicular to channel flows.  
 
Inflatable Rubber Bladder Dam.  A second type of recovery structure evaluated by the 
District was an inflatable bladder dam. The inflatable bladder dam is a newer technology 
that would allow the District to inflate a large rubber bladder that would check the water 
within the channel up to a fixed height, similar to a steel plate dam. In contrast to the steel 
plate dam, the bladder could be inflated (installed) and deflated (removed) annually 
without the requirement of additional labor and equipment. Further, the recovery 
structure could be deflated in the event of an unanticipated precipitation even, resulting in 
zero (0) change in upstream head requirements. The inflatable bladder dam also came 
with some downsides. The estimated cost of the Project using an inflatable bladder dam 
was $1.8 million. The inflatable bladder dam would also require a building full of 
ancillary equipment necessary for the operation of the bladder, with each additional piece 
of equipment requiring routine maintenance. Finally, the District was concerned with the 
25-year life span of the bladder and the bladder’s susceptibility to vandalism. 
 



48 Water Reuse and Non-Traditional Water Sources 

Long Crested Weir.  The third and final type of recovery structure evaluated by the 
District was a reinforced concrete, long crested weir. The long crested weir provided 
many benefits over the two (2) other types of recovery structures. The long crested weir 
could be designed to accommodate off-season storm flows, thereby allowing the structure 
to remain in place year round. The facility would also require minimal maintenance and 
has an expected 75-year life span. The downsides of the long crested weirs were 
construction cost and inaccurate measurement of flows over the weirs. The estimated 
project cost for two (2) reinforced concrete, long crested weirs was $1.7 million. The cost 
included the installation of two (2) Rubicon SlipMeters on the upstream face of the weirs 
to allow for flows to pass through the weir wall. The District has historic experience 
using the Rubicon SlipMeters and is comfortable with the hardware and confident in the 
flow measurement accuracy. After discussions with District staff, the District elected to 
proceed with the design and construction of the reinforced concrete, long crested weir 
option. 
 
Hydraulic Modeling 

 

With the existing Sweeney and McCune Channels’ primary purpose being the 
conveyance of floodwaters, the Project had to be capable of conveying historical flood 
flows. The Agency, responsible for management of the channels, did not collect historical 
flood flows. To develop a structure capable of passing an unknown amount of flow, the 
District had to rely on the UFCP record drawings for each channel. Knowing the each 
channel’s cross sectional area, slope, and hydraulic radius, the District was able to 
estimate peak flow rates of 4,300 CFS for Sweeney Channel, 3,800 CFS for McCune 
Channel, and 5,600 CFS for the section of Sweeney Channel downstream of the 
confluence. Although the individual channel flow rates may be a factor of downstream 
control, the District designed the long crested weirs to handle the peak flow for each 
channel in the event that the time of concentration for each watershed do not coincide. 
Upon consultation with the NRCS, and after completion of the Project’s design, the 
design flow rates for each channel were determined to be 3,800 CFS, as calculated by a 
10-year storm model. 
 
The impacts of the long crested weirs to the channel storm flows were a function of weir 
height and weir length. As the height of the weir was increased in the hydraulic model, a 
corresponding increase in weir length was required to accommodate a fixed flow rate 
through a variable cross-sectional area. To further complicate the hydraulic modeling, the 
weir height is a function of the required check water surface necessary for diversion and 
the desired storage capacity of each channel. The District decided upon an eight (8) feet 
tall weir, which provided minimal savings in the future pumping costs required for the 
diversion of captured flows, but provided approximately 40 AF of storage, corresponding 
to approximately 12 hours supply for the projected, peak, future demands. To 
accommodate the necessary storm flows; the corresponding required weir lengths were 
200 feet for Sweeney Channel and 150 feet for McCune Channel. 
To accommodate an inevitable increase in upstream water surface elevation, and 
corresponding decrease in channel capacity, the long crested weirs included a two (2) feet 
wide and a four (4) feet wide removable plate as part of the long crested weir wall. The 
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removal plates allowed the District to address several concerns, including design, 
maintenance, and environmental concerns. Through the two (2) weir wall openings, the 
structure could provide the additional flow rate capacity and decreased backwater effect 
required to meet the McCune Channel 10-year storm flow rate. The weir wall openings 
also allow for flushing of the upstream side of the weir to occur. The flushing removes 
any settled sediment and flowing debris. Lastly, the weir wall openings provide a path of 
travel for aquatic life. Historically the channels have experienced unimpeded flows 
outside of the irrigation season, which typically occurs October 15 through March 1.  
 
Design Considerations 

 
Beyond the design considerations of the hydraulic modeling, the completed Project was 
required to achieve the objectives identified with the Project scope and address certain 
on-site issues. The Project consisted of two (2) major components. First, the Project must 
impound excess flows to allow for the redistribution and beneficial reuse of waters 
leaving the District. Second, the Project must have the ability to accurately measure and 
consistently deliver water orders to a downstream water user, the MPWD. In addition to 
the Project objectives, the design was also required to address issues of maintenance and 
groundwater relief. 
 
To allow for redistribution of the impounded flows, the project included the installation 
of two (2) diversion structures, one (1) structure in Sweeney Channel and one (1) 
structure in McCune Channel. The Sweeney Channel diversion structure is use dedicated 
to the District’s partner on the project, Trinitas, and provided Trinitas with a 24-inch 
turnout capable of delivering 10 CFS. The McCune Channel diversion structure solely 
provides water to the District, for integration into the second phase of the Project, which 
involves the construction of a low lift pump station and approximately 3,000 feet of new 
pipeline. The McCune Channel diversion structure is complete with a 36-inch turnout and 
will provide a projected peak demand flow rate of 20 CFS. A third phase of the Project 
will install a second diversion structure with 24-inch turnout in McCune Channel, 
approximately 2,700 feet north of the existing diversion structure, to provide 
approximately seven (7) CFS to another area of the District’s existing distribution 
system. 
 
District staff understood the benefit of a long crested weir was the ability to pass large 
flows with small changes in upstream head requirements. For the same advantageous 
reason for a long crested weir the disadvantage is the lack of accurate flow measurement 
and control of flows over the weir crest, yielding the weir as an ineffective facility for 
delivering water to MPWD. To achieve both accurate flow measurement and consistent 
water deliveries to MPWD, the District designed for two (2) Rubicon SlipMeters to be 
installed on the weir face to allow for flows to pass through the weir wall. The District 
has several years’ experience with the Rubicon SlipMeters and is familiar with both the 
operation and maintenance of the gates. The Rubicon SlipMeters are complete with an 
integrated flow meter, allowing for flow measurement accuracy of ±2.5%. The gates are 
also equipped with the necessary hardware and corresponding logic to operate in a flow 
control mode, autonomously adjusting, as required, to maintain a set flow rate. Pre-
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project stream gauge measurements of channel flows indicated MPWD may receive a 
peak flow of approximately 130 CFS. Selecting from standard Rubicon SlipMeter sizes, 
the District installed a 48” SlipMeter in each weir wall, with each gate capable of 
conveying up to 165 CFS should one (1) of the gates fail. 
 
In addition to the Project’s design objectives, the design was also required to account for 
on-site issues that will be encountered. Such issues include: access to the SlipMeters, 
access to the confluence for steel plate and debris removal, and mitigation of groundwater 
pressure. Although the SlipMeter gates are automated, circumstances may occur which 
will require for the manual operation of the gates. To accomplish any manual operation, 
an operator will need access to the SlipMeter gate gearbox, which is suspended 
approximately 16 feet above the channel invert and within an area typically submerged 
by water. To provide the access, the Project included the installation of a work platform 
from the top of bank, out over the channels, and to the gearbox for each gate. A 13 feet 
tall dividing wall between the channels supports the platform. All weather access to the 
confluence was also necessary to allow for year-round operations of the gates, removal of 
the steel plates, and, as necessary, removal of debris during storm events. The necessity 
for year-round access resulted in the installation of an approximate 3,000 feet long 
geotextile fabric and ¾ inch aggregate base roadway. Lastly, the design had to account 
for groundwater pressure that was approximately one (1) foot above the channel invert. 
To prevent any lifting pressure created underneath the structure, the design included the 
installation of 13 hydraulic relief valves within the structure’s foundation. 

 

ENVIRONMENTAL 

 
The project was funded with a grant from the USBR and local funds; therefore, 
environmental clearance under the California Environmental Quality Act (CEQA) and 
the National Environmental Policy Act (NEPA) was required. The District was the lead 
agency under CEQA and USBR was the lead agency under NEPA. 
 
CEQA 

 
CEQA is a statute that requires state and local agencies to identify the significant 
environmental impacts of their actions and to avoid or mitigate those impacts, if feasible. 
Construction of the proposed weir would result in effects to special status species under 
the California Endangered Species Act (CESA); therefore, an Initial Study with Mitigated 
Negative Declaration (IS/MND) was prepared to identify any potential significant effects 
to the environment and implement specific actions to mitigate these effects to a less than 
significant level. The project area within Sweeney and McCune Creek was found to 
contain suitable habitat for western pond turtle (Emys marmorata) (WPT), a California 
Department of Fish and Wildlife (CDFW) species of special concern, Temporary impacts 
of 1.00 acre and approximately 0.16 acres of permanent impacts to WPT foraging, 
basking and migration habitat were anticipated. The District proposed several measures 
within the environmental document to mitigate for permanent impacts to WPT habitat 
and avoid incidental take of the species. During consultation with CDFW during the 
public comment period, the District ultimately committed to pre-construction surveys, 
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environmental awareness training, and daily monitoring by a qualified biologist for the 
duration of construction. 
 
NEPA 

 

NEPA is a United States environmental law that promotes the enhancement of the 
environment and established the President's Council on Environmental Quality 
(CEQ). NEPA requires Federal agencies to assess the environmental effects of their 
proposed actions prior to making decisions. During preliminary scoping meetings, USBR 
determined that an Environmental Assessment (EA) was the appropriate level of NEPA 
documentation to analyze whether or not the project had the potential to cause significant 
environmental effects. The District engaged in close coordination with USBR while 
preparing the EA to ensure that all Federal concerns were addressed, which expedited 
approval of the document for the required 30-day public circulation for review and 
comment. In an effort to save the District time and money, Dokken Engineering prepared 
and circulated a joint IS/EA to satisfy both CEQA and NEPA requirements. At the close 
of circulation, USBR reviewed the comments received and determined that the action 
would not have significant environmental effects; therefore, a Finding of No Significant 
Impact (FONSI) was issued. The Mitigated Negative Declaration and FONSI were issued 
in under six (6) months. 
 
Environmental Permits 

 
CDFW Section 1602 Streambed Alteration Agreement. The project resulted in temporary 
impacts of 1.00 acre and approximately 0.26 acres of permanent impacts to Waters of the 
State; therefore, a Section 1602 Streambed Alteration Agreement was obtained from 
CDFW. Dokken Engineering submitted the permit application and initiated consultation 
with CDFW immediately upon completion of CEQA/NEPA clearance. The 1602 permit 
was obtained in under three (3) months. 
 
RWQCB Section 401 Water Quality Certification. The project resulted in temporary 
impacts of 1.00 acre and approximately 0.26 acres of permanent impacts to Waters of the 
U.S; therefore, a Section 401 Water Quality Certification was obtained from Regional 
Water Quality Control Board (RWQCB). Dokken initiated consultation with RWQCB 
immediately upon completion of CEQA/NEPA clearance. The main concern expressed 
by the RWQCB was that no fueling or equipment maintenance should occur within the 
streambed. The District included this information within their bid documents so the 
contractor could plan accordingly. The 401 Certification was obtained in under four (4) 
months. 
 
USACE Section 404 Individual Permit. The project resulted in temporary impacts of 1.00 
acre and approximately 0.26 acres of permanent impacts to Waters of the U.S; therefore, 
a Section 404 permit was required from U.S. Army Corps of Engineers (USACE). One of 
the key challenges during consultation with USACE was determining the appropriate 
type of 404 permit to obtain for the proposed project. The District initially applied for a 
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Nationwide Permit 39 (NWP 39) for projects involving agricultural activities with less 
than 0.5 acre of impacts to Waters of the U.S. Nationwide Permits are typically preferred 
by project applicants due to the minor level of analysis required and short agency review 
time. After several months of coordination, USACE determined that the project did not 
fall under the NWP 39 category, and requested that an Individual Permit be prepared 
instead. This resulted in the construction schedule being delayed while the District went 
through the six-month Individual Permit application process. Dokken Engineering 
prepared an Alternatives Analysis for the project, demonstrating to USACE that the 
proposed project was the Least Environmentally Damaging Practicable Alternative 
(LEDPA). The Section 404 permit was eventually obtained in June of 2017, 
approximately one year after initial consultation with USACE.  
 

CONSTRUCTION 

 
The construction phase of any contracted project is the true test of the Project’s contract 
documents. Throughout construction, both the District and the contractor were required 
to perform specific tasks to meet environmental compliance with the environmental 
permits. Even after thorough planning and design phases, most large construction 
projects will still encounter unanticipated challenges. The strictest project constraint was 
the project scheduling. With construction anticipated to begin in June but delayed until 
August, the 75 allowable working days placed project completion near the end of 
November and into Solano County’s typical precipitation season.   
 

Environmental Compliance 

 
During construction, Dokken Engineering provided biological monitoring support and 
general environmental construction support to the District.  This involved permitting 
agency coordination, WPT surveys, installation of WPT exclusion netting, dewatering, 
daily biological monitoring, and communicating with the construction crews to ensure 
that all environmental commitments were implemented throughout construction. Key 
challenges during construction efforts included communication with construction crews 
and unanticipated agency requirement modifications. One (1) construction crew member 
illegally relocated a WPT downstream of the project site. Dokken Engineering staff 
immediately informed CDFW of the action and, as a result, CDFW required additional 
environmental awareness training for all crewmembers and full-time biological 
monitoring resulting in roughly $30,000 of unanticipated cost to the District. Other 
challenges included compliance with CDFW Section 1602 Streambed Alteration 
Agreement requirements for construction activities during rain events. Construction 
activities within the streambed were prohibited eight (8) hours prior to a 40 percent or 
greater forecast of rain from the National Weather Service and were not allowed to 
continue until 24 hours after rain events. This measure was in place to ensure that WPT 
would not enter the active work zone during rain events. This requirement was a 
challenge because construction of the proposed project occurred July through December, 
which is Solano County’s precipitation season. As a result, Dokken and the District 
coordinated with CDFW in October of 2017 to establish a baseline for allowable rainfall 
(0.25 inch) that enabled the contractor to work through minor rain events. 
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Unanticipated Challenges 

 
Being one of the largest reinforced concrete projects undertaken by the District since 
original system construction, District staff had to prepare for unanticipated challenges 
and unaccounted for conditions during construction. Almost immediately after 
commencing construction, the District’s contractor found the channel bottoms to be lined 
with ¼ ton rip-rap, an improvement not shown on record drawings or recalled from 
personal recollections. Even though the project required a large amount of ¼ rip-rap, 
neither the contract documents nor the staging and construction areas accounted for rip-
rap storage. Working with the contractor, the District was able to save most of the 
existing rip-rap within an acquired staging area, providing for a decrease in the quantity 
of new rip-rap. Beneath the rip-rap, within the channel bottom, was several feet of 
saturated soil that required removal for construction. As a result of the soil condition, 
over excavation was required to remove unsuitable material. The tight construction area 
only allowed for the spreading and drying of a portion of the excavated material. The 
cumulative effect of the conditions required the District to haul material offsite, which 
was outside of the contract scope, and to place additional crushed rock and unreinforced 
concrete to backfill the over excavation. The additional required materials provided for a 
lower unit cost but increased total line item cost. The last unanticipated challenge was the 
discovery of an abandoned, unknown leech line. The rolled tar paper perforated pipe was 
found approximately three (3) feet below grade and transported water from the upstream 
and downstream ends of the dewatered area, causing additional groundwater 
maintenance. 
 
Scheduling 

 
The District commenced Project design in 2015 and completed design, CEQA, NEPA, 
CDFW permitting, and RWQCB permitting by May 2016. With indication the USACE 
permit would be received shortly thereafter, the District proceeded with advertising for 
bids and awarding a contract to Shimmick Construction Company, Inc (SCCI), in May 
2016. The contract with SCCI allowed the District to cancel the contract should no 
USACE permit be received by July 2016. As July quickly approached and passed, the 
District engaged in conversations with SCCI about extending the contract through June 
2017. SCCI was amicable to the contract extension and a reasonable cost increase was 
negotiated. The USACE permit was finally received in July 2017, requiring an additional 
contract extension for the one (1) month delay. SCCI began work on August 2, 2017, 
placing the allowable completion date at November 17, 2017, and within the typical 
storm season. Throughout construction, the project experienced four (4) precipitation 
events of varying durations. Due to the requirements of the environmental permits, the 
contractor was required to cease all work at least eight (8) hours before a 40% chance of 
precipitation, or greater, and could not resume work for 24 hours after the precipitation 
event. The resulting delays pushed the project completion date to December 4, 2018. 
SCCI completed all site cleanup and punch list work by December 11, 2018. 
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CONCLUSION 

 

The Sweeney-McCune recovery structures have been operational for the past three (3) 
months, allowing the District to monitor and operate the structures during storm flow 
conditions and regular irrigation season conditions. Through the construction and 
commissioning periods for the recovery structures, the District was able to reflect on the 
processes to develop some lessons learned and considerations for future projects during 
the design, environmental, and construction processes. While improvements throughout 
the design and construction process could be made, the Project still stands as a milestone 
achievement for the District and an exemplary Project for water use efficiency, 
alternative water supply sources, and water conservation. The environmental consultant 
for the Project, Dokken Engineering, also performed a near textbook navigation of the 
various environmental challenges and regulatory barriers requiring addressing for the 
Project. I hope this final section of the District’s and Dokken Engineering’s lessons 
learned will prevent other agencies from making some of the same mistakes encountered 
during the Project. 
 
Design 

 
From the geotechnical exploration report prepared for the Project, the District understood 
that groundwater recharged to approximately one (1) foot above the channel invert, 
which coincides with the structure’s invert. Even though analysis of the effects of pore 
pressure on the structure concluded that the structure should not lift, the District decided 
to install hydraulic relief valves in the structure floor as an inexpensive precautionary 
measure. Since the hydraulic relief valves were not required to provide a specific amount 
of relief, the valve installation locations were selected to provide a symmetrical and 
aesthetically acceptable appearance. From this placement process, or lack thereof, one (1) 
of the hydraulic relief valves was placed directly in front of the discharges to the two (2) 
Rubicon SlipMeters. The corresponding water velocity exiting the SlipMeters has 
sufficient force to hold hydraulic relief valve open, allowing for a continual open 
interface between the groundwater and channel flows. 
 
A second decision District staff made based on constructing an aesthetically pleasing 
Project was to forego the installation of control joints for temperature cracks. The 
absence of control joints allowed for the downstream face of the weir walls to be smooth 
and continuous. In an effort to account for the lack of control joints, a greater than 
required amount of reinforcement was placed within the reinforced concrete weir walls to 
accommodate for forces exerted from changes in temperature. Even with the greater than 
required amount of reinforcement installed to prevent cracking, the downstream face of 
the weir walls eventually succumbed to hairline temperature cracks. Although the weir 
walls remain structurally sound, the hairline temperature cracks ruined the pleasing 
aesthetics of a smooth and continuous weir wall. 
 
The last lesson learned was a costly lesson learned. Each weir was designed with a 
portion of the wall connecting back into the channel bank. The original design identified 
a one (1) foot embedment of the weir wall in to the channel bank, with 10 feet of the 
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channel bank to be armored with nine (9) inch to 12 inch rip-rap, from top of bank to toe 
of bank, on either side of the embedment location. During the first large precipitation 
event post construction, the one (1) foot embedment became undermined, resulting in 
flows to short circuit around the end of the weir wall and to erode the earthen bank 
beneath the rip-rap. Since the failure only occurred within one (1) of the channels, the 
most likely cause of the failure was due to a lack of soil compaction. Other possible 
causes of the failure include insufficient embedment into the channel bank or improper 
sizing or gradation of the rip-rap. The corrective measure pursued by the Project Engineer 
was to extend the weir wall to the top of bank, effectively creating a cut-off wall in the 
soil. To further protect the earthen bank from erosion, the nine (9) inch to 12 inch rip-rap 
and approximately a one (1) foot depth of soil was removed. The soil was mixed with ¼ 
ton rip-rap, replaced, and compacted. The nine (9) to 12 inch rip-rap was then replaced 
over the ¼ rip-rap and soil mixture.  
 
Environmental  

 
Meeting strict regulatory agency requirements can cause lengthy delays for water 
conservation projects in the United States. Establishing a solid NEPA document and 
keeping written documentation of all agency correspondence will ensure that any future 
questions or coordination with Federal agencies goes smoothly. When approaching the 
Section 404 permit process for water conservation projects, it is best to take a 
conservative approach, plan for the highest level of permit, and start the process early to 
ensure that potential construction delays are avoided. Additionally, communicating 
clearly and often with the contractor regarding what the permit provisions are, and 
emphasizing potential project ramifications to the crew, can help avoid costly regulatory 
penalties. 
 
Construction 

 
The Project was completed by SCCI within the allowable time frame and within the 
overall budget, however the project was not without challenged change orders. More 
thorough efforts could have been made to prevent the change order negotiation process 
and prevent assumptions that resulted in change orders. The preconstruction planning 
effort could also be improved to minimize construction delays and additional costs from 
storm water quality monitoring and rain event action plans. Finally, better quality control 
by the inspector could have prevented some aesthetic issues that developed after the 
upstream side of the weir was checked up. 
 
Change orders are easiest to accept when the change order is a resultant of an owner 
driven change in scope. In contrast, surprise and/or retroactive change orders presented 
by the contractor is hardest to accept. During the Project, the District experienced both 
and both types were ultimately taken to the negotiation table. To prevent reaching this 
point, a greater amount of quality control could have been performed on the Project plans 
and specifications. For the Project, this was particularly applicable to the over excavation 
allowances and contactor responsibilities to mitigate groundwater. Change orders must 
also be executed for work not explicitly covered within the contract and corresponding 
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paperwork must be completed prior to the work commencing; do not rely on verbal 
communication. The Project had an incident involving the hauling of spoils offsite, which 
resulted in an unexpected change order from the contractor, the proper documentation 
was not provided following a verbal conversation. 
 
A greater amount of planning by the District could have provided additional flexibility 
with the Project schedule and decreased some of the District’s costs for the Project. I 
would strongly recommend to delay any construction project, even by one (1) or more 
years, to allow for all of the environmental permitting and regulatory barriers to be 
addressed. The District moved forward with the advertising and awarding of a contract 
prior to receiving the USACE permit. As a result, the contract cost increased by $95,000 
before construction commenced and additional change orders were received during 
construction, as the contractor was required to mitigate storm flows and site access 
issues. 
 
Finally, inspection is a very important part of construction. The Project Engineer double 
as the part time project inspector. Although intimately familiar with the design and 
specifications, an outside inspector with significant experience inspecting reinforced 
concrete construction should have been used for the Project. A specific example of the 
inspector’s lack of experience inspecting reinforced concrete structures was the finishing 
of the weir wall faces. The Project Engineer did not provide a specification for the weir 
wall finishing, other than the weir walls must be smooth and free of blemishes or burrs. 
No specific attention was called for the finishing of the weir wall at the snap-tie locations. 
As a result, the District witnessed water leeching through the weir walls at approximately 
40 snap-tie locations, causing an aesthetically displeasing look on the downstream face of 
the weir wall. The District is currently working with the contractor to resolve the issue. 
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ABSTRACT 

 
Many irrigation and water districts in California convey water through aging concrete 
pipelines.  In addition to huge problems with leaks and failures, districts also struggle to 
provide turnout deliveries with more flexible schedules. This paper discusses the 
problems that are encountered, and various approaches that have been or can be used.  
The specific pipeline designs that are discussed in this paper are generally gravity flow, 
flowing downhill from a canal.  Most of these pipelines were originally installed under 
the assumptions that farmers would need high flows at low pressures for surface 
irrigation. 
 

INTRODUCTION 

 
Water was originally delivered on a fairly inflexible basis, and irrigation district 
employees typically operated/adjusted the individual turnout valves.  The turnouts 
typically discharge into atmosphere or into an open standpipe, so there is sometimes an 
“air gap” between the district pipeline and the on-farm system.  This is most common on 
the oldest pipeline systems. 
 
There are two general challenges: 
1. In some cases, the pipelines need to be replaced because: 

a. The actual life has exceeded the useful life.  They are leaking badly and 
failing.  The cost to frequently repair these pipelines (often with diameters of 
greater than 3’) is high and is complicated with recent urbanization and lack 
of access. 

b. The old pipelines, which were designed for a rotation delivery, cannot be 
converted to provide flexible deliveries that are needed by modern on-farm 
irrigation systems and management.  Flexibility requires some minimum 
pressure, and many of these old pipelines can only withstand pressures of 
about 9’, often have few control structures, and operate with upstream control. 

2. For pipelines that are in good enough condition to operate at pressures of 100’ or so, 
the focus is not on replacement but rather on adaptation.  As farmers transition to 
pressurized irrigation systems with more sophisticated irrigation management, they 
want more flexible water delivery service.  Most farmers prefer to be able to operate 
the individual turnouts themselves.  Furthermore, many farmers would like to reduce 
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their pumping bills by utilizing any pressure that is available in the district pipeline – 
as opposed to having that pressure reduced when it flows into a standpipe.  If districts 
allow farmers to connect booster pumps directly to district structures, there are three 
typical problems: 

a. Although some farmers in a district will have booster pumps, others will still 
have surface irrigation (furrow, border strip).  For the surface irrigators, a 
slight change in district pipeline pressure will change their turnout flow rates – 
which makes irrigation management difficult.  Traditionally, this problem was 
minimized by having district operators only make occasional flow changes, at 
scheduled times, and they followed up on a turnout change by re-adjusting 
flows at the other open turnouts.  Clearly, this is impractical with flexible 
delivery schedules.  

b. Individual valves or pumps connected directly to district turnouts and operated 
quickly, will cause small pressure surges that will result local pipe damage 
and will also lead to fatigue failures at the fittings. 

c. Regional power outages will cause multiple direct-connected pumps to shut 
off simultaneously, thus generating large surges throughout the pipeline.  
Figure 1 illustrates potential surge pressures in Shafter-Wasco ID due to a 
regional power outage, with pumps shutting off instantaneously.  Obviously, 
the pipes would burst before those high pressures are reached.  It is clear that 
even with slow closure (such as could occur with float valves), there are 
unacceptably high surge pressures for this condition. 

 

 
Figure 1.  Simulated pressures at one location in a large irrigation district gravity-fed 

pipeline network, with a regional power outage.  Different colors indicate the impact of 
various closure times. 
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Situation #1 – Old Low-Pressure Concrete Pipelines that Need Replacement 

 
When this situation is encountered, the following questions need to be addressed: 
1. If the district plans to provide water on a flexible basis (large latitude in frequency 

and duration), how does one determine the appropriate pipe section flow rates?  
Considerations include: 

a. The assumption of the hours/week that water will be available. 
b. The allowable size of a turnout.  Should it match typical existing drip/micro 

designs, or should it be based on an assumption of peak ET and efficiency? 
c. What is the design assumption for congestion?  Is there a 99% probability of 

not exceeding the design flow rate, or 95%, or 90%?  There is a huge 
difference in the required pipe sizes with varying assumptions. 

2. What pressure should be provided?  If all existing groundwater wells already provide 
about 104’ discharge pressure at the surface, it would be good to provide a minimum 
of 104’ at the new turnouts.  However, if there are no existing pressurized systems, 
the question is always one of whether it is best for the district to pressurize the water, 
or if each turnout should have its own pump. 

3. What degree of filtration is needed?  Typically there is a mix of sprinklers, 
microsprinklers, and drip irrigation in an area – each with a different level of filtration 
needed.  Usually, districts will provide filtration sufficient for sprinklers, but not for 
microsprinklers or drip irrigation. 

4. Once you know the design flow rate in a pipe section, how do you determine the 
appropriate pipe size?  Do you use some rule of “do not exceed 4 feet per second”?  Is 
there a concept of a critical path?  What are the assumptions regarding life of the 
hardware, power costs, and interest rates? 

5. How are the existing surface irrigation fields going to be serviced, until everyone 
converts to pressurized irrigation?  In many districts with rotations, the individual 
field turnouts have flow rates of 10-25 CFS, regardless of the field size (the flow rate 
is constant in the pipe; with a rotation schedule the duration varies depending on the 
size of the field).  Using the new pipelines for both pressurized deliveries and large 
surface flows is problematic because the schedules are quite different, and the surface 
deliveries need large pipelines to the very downstream ends. 
 

After those fundamental questions have been asked, there are numerous details about the 
configuration and layouts of new pipelines.  Because of right-of-way issues and road 
crossings, it may be desirable to utilize existing pipeline easements for the new pipelines.  
However, a different orientation may be much more cost-effective. 
 
Figure 2 shows the existing layouts of canals and pipelines (mainly cast-in-place 
concrete) in South San Joaquin ID (near Manteca, CA).  There are about 400 miles of 
pipelines, servicing about 55,000 irrigated agriculture acres.  ITRC is currently working 
with SSJID to develop a modernization plan that supplies both pressurized and low 
pressure water. 
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Figure 2.  South San Joaquin ID – existing canal and pipelines 
 

Situation #2 – Pipelines are in Good Condition 

In this situation, the district is concerned about uncontrolled flow rate changes at 
turnouts, as well as water hammer problems.  The solution must incorporate: 
• A pressure regulation device 
• Water hammer protection 
 
Commercial pressure regulators are typically incapable of delivering the low pressures 
needed for surface irrigation. Therefore, locally manufactured float valves are sometimes 
used to provide a reduced, constant downstream pressure in an open standpipe.  Gaudi 
(2001) presented an ITRC design that was implemented on about 900 turnouts at Delano-
Earlimart ID in California.  It is a float valve configuration that provides pressure 
regulation as well as relatively slow closure to minimize water hammer.  At the time that 
solution was developed, there was little consideration of direct connections to farmer 
booster pumps. 
 
The valve closure time will depend upon the valve linkage, the standpipe diameter, and 
the initial opening of the butterfly valve. Recommendations given here are intended to 
provide a relatively slow closure time.  Nevertheless, even a small surge can damage a 
pipeline that is operating close to its pressure rating. For that reason, it is recommended 
that for such cases (operation close to the pressure rating of the pipe, accounting for old 
age), a pressure relief valve plus a vacuum relief/air release valve be installed upstream 
of the float-actuated butterfly valve. Details can be found in Burt et al (2018). 
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Figure 3. Conceptual sketch of float valve mechanism. Not to scale.  Does not show flow 

meter, pressure relief, and vacuum relief valves. 
 
When fully assembled, the float mechanism will look similar to the assembly shown in 
Figure 4. 
 

 

Figure 4. Assembled float mechanism on a turnout at Delano-Earlimart Irrigation District 
– without the recommended manual pressure reducing valve, or pressure relief and 

vacuum relief valves. 
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Situation #3 - Turnouts with Pumps for Sprinkler/Drip/Micro irrigation, with Good 

Pipelines 

 
For turnouts with pumps, there is no need for pressure regulation.  The pump’s flow into 
drip/micro and sprinkler systems will have minimum changes as the district line pressures 
change.  However, one option is to use the float valve assembly with additional valves, as 
described in the previous section. 
 
For installations in which farmers do not want to lose available district pressure, two 
other options are suggested. For both of these cases, pumps must be installed with VFDs.  
The VFD controls must have ramp up (start) and a ramp down (stop) durations of 20 
seconds. This will help protect the pipeline on an individual turnout basis during regular 
operation; it will not protect the pipeline in the instance of a regional power outage, or in 
case there is a motor overload and automatic shutdown of a pump. 
 
To further protect the pipeline from the pressure surge that will occur during a power 
outage, one of the two following solutions should be used: 
1. Vertical standpipes 
2. A combined pressure relief valve and a vacuum breaker valve equipped with a 

continuous-acting air release valve installation plumbed downstream of a pressure 
regulation valve.  This a non-standard configuration, and may be confusing to 
operators unless they are properly trained. 

 
Table 1. Turnout designs to minimize water hammer problems 

Solution Application Advantages Disadvantages 
Float valve with a float in 
an open standpipe.   A 
pressure relief valve and 
a vacuum relief valve 
located immediately 
upstream of the float-
controlled butterfly 
valve. 

Surface irrigation, or 
sprinkler/drip/micro 

• Float valve acts as a 
pressure regulator 

• Flows to turnout are not 
changing all the time 

• Float opens and closes the 
valve slowly, reducing 
water hammer during 
normal operation 

• Loses all available pressure 
by discharging into the open 
standpipe 

Vertical standpipes Sprinkler/drip/micro • Simple design that does 
not require additional 
valves 

• Farmers are able to use all 
of the available pressure 
from the district pipeline 

• Unrealistically tall 
standpipes at turnouts 
located more than 30’ 
below the canal elevation 

 

Pressure regulating valve 
with a pressure relief 
valve and a vacuum 
relief valve.  Plus, a very 
slow opening/closing 
manual butterfly valve 
and all pumps need VFD 
slow start/stop. 

Sprinkler/drip/micro • Can be used at low 
elevations where 
standpipes become 
unrealistic 

• Farmers are able to use 
most of the available 
pressure from the district 
pipeline 

• More expensive 

• May be difficult for 
operators to understand 
and adjust the automatic 
valves 
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Solution 1: Vertical Standpipes 

 
Figure 5 shows an example of a vertical standpipe installed at a farmer’s turnout in the 
Kanawha-Glide Water Districts (KGWDs). A vertical standpipe will provide both surge 
and vacuum relief.  
 

 
Figure 5. Example of a vertical standpipe at the Kanawha-Glide Water Districts 

(KGWDs) 
 

The water level in the standpipe is related to the pressure at the on/off valve. The height 

of the standpipe should not exceed the pipe pressure rating, minus 5’.  
 
After the initial surge, a pressure wave can travel away from the standpipe, causing a 
temporary localized reduction in pipe pressure. The water stored in the standpipe will 
draw down, preventing any vacuum from occurring.  This will prevent the pipeline from 
collapsing, and also cushion any returning surge wave.  
 
The main advantage of using a vertical standpipe is its simplicity: there are no additional 
valves needed. However, standpipes become unreasonable for turnouts that are lower 
than 30’ below the elevation of the canal because the standpipes become too tall and 
expensive. 
 
Recommendations 
1. Standpipes should always be installed upstream of the farmer’s on/off valve to protect 

the district’s pipeline from water hammer.  
2. The pump should have a VFD with a slow start/stop controller. 
3. The district on/off valve should have a very large gear reduction so that it cannot be 

closed quickly.   
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4. The height and diameter of each standpipe will be determined by the flow rate and the 
difference between the canal elevation and the turnout elevation. The height of the 
standpipe should not exceed the pressure rating of the pipeline, minus 5’. For 
example, if the pipeline has a 50’ pressure rating the standpipe should not exceed 45’ 
in height. Figure 6 is for a condition of no spill during water hammer. 
 

 
Figure 6.  Required standpipe heights to have no spill during water hammer.  Elevation 

refers to the elevation change between the canal water surface and the turnout. 
 
5. In addition, the following items must be considered whenever proposing a new 

standpipe design: 
a. The proposed standpipe’s proximity to power lines. Some districts have witnessed 

arcing between standpipes and nearby power lines, creating a dangerous 
environment for district operators and irrigators alike. Future installations should 
meet utility service or county guidelines, and permit requirements should be 
determined as well.  

b. Lightning strikes and grounding. The standpipes can serve as lightning rods, and 
they may cause damage to nearby equipment or physical harm to people if not 
properly grounded.  

c. Crop dusting operations. The height of the standpipes could interfere with crop 
dusters, and may require warning lights and special paint to catch the attention of 
pilots. 

 
Solution 2:  Combined Pressure Relief Valve/Vacuum Relief Valve Installation 

Downstream of a Pressure Regulation Valve 

 
At lower elevations (i.e., higher pressures), both standpipes and float valves become 
disadvantageous: standpipes become too large and expensive, and farmers will not be 
able to use most of the available pressure if they use float valves. Figure 7 shows a 
solution for turnouts with higher pressures.  
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Figure 7. Plan view of Solution 2 configuration. Not to scale. 

 
Connections for All Valves.  The short sections of pipe that connect the pressure relief 
valves to the turnout pipe should be the same diameter as the turnout pipe itself.  This 
will allow free flow of water.  Reducing cones should be used immediately adjacent to 
valves, if needed.  
 
Field Adjustment of Valve Pressure Settings.  Check with the valve manufacturer to 
locate the equipment necessary to activate and adjust the pilot valves, without needing to 
actually pressurize the pipe to the target pressure in the field. 
 
Pressure Relief Valves.  The pressure relief valves shall match the specifications found in 
Burt et al (2018), with the following extra points: 
• For the pressure relief valve located downstream of the pressure regulating valve: The 

cracking pressure of this pressure relief valve should be factory set to equal 80% of 
the pipe pressure rating. The valve must discharge the turnout flow rate with a loss of 
no more than 9’ of pressure, with an opening time of 1 second or less.   

• For the pressure relief valve located upstream of the pressure regulating valve: The 
cracking pressure for these pressure relief valves should be factory set to equal 95% 
of the pipe pressure rating. The valve must discharge ¼ of the turnout flow rate with a 
loss of no more than 9’ of pressure, with an opening time of 1 second or less.   

 
Slow-Acting, Gear-Operated Butterfly Valve. A total reduction ratio for the butterfly 
valve actuator is suggested to be at least 300:1.  This can be accomplished in one of two 
ways: 
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1. Purchasing an off-the-shelf gear operator with the appropriate amount of gear 
reduction from the factory, as shown in Figure 8. 

 
Figure 8. The Emerson AT-IS quarter-turn worm gear operator is available with a wide 
range of gear ratios, including 293:1 and 315:1 (www.emerson.com). Alternatives such 

as the Schlumberger DYNATORQUE series are also available. 
 
2. Installing additional hardware on a standard butterfly valve.  One of many possible 

configurations is a right-angle speed reducer, as seen in Figure 9. These reducers are 
available through suppliers such as McMaster-Carr and Surplus Center. 

 

 
Figure 9. Additional gear reducer attached to a 12" Grayline butterfly valve 
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ABSTRACT 

 
Design requirements to account for hydromodification, the alteration of the natural flow 
of water through a landscape, are the latest development in onsite water storage.  The 
requirements mandate environmentally conscious development; development that 
conserves natural runoffs, waterways, banks, and shorelines.  However, the 
implementation of hydromodification requirements has created unique storage problems 
for design engineers. 
 
As states, counties, and cities have become aware of the potential dangers of 
hydromodification, many are taking steps to protect streams, rivers, lakes, and any other 
body of water.  These preventative actions include standards requiring engineers to match 
predevelopment flow rates to developed flow rates.  This is achieved by storing water and 
controlling the release rate.  In several areas of California, hydromodification software 
has been developed to assist engineers analyze and compare native and developed 
conditions.  
 
To effieciently design for hydromodification engineers must explor exemptions or create 
a solution to control the flow.  The solutions involve storage of storm water in above 
ground ponds, underground vaults, or underground chamber systems.  Each method has 
advantages and disadvantages that the engineer must consider.   
 
The selected method must be constructable.  Proper outlet control varies by storage type 
and, lessons learned on previous projects have led to standardized optimal designs that 
provide easy installation.  
 
Hydromodification standards provide the necessary restrictions that will keep waterways 
clean and full of life for generations to come.  Achieving this goal is challenging, but 
with problem solving and innovation, success is possible. 
 

INTRODUCTION 

 
Hydromodification (hydromod) is defined by the California Regional Water Quality 
Control Board (CRWQCB, 2007) as “The change in the natural watershed hydrologic 
processes and runoff characteristics (i.e., interception, infiltration, overland flow, 
interflow and groundwater flow) caused by the urbanization or other land use changes 
that result in increased stream flows and sediment transport.  In addition, alteration of 
stream and river channels, installation of dams and water impoundments, and excessive 
streambank and shoreline erosion are also considered Hydromodification, due to their 
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disruption of natural watershed hydrologic processes.”  Or simply, it is the alteration of 
the natural flow of water through a landscape.   
 
Urbanization and development of previously open landscape adds impervious surfaces 
and modifies stormwater runoff; stormwater may runoff more quickly and in larger 
volumes than in the native condition.  This results in potentially damaging physical 
changes to the body’s structure, such as channel modification and erosion.  Changes may 
also affect a body of water’s natural chemistry, hydrology, and function. 
 
As states, counties, and cities became more aware of the potential dangers of 
hydromodification, many took steps to protect streams, rivers, lakes, oceans, and any 
other body of water.  These preventative actions include standards requiring engineers to 
match predevelopment flow rates to developed flow rates.  This is achieved by storing 
water onsite and controlling the release rate to natural drainage ways.   
 
In California, the most significant action taken was in January of 2007 when the 
CRWQCB issued Order Number R9-2007-0001 “Waste Discharge Requirements for 
Discharges of Urban Runoff From the Municipal Separate Sewer Systems (MS4s) 
Draining the Watersheds of the County of San Diego, The Incorporated Cities of San 
Diego County, the San Diego Unified Port District, and the San Diego County Regional 
Airport Authority.  This order provided the Hydromodification requirements for San 
Diego County.  In the decade since its passing, similar requirements have been enacted 
across Southern California, and talks are ongoing regarding similar standards in coastal 
communities in Northern California. 
 
The benefits of these requirements are numerous, and the requirements help to insure the 
long term health of oceans, lakes, rivers, and streams.  However, these benefits are not 
achieved without overcoming considerable challenges.  Meeting hydromod requirements 
is challenging and time consuming for engineers, expensive for developers, and creates 
constructability concerns for contractors.  In several areas of California, hydromod 
software has been developed to assist engineers analyze and compare native and 
developed conditions. 
 
This manuscript will discuss hydromodification design optimization, underground water 
storage basins, and constructability lessons learned.  Using feedback and lessons learned 
from the design engineering community, the manuscript will provide tips for optimizing 
the design of storage facilities.  The manuscript will also provide lessons learned from 
contractors on designing hydromodification water storage facilities to be constructible 
and able to perform as designed and analyzed. 
 

DESIGN OPTIMIZATION 

 
Without careful thought throughout the design process, projects subject to 
hydromodification requirements can become oversized and inefficient.  The first step an 
engineer must take is complete the applicable Hydromodification Management Plan 
(HMP) Applicability flow chart and search for ways to exempt the project. 
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Figure 1. San Diego County HMP Applicability Determination Flow Chart (Brown and 
Calwell, 2011) 

 
If ther are no practicle exemptions the engineer must create a solution to control the flow.  
Controlling the flow requires storage.  Storage can be achieved by several methods 
including but not limited to above ground ponds, underground vaults, and underground 



70 Water Reuse and Non-Traditional Water Sources 

chamber systems.  Each method has advantages and disadvantages that the engineer must 
consider.  In infill development, sites generally do not have the space for an above 
ground pond, while the underground options vary in cost, volume, and structural 
capabilities. 
 
Many engineers use a hydromod software system that can quickly evaluate the different 
options and provide preliminary sizing.  The software can provide an analysis of pre and 
post development flow rates and assist in optomizing volume.  Generally, the most 
efficient volumes are achieved by the engineer carefully reviewing the software results 
and making small improvements. 
 

UNDERGROUND STORAGE 

 
Underground storage is the most common method for hydromod storage.  A variety of 
products including vaults, chambers, manufactured wetlands, crates, and drywells are 
available for the engineer to choose from.  Many of these products are even included in 
the hydromod software to further assist engineers.  While all of the products provide 
storage, there are several key differences between them that dictate the most efficient 
option for a given project.  The main considerations are the location of the storage unit, 
the percolation rate of the soil, the available footprint, and price. 
 
Underground chambers provide an efficient solution in many applications.  Chambers are 
completely modular and are available in several sizes.  This flexibility allows engineers 
to customize the shape of the system to match the available footprint.  Engineers can also 
select chamber size based on complications like high ground water and hard dig.  
Chambers can be installed under landscaping or parking areas, however they can 
generally not be placed under buildings. 
 
Percolation rate of the soil is an important site consideration.  Percolation has two key 
benefits; it reduces the storage volume and recharges groundwater.  As soon as water 
enters a chamber system, it will begin percolating into the soil; this volume of water can 
thus be reduced from the required storage volume.  In gravel and sandy soils that allow 
relatively rapid percolation, this can greatly reduce the required volume saving space and 
budget.  Also, the water will percolate into the ground and replenish underground water 
supplies providing ecological benefits to the area.  Percolation is not possible in vault 
systems. 
 
Each type of underground storage system can be used to meet hydromod flow control 
requirements.  All of the underground storage systems will connect to an outlet control 
structure specifically designed to detain the hydromod required volume and release water 
at the calculated rate based on the magnitude of the storm.  In a vault, the control 
structure is generally a large riser or a large weir, a wall inside of the vault, with a series 
of orifices and/or notches to meet the outlet requirements.  In a chamber system, the 
water that doesn’t percolate will be conveyed by an underdrain to a manhole that includes 
a weir with the designed notches and/or orifices. 
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CONSTRUCTABILITY LESSONS LEARNED  

 
Hydromodification design standards were initially issued in 2007, just as the 
development and construction markets rapidly slowed.  Over the last few years, as 
construction has returned to pre-recession levels, more projects with Hydromodification 
are being built, and with that, more lessons are being learned.  
 
The most frequent construction complication was regarding the outlet control structure.  
In pipe, vault, and chamber detention systems, the output from hydromod software was a 
riser with the prescribed notches and orifices as inlets and a single outlet pipe.  In a vault, 
with a flat concrete bottom, a riser can be easily installed and will perform its design 
function.  However, in a pipe system, with only a circular pipe, there is no easy 
installation location and the riser will not perform its design function (Figure 2).  A riser 
inside a chamber system has similar complications as the chambers rest on a foundation 
of gravel and the storage volume is not uniform throughout the cross section. 
 

 
Figure 2. Hydromodification detail of a riser inside a pipe 

 
To overcome these challenges, standard weir details were created that can convert the 
riser to a weir for use in a pipe or chamber system (Figure 3 and 4).  The hydromod 
software outputs can be simply converted into either detail.  Installation time is reduced 
as the weir can be installed by the manufacturer and shipped as one piece to the jobsite. 
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Figure 3. Weir inside a manhole for use in a chamber system. 

 

 
Figure 4. Weir inside a pipe for use in a pipe system. 
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CONCLUSION 

 
As Hydromodification requirements spread across California it becomes increasingly 
important for developers, engineers, and manufacturers to be as efficient as possible 
while following the requirements.  Engineers must understand the site, the requirements, 
and available products to select the best option for their site.  Manufacturers must 
understand the hydromod requirements, the site restrictions facing the engineer, and the 
construction challenges to manufacture products that provide a cost effective solution.   
 
As a society, we cannot let growth and development negatively impact our lakes, rivers, 
and oceans.  Hydromodification standards provide the necessary restrictions that will 
keep these waterways clean and full of life for generations to come.  Achieving this goal 
is challenging, but with problem solving and innovation, success is possible. 
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ABSTRACT 

 
The design and implementation of a Supervisory Control and Data Acquisition (SCADA) 
system is typically undertaken by expert engineers and integration contractors.  In order 
to provide a robust and reliable SCADA system, good design and installation practices 
are required.  Preserving the initial SCADA system reliability requires good maintenance.  
Unfortunately, SCADA maintenance is often overlooked or underestimated.   
 
There are two potential providers for SCADA maintenance activities.  Some SCADA 
maintenance activities are best provided by the developer or installer of the SCADA 
system, before closing out a project contract.  Other SCADA maintenance requirements 
are best provided by the irrigation district or SCADA system owner.   
 
Because SCADA systems are typically custom assemblies of hardware and software, 
each one is unique.  However, there exists an almost universal set of fundamental 
maintenance requirements that is not always a priority during the SCADA system 
installation and commissioning phases.   
 
When the most basic SCADA maintenance requirements are not possessed, there are two 
possible results: SCADA system performance deteriorates, and long-term maintenance 
becomes overly expensive.  This paper introduces a set of fundamental items that are 
necessary for long-term SCADA system maintenance, in addition to the most basic 
necessity: an adequate maintenance budget.            
 

INTRODUCTION 

 
Irrigation districts (including water user associations, water districts, private canal 
companies, etc.) are established to provide service to farmers into the foreseeable future.  
Districts primarily convey irrigation water via extensive, district-owned networks of 
physical infrastructure.  Well-managed districts tend to keep up with the maintenance 
demands of physical infrastructure because:  
1. Deferring maintenance can result in obvious consequences and negatively impact the 

level of service provided by the district.  Examples include: 
a. inability to deliver downstream demands due to failed pumps/gates or 

ruptured pipelines 
b. reduced canal flow rate capacities 
c. increased travel time on canal roads 
d. excessive weeds and canal debris 
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2. Most tasks and responsibilities are well-understood and achievable.   
3. There is sufficient in-house labor.  In fact for many districts, staff members serve dual 

roles: operations staff during the irrigation season and maintenance staff during the 
off-season.   

 
In general, districts have also been successful at maintaining good records and 
documentation of physical infrastructure.  For example, archiving blueprints, property 
titles, and easement information is intuitive for most district administrators and engineers.  
However, things are rapidly changing.  Districts of all sizes are accelerating the 
implementation new technologies to meet internal and external pressures.   
 
One example is a Supervisory Control and Data Acquisition (SCADA) system. 
Implementing a SCADA system involves the installation of new physical and digital 
infrastructure.  This new “technological” infrastructure also requires specialized skills 
and knowledge for excellent maintenance and record-keeping.  The intent of this paper is 
to provide readers with an outline of key SCADA-related maintenance and record-
keeping items.   
 

SCADA MAINTENANCE PRE-REQUISITES 

 
There are multiple SCADA maintenance prerequisites, or items that are considered 
absolute minimum requirements, for long-term SCADA system success.   
 
Good Initial Design  

 
With the following considerations, a good initial design can reduce the cost and overall 
burden for long-term SCADA system maintenance:  
1. SCADA systems are composed of electronic components, which will ultimately fail, 

and sometimes fail unexpectedly.  As such: 
a. Special attention placed on accessibility and maintainability for conduit and 

enclosure details can make the replacement of failed components easier. 
b. Redundancy of critical sensors and other items reduces system downtime. 
c. Special sensor installation details can reduce the negative impacts of heat and 

moisture, such as sensor drift and early failure. 
d. The appropriate implementation of diagnostic data and alarming can 

accelerate the troubleshooting process, without overtaxing operators with 
information and notifications.  

2. Selecting hardened, industrial components that are replaceable with equivalent off-
the-shelf products reduces frustration and long-term costs.  It is always possible to 
lower the cost of SCADA projects by substituting in less expensive components. 
However, considering that less expensive components typically have shorter life 
spans, it is important to factor in the total cost of early replacement when selecting 
components.  For example, in addition to the purchase price of the component, plus 
tax and shipping, other SCADA replacement costs include diagnosis (failures are not 
always self-evident), physical replacement, travel time and vehicle mileage, 
configuration, calibration, documentation and commissioning.   
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Adequate Maintenance Budget 

 
Without sufficient budget, maintenance cannot be completed.  
 
Available, Skilled Labor 

 
Most things with SCADA systems are not visually apparent or simple.    Compared with 
typical maintenance activities and documentation items for physical infrastructure listed 
in the first section of this paper, SCADA maintenance responsibilities can be obscure 
because: 
1. Few irrigation districts employ experienced SCADA technicians.   
2. SCADA systems continue to increase in complexity as new features and 

conveniences are added. 
3. Maintenance and troubleshooting tasks require new and unique skills that are not 

currently provided by traditional educational institutions.  In fact, the authors are 
unaware of any high school, trade school or higher education system that maintains a 
formal program for SCADA-specific training.  Furthermore, not only are trained 
SCADA technicians hard to find, but tailored training courses for capable employees 
are rare, with the exception of some manufacturer-specific training.   

 
In practice, good irrigation district SCADA technicians have some combination of 
general familiarity or expertise in most of the following areas: 
1. Electrical and electronic circuits 
2. Instrumentation 
3. Programmable logic controller (PLC) and interactive display programming 
4. Basic open channel and pipe hydraulics 
5. Centrifugal pumps and variable frequency drives 
6. Radios 
7. Computer networks and administration 
 
As the list above shows, an ideal irrigation district SCADA technician would have a 
diverse set of relatively specialized technical knowledge and skills.  With smaller 
SCADA systems, it can be difficult to justify hiring a dedicated SCADA technician 
because there is simply not enough work.  Nevertheless, there are a variety of options for 
irrigation districts with smaller SCADA systems: 
1. Contract out maintenance tasks to integrators 
2. Hire a SCADA technician part-time in conjunction with other, nearby irrigation 

districts. 
3. Hire or train a SCADA technician that performs other duties as well 
 

Access to Spare Parts and Specialized Tools 

 
Replacing failed SCADA components is required to keep the SCADA system 
operational.  Furthermore, component replacement and system maintenance can require 
specialized tools.  In many cases, SCADA replacement parts and specialized tools are not 
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available through local vendors, which brings up the question of purchasing these items 
before they are needed (stocking parts and tools).   

 

KEEPING SPARE PARTS 

 
Single component failures can halt the functioning of all or part of the SCADA system, 
otherwise referred to as downtime.  To reduce the duration of SCADA system downtime 
some districts decide to keep a stock of spare parts in storage, but many districts do not.  
The decision to keep a stock of spare parts depends on a number of variables including 
up-front stocking costs, the extend and criticality of the lost SCADA system 
functionality, the duration of downtime, potential early obsolescence of the component 
while in storage, and other factors.   
 
A relatively basic method of estimating potential SCADA system downtime is presented 
in Equation 1. 
 
 Potential downtime (hours) = Tnotice + Ttravel + Tidentify + Tpurchase + Tinstall (1) 
 
Where,  
Tnotice = the time in hours to notice there is a problem/failure 
Ttravel = the travel time in hours to visit the site, sometimes requiring multiple trips 
Tidentify = the time in hours required to troubleshoot the problem and identify the failed 
part 
Tpurchase = the time in hours required to request a purchase and receive the part 
Tinstall = the time in hours required to install, calibrate/configure and commission the 
replacement part and revive the system 
 
A potential downtime of three weeks is not unheard of.  Furthermore, some districts have 
restrictive purchasing procedures that can delay the process further.  It is recommended 
that readers use the equation informally to get a sense of, and prepare for, potential worst-
case scenarios.   
 

MINIMUM SCADA RECORD-KEEPING REQUIREMENTS 

 
Proper SCADA-related record-keeping minimizes the cost of future SCADA system 
modifications, expansions, and some maintenance activities.  Due to the complexity of 
modern SCADA systems, a complete set of minimum documentation items involves 
multiple hard/softcopy formats.  Common documentation formats include: 
• spreadsheets 
• drawings and schematics 
• executable programming/configuration software 
• application files, developed/configured in the item above 
• benchmarking records 
• miscellaneous electronic and hardcopy files 
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The minimum SCADA documentation requirements are the same whether the work was 
completed by district personnel, consultant, or contractor.  Typically documentation 
items are best created by the person or entity responsible for the particular item’s 
implementation.  In fact, reverse-engineering the details later on, by others, can be 
unjustifiably expensive or impossible, and should therefore be avoided.  Furthermore, 
much of the documentation items are created by the developer, by default, to internally 
organize implementation work.   
 
A detailed list of minimum SCADA maintenance documentation is provided in Table 1.    
 

Table 1. Minimum documentation items for typical SCADA systems, not including 
software or application files 

Description 
Typical 
format Minimum features 

Other items that are 
convenient 

Remote terminal unit 
(RTU) wiring diagram 
for all sites including 
radio repeaters 

PDF drawing, 
or schematic 

Individually labeled wire 
connections, internal and external 
panel layouts (with dimensions) and 
a bill of materials with makes, part 
numbers and quantities  

 

Tag list (for all project 
PLCs and dataloggers) 

Spreadsheet A database of individual 
programmable logic controller (PLC) 
tag names, with associated 
descriptions, units, tag addresses, 
and data formats 

Additional details related 
to the configuration of 
communication protocols 
(e.g., Distributed Network 
Protocol (DNP) details) or 
details related to 
configuring the human-
machine-interface 

Radio network diagram 
(for all radio networks 
featuring repeaters, 
multiple radio types or 
elaborate routing 
schemes)  

PDF drawing 
or schematic  

A visual representation of the radio 
network topology 

Labels showing the radio 
operating frequency or 
channel of each radio link 

Networked hardware 
addressing database 

Spreadsheet A database of all Ethernet 
connected devices with associated 
Internet Protocol (IP) addresses, 
subnet masks, gateways and Media 
Access Control (MAC) addresses 

Elaborate subnetting or 
Virtual Local Area 
Network (VLAN) 
descriptions 

Base station 
networking diagram 
(for all base stations 
featuring more than 
two SCADA-related 
devices)   

PDF drawing 
or schematic 

A visual representation of all 
components and links within the 
private network and all public 
network connections.  Labels should 
include all pertinent Open Systems 
Interconnection (OSI) Layer 1-3 
information 

Ethernet switch diagram, 
where ports are managed 

Password list Spreadsheet A list of all passwords providing all 
levels of access, including 
administrative privileges to all 
systems with good descriptions 
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A basic taglist example is provided in Table 2 for clarification.  While critical for 
documentation purposes, taglists can also be used to quickly import tags into PLC 
programs.      
 

Table 2. Example taglist excerpt for two internal PLC flow rate computations.  In this 
example the tags are mapped to Distributed Network Protocol (DNP) points and Modbus 
registers.  Note that the table also includes engineering units, expected value range and 

significant figures for display 

Name 
Data 
Type 

DNP 
address 

DNP 
Class 

Variable 
Type 

Modbus 
Address Description Unit 

Range 
(Min) 

Range 
(Max) 

Q_FB Short 
floating 

point 

17 

1 Real 

40033 
Flow rate over 

flashboard 
CFS 0.0 60.0 

Q _SPILL 19 40037 
Total spill flow 

rate 

 
Additional record requirements and other details for software-related SCADA 
components are listed in Table 3.  The requirements are marked conservatively.  In other 
words, sometimes the documentation is required, but there are always exceptions.  When 
an exception exists for items marked as required (“Y”), districts should request a written 
justification from the developer, describing the exception.         
 

Table 3. Additional minimum software-related requirements for particular types of 
SCADA system components.   

SCADA Component 
Manufacturer’s 

Software* 
Software 
License** 

Application 
File† 

User Name 
and 

Password‡ 

“Smart” sensors and instrumentation (ex. 
acoustic Doppler velocity meters) 

Y1 N Y N 

PLC or datalogger Y1 Y Y Y 

Field user interface/display Y1 Y Y Y 

Unmanaged Ethernet switch N 3 

Managed Ethernet switch Y1 N Y Y 

“Smart” electronic gate actuator N2 N N N 

Variable Frequency Drive (for pumps) N1 N Y N 

Radios Y1 N Y Y 

Office workstation Y Y Y Y 

Office server(s) Y Y Y Y 

Human Machine Interface (HMI) program 
polling remote sites for updated data and 
presenting that information to the user.  
Examples: ClearSCADA, FactoryTalk, etc.   

Y Y Y Y 

Office firewall Y1 Y Y Y 

* Typically requires manufacturer software, installed on personal computer or server to configure device 
** Typically requires a software license, at additional cost, to fully utilize configuration software 
† Configuration may be saved in an application file or text-based configuration list that can be archived on 
hard disk storage elsewhere for future use 
‡ May require a password to view, modify or reuse application file 
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1 Manufacturers are now integrating web servers in some of these devices, eliminating the need for a user 
to have software installed on laptops.  Instead, the configuration interface is accessed via a standard web 
browser when networked to the device.  
2 Configuration is typically completed in the field using local buttons, remotes and/or a display integrated 
into the device  
3 No configuration is typically necessary.  Things just “work” 

 
Additional Recommendations 

 
There are other documentation items that will make future maintenance more efficient, 
but are either not absolutely required, or relatively easy to reverse engineer or look up 
after the fact.  Examples of such records include: 
• A list of Federal Communications Commission (FCC) radio licenses and renewal 

dates.  Searching for existing telemetry radio licenses can be completed using the 
FCC Universal Licensing System Search Tool found at: 
http://wireless2.fcc.gov/UlsApp/UlsSearch/searchLicense.jsp 

• Software and third-party service/license and account information, including a 
summary of recurring fees and payment information 

• A list and description of all remote access connections, including security features 
• A complete list of software used for the project, the function and installation location 

of each (including detailed virtual machine configurations and capacity allocations) 
• Radio field test results and benchmarks 
• Interconnection wiring diagrams between an RTU and other site components 
 
It is also recommended to keep multiple backup copies of the documentation in different, 
protected locations.   

 

CONCLUSION 

 
A number of SCADA system maintenance prerequisites are critical for long-term 
success, the most important of which are a good initial design/installation, and adequate 
budget for future operations and maintenance.  Adequate documentation is also necessary 
for future SCADA system maintenance, expansion and modifications.   
 
For a variety of reasons, ensuring good documentation is collected and archived can be 
difficult, regardless if the work was contracted out or performed in-house.  The first step 
towards improving district documentation practices for SCADA systems is knowing what 
documentation is important.   
 
Once documentation requirements are known, the next step is requiring it as part of any 
SCADA requirement, for both in-house and contracted work.  Lastly, the documentation 
must be collected and verified, preferably from the person or entity doing the work.  
Keeping backup copies of all documentation is also a good idea.     

http://wireless2.fcc.gov/UlsApp/UlsSearch/searchLicense.jsp
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ABSTRACT 

 

The Hammond Project received congressional authorization in 1956.  The project was 
designed to deliver water diverted from the San Juan River in New Mexico to 
approximately 4000 acres along the south side of the river from upstream of Blanco to 
near Farmington, New Mexico.  The main components of the delivery system include the 
Main canal along with the East Highline, the West Highline and Gravity laterals.  Four 
primary spill locations located along the Main canal were previously equipped with 
monitoring/automation and communications equipment to monitor spill flows returned to 
the river.  The District was unable to get the automation systems that were installed at 
that time to function reliably, thus functionality at these sites had been limited to remote 
monitoring capability.   
 
In the current project, Reclamation is working in cooperation with the Hammond staff to 
upgrade monitoring and control systems at each of these spill sites as well as adding flow 
measurement capabilities and expanding the monitoring/control system to a total of 
seventeen field sites (plus a dedicated repeater site).  A targeted capability will be to 
operate the canal closer to expected demands which can result in fewer return spills to the 
river and reduced deficit-flow reaches in the river.  
 

INTRODUCTION 

 
Engineers from Reclamation’s Hydraulic Investigations and Laboratory Services (HILS) 
Group have been working with the Hammond Conservancy District (HCD) to upgrade 
and expand remote monitoring and control capabilities of the HCD canal system.  The 
Hammond project extends along the south side of the San Juan River for approximately 
20 miles from Blanco to Farmington in northwestern New Mexico.  The project received 
Congressional Authorization in 1956.  Initial water deliveries for the Hammond Project 
commenced in 1962.   
 
In 1974 the U.S. Bureau of Reclamation turned over operation of the project to the 
Hammond Conservancy District (HCD).  HCD has rights to 26,705 acre feet of water 
from the Colorado River Storage Project.  The degree to which water is available to 
satisfy this right in a given year is a function of precipitation events in the upper basin. 
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The Hammond canal system consists of the Main Canal and three laterals, the East 
Highline Canal, the West Highline Canal and the Gravity Canal.  The Main Canal 
extends from the San Juan River diversion located approximately 2 miles northwest of 
Blanco to a point across the San Juan River the east edge of Farmington.  The Gravity 
Canal diverts flow from the Main Canal at a location approximately 5 ¼ canal miles 
downstream from the diversion at a location that is right across Road 4990 from the HCD 
office.  Water supplied to the West Highline Canal along with the majority of water 
delivered to the East Highline Canal are pumped by the district’s Armenta hydro Pump 
located approximately 500 feet downstream from the Gravity Canal turnout.  Additional 
flow may be delivered to the East Highline Canal via HCD’s Auxiliary Pumping Plant 
which is located approximately 2000 feet upstream from the Gravity Canal turnout.   
 
The Main Canal has three intermediate spill locations plus an end of system spill.  Each 
of these spills deliver water back to the San Juan River.  Spills at the end of each of the 
three laterals are returned to the Main canal.  An on-going effort in the San Juan basin is 
focused on getting diverting entities to operate with reduce spills along their delivery 
systems while also reducing their diversion rates by a similar amount to reduce “deficit 
flow” stream reaches between the location of a diversion and the spill locations where 
water that has been diverted in excess is returned to the stream.  An objective of this 
project is to provide HCD with improved tools for achieving compliance with this basin 
initiative.  
 

PREVIOUS MONITORING & CONTROL CAPABILITIES  

 
Remote monitoring/equipment had previously been installed at each the Armenta Spill, 
the Sullivan Spill, the Horn Canyon Spill and at the end-of-system Store Canyon Spill.  
Each of the spill sites is configured with a spill weir along with a vertical slide spill gate.  
The spill gates at the Armenta, Sullivan and Horn Canyon spills were previously 
motorized and set up for automated operation to maintain a target canal level.  Problems 
with the control algorithm for the gates were experienced after the automation equipment 
was installed.   Automated operation of the spill gates has been discontinued since that 
time.   
 
Calculated spill values were telemetered by 900 MHz spread-spectrum radios back to the 
HCD office.  Communications with the Horn Canyon and Store Canyon spills (the two 
sites most distant from the HCD office) required radio transmissions to be routed through 
a repeater site located atop a hill on the north side of the San Juan valley north of the west 
edge of the town of Bloomfield.  During an initial site visit by HILS engineers in 2015, 
HCD staff reported that issues had been experienced with the automation and 
communication equipment in recent years.  A location map plus a system layout map 
showing the locations of the previously instrumented are shown in Figure 1. 
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Figure 1.  Location and System Layout Maps for the Hammond Conservancy District. 

 

CURRENT PROJECT SCOPE 

 
Replacement of Control/Communications Equipment 
 
The previously installed programmable controllers and 900 MHz spread spectrum radios 
were replaced with programmable control units with integral 450-470 MHz licensed 
frequency radios.  The 450-470 MHz radios offer an improved signal transmission range 
and frequently perform well despite non-line-of-sight radio pathways.  The new 
radio/control units were developed with the capability to function as a repeater site while 
also performing the full range of desired field site functions. 
 
The initial task undertaken was to conduct a radio pathways check to determine the radio 
signal strength between the HCD office and each existing or potential field site.  From the 
radio pathways check it was found that a repeated signal would be needed to reach four 
of the planned field sites.  A 450-470 MHz radio was installed at the repeater site north of 
Bloomfield in order to reach the Horn Canyon and Store Canyon spill sites in the western 
areas of the delivery system as well as the planned Bolack flume site located 
approximately one mile upstream from the Store Canyon spill.   
 
The office base would be unable to communicate directly with the diversion structure in 
the San Juan River, the eastern-most site in the system.  A marginal strength signal was 
observed the office and the upper flume on the Main Canal, located approximately 350 
yards along the canal path (and around a large hill) from the diversion.  Hence the 
radio/control unit being installed at the upper flume could serve as a repeater for 
communications between the office base and the river diversion.   
 
Enhanced Capabilities for Previously Existing Field Sites 
 
The currently installed equipment at the four primary spill sites on the Main Canal has 
the capabilities and is configured to perform all of the monitoring and control tasks for 
which the previously installed equipment was initially set up to perform.  This includes 
measurement of spill flows, automation (or remote operation), of spill gates, and wireless 
transmission of measured values to the district office.   
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In addition, the currently installed control units are set up with circular buffers for on-site 
data storage in which data values are retained for over three weeks before being 
overwritten.  This data retention period can prevent loss of information in the event of 
issues arising with the radio transmission system between a field site and the office base.  
 
The Armenta and Horn Canyon spill sites are located at the entrance to invert siphons.  
Flow entering each of the siphons is controlled by a vertical slide gate.  The siphon 
entrance gates at each of these sites have been set up to measure flows continuing on 
down the Main Canal – a capability that was in place with the previously installed 
monitoring/control equipment.  Two-output pneumatic level sensors installed at these 
sites are utilized to measure the water level differential across the siphon entrance gates.  
Gate position sensors featuring a gear that engages in the gate stem threads were installed 
on the siphon entrance gates to monitor the vertical gate opening. 
 
At the Horn Canyon site, the spill site is located several hundred feet upstream of a 
siphon entrance where flow entering the invert siphon is also controlled by a vertical slide 
gate.  A separate site was set up at this siphon for gate flow measurement of flow passing 
on down the Main Canal.   
 
The end-of-system Store Canyon spill site is set up with a spill weir and a vertical slide 
spill gate.  For normal operations the spill gate is closed and spill flows returning to the 
river pass over the spill weir.  Unlike the upper spill sites, the spill gate at this site was 
not set up for motorized operation. 
 
The existing repeater site was upgraded with a similar radio/control unit to the other units 
installed at the upgraded spill sites.  A program loaded into the controller at the repeater 
site enables remote monitoring of performance of the solar-charged battery (a function 
that is also a component of the programs installed at each of the other field sites). 
 
Additional Field Site Installations 
 
Thirteen additional sites have been targeted for remote monitoring/control capabilities as 
part of the current project.   
 
River Diversion.  A radio/control unit and a single output bubbler sensor is being 
installed at the diversion from the San Juan River.  This site will be initially set up for 
remote monitor the river stage upstream of the diversion structure.  This capability will 
enable the HCD staff to determine when changes in flows released from Navajo Dam 
have reached the diversion that may require a change in the diversion gate settings.  The 
equipment being installed will have the capability for adding remote gate adjustment in 
the future. 
 
Main Flume.  A radio/control unit and single output bubbler sensor is in operation at the 
main flume, a ramp-type long-throated flume located approximately 1000 feet 
downstream from the river diversion.  Canal stage and flow rate values are measured and 
logged.  A custom staff gage that provides readings in depth of flow above the flume 
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crest and flow rate was installed in the approach section of the flume on the sloped 
sidewall on the left side of the canal.  This location enables the gage to be easily read 
from the access road on the right canal bank.   
 
The left side of the canal at the flume site was previously accessible only by walking 
across a check approximately 600 feet upstream, then hiking through heavy brush along 
sloped ground along the left side of the canal to the flume site.  To facilitate access for 
cleaning the staff gage a footbridge was fabricated and installed a few feet upstream from 
the staff gage location. 
 
Auxiliary Pumping Plant.  The Auxiliary Pumping plant is located approximately 2500 
feet upstream on the Main Canal from the Armenta hydro pump.  At times when 
combined water orders on the East and West Highline canals exceed the Armenta hydro 
pump capacity, deliveries to the West Highline are delivered from the hydro pump.  
Additional flows needed for the East Highline beyond the remaining hydro pump 
capacity are met by operating one or both pumps in the Auxiliary Pumping Plant.  
 
Following the 2016 irrigation season the Auxiliary Pumping Plant was completely rebuilt 
with new electric-powered pumps replacing natural gas engine driven pumps.  To 
monitor the pumped output an insertion-type magnetic flow meter which generates an 
analog output signal was installed in the outflow pipe.  The flow meter is linked to a 
radio/control unit that calculates and logs measured flows.  Real-time measurement 
information may be viewed on-site the radio/control unit display. 
 
Trash Rack.  A trash rack in the Main Canal is located at the entrance of the penstock for 
the Armenta hydro pumping plant.  Following the 2017 irrigation season a new trash rack 
and trash raking system was installed at this site.  A radio/control unit and two-output 
bubbler level sensor is being installed at this site to monitor water level differential across 
the trash rack.  As a threshold level differential is exceeded a digital output from the 
controller can trigger the initiation a cleaning cycle.   
 
The radio/control unit at this site will also be capable of generating an alarm if the level 
differential across the trash rack exceeds a maximum target.  The alarm condition would 
be relayed to the base radio unit at the district office.  To utilize this capability a 
telephone call box would be installed and linked to the office base radio/control unit.  As 
an alarm state is detected a digital output signal from the base station controller would 
prompt the call box to call one (or multiple) phone numbers to relay a pre-recorded 
alarm-state message. 
 
Armenta Hydro Pump.  The Armenta Hydro Pump is equipped with “stand alone” 
McCrometer propeller-type flow meters in the pipelines delivering flow to the East and 
West Highline canals respectively.  These meters are located outside the pump building.  
The McCrometer meters are being equipped with electronic output modules that will feed 
an analog signal into a radio/control unit being installed in the pump house.  Measured 
flows may be viewed real-time inside the pump building on the radio/control unit display 
screen.  Fifteen-minute data will be logged for wireless data collection. 
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Bolack Flume.  An existing ramp-type long-throated flume is in place to measure flows 
entering the Bolack property – the furthest downstream water user on the Main Canal.  A 
radio/control unit has been installed at this site along with a single output bubbler sensor 
to measure flows at this site.  This equipment was installed on the left side of the canal to 
minimize obstruction to transport of equipment along the access road on the right canal 
bank.   
 
A staff gage has been installed on the sloped left canal bank.  A foot bridge was 
fabricated and installed at the site to provide access to the control equipment and to 
facilitate cleaning off the staff gage. 
 
Gravity Canal Headgate.  The Gravity Canal turnout from the Main canal is located 
approximately 75 feet upstream of the trash rack at the entrance of the hydro pump 
penstock.  The Gravity headgate is a two-gate constant head orifice (CHO) structure 
designed for both control and measurement of flow. 
 
A radio/control unit is installed at this site along with a two output bubbler level sensor.  
Both gates are being motorized with chain-drive systems and both gates will be equipped 
with gate position sensors and gate travel limit switches.  This site – which is just across 
road 4990 from the HCD office is being set up for automated flow control.   
 
Ditch riders will be able to enter a target flow rate either using the on-site key pad or by 
radio.  As a new target flow rate is detected the front “meter” gate of the CHO adjusts to 
the appropriate opening for that flow rate.  In subsequent gate poll cycles, the rear gate is 
adjusted to attain the target 0.2 ft. head differential across the front gate. 
 
Gravity Canal Spill.  The Gravity spill site features a spill weir and a vertical slide spill 
gate.  The spill gate remains closed under normal operations.  A radio/control unit and 
single output bubbler level sensor at the site are programmed to compute and log spill 
flows.  Spill from the site is returned to the Main Canal by a buried pipe. 
 
East Highline Flume.  The head of the East Highline canal is the outflow location of the 
pipe conveying water from the Armenta hydro pump.  A ramp-type long-throated flume 
constructed of concrete was previously installed in an upper reach of the canal.  The crest 
of this flume was out of level side to side and was installed approximately 20 ft. 
downstream of a location where the canal makes a 12o bend to the left.   
 
Due to these flaws in the construction and location of the flume, it was removed.  A 
replacement laterally-contracted long-throated flume constructed of galvanized steel was 
installed upstream of the previous flume location where appropriate lengths of straight 
canal both upstream and downstream existed.  The new flume was equipped for 
measurement under either unsubmerged or excessive submergence conditions by 
measuring water level in both the approach and throat sections of the flume.  A 
radio/control unit and a two output bubbler level sensor are installed at the site to perform 
flow measurement and logging functions. 
 



 Electronic Monitoring and Control 89 

 

East Highline Spill.  Excess flows reaching the lower end of the East Highline canal pass 
through a “spill box” into a pipe that carries flows back to the Main canal.  The spill box 
featured stop logs facing toward the center of the canal with spill-over concrete walls on 
either side of the box.  In order to attain measurement capability for this spill structure, an 
overshot gate was fabricated for “drop-in” installation in the existing stop log slots.  The 
gate is set up for automated operation to maintain a target water level in the canal.   
 
The gate is operated using a 12V DC linear actuator with a built-in position sensor and 
built-in limit switches.  A radio/control unit at the site is programmed for automated 
operation of the gate.  A single-output bubbler sensor is installed for measuring canal 
level. 
 
West Highline Flume.  A previously installed ramp-type long-throated flume constructed 
of concrete had been removed from the upper reach of the West Highline canal prior to 
this project.  HCD staff indicated that the flume had been removed due to insufficient 
canal lining elevation upstream from the flume which reduced the flow rate that could be 
delivered to the canal without overtopping the canal banks.  At the outset of this project 
the concrete lining in this reach of the West Highline canal was badly cracked and in 
need of replacement.   
 
Replacement of this lining is current being planned.  A new flume is planned as a part of 
the re-lining project.  A radio/control unit and pneumatic water level sensor is planned for 
installation [if and when] relining of the upper reach of the West Highline Canal is 
complete and a new flume is installed. 
 
West Highline Spill.  The spill site at the lower end of the West Highline Canal is 
configured with a spill weir plus a vertical slide spill gate.  Similar to operation of the 
Gravity spill, the gate at the West Highline spill is normally left closed with all spill 
passing over the spill weir.  A radio/control unit and a single-output bubbler level sensor 
are installed at this site to measure and log spill flows.  Spilled flow from this site is 
returned to the Main canal by buried pipe.  
 
Mobile Communication Units.  The radio/control units selected for this project have the 
capability that enables two-way communication between any two units.  The 
manufacturer offers “hand held terminal unit” that consists of a radio/control unit 
installed in a small plastic case with a 4 x 20 display and 6 button keypad installed in the 
case cover.  This hand held device is equipped with power cord that has a cigarette lighter 
plug and comes packaged with a magnetic based antenna for use in a ditch rider pickup.  
 
Program code was developed for the hand held units that enables the user to select either 
a direct radio contact with a field site or radio contact routed through the repeater.  Once 
the radio routing is selected the user may then scroll through the menu of field sites to the 
site from which current data is desired.  As a response is received from the selected site, 
current data from site may be viewed on the display.  A hand held unit has been provided 
for each of the three HCD ditch riders.  
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ISSUED ENCOUNTERED 

 
Equipment Issues 
 
Radio/Control Units.  The radio control units utilized for this project were selected based 
on capabilities, cost competitiveness, and on extensive experience with the products from 
this manufacturer.  Over the course of equipment installation we learned that the 
manufacturer had recently had to reconfigure the controller around a new chip due to the 
previously used chip no longer being available.  Use of the new chip had required a 
complete re-development of the operating system used for the control units.  After a 
number of glitches in the new operating system were identified by the manufacturer, the 
operating system was re-written and the upgraded operating system installed on the 
control units. 
 
Magnetic Flow Meter.  An insertion-type flow meter was installed at the Auxiliary 
Pumping Plant during 2017.  The pumps were rarely operated during the 2017 irrigation 
season, and were never in operation during the time our team was on-site.  During April 
of 2018, we were able to observe operation of the meter during pump operation and 
found the meter was not functional.  The signal output from the meter was below its 4-20 
mA output range.  The meter manufacturer eventually supplied a replacement meter some 
two months after the original meter had been returned.  The new meter appeared to be 
function properly through the rest of the 2018 irrigation season. 
 
East Highline Spill Gate.  The gate fabricated for the East Highline spill site is configured 
as a bifold gate.  Nylon reinforced rubber belting was utilized in this prototype structure 
for the three “hinges” needed for movement of the two gate leaves.  Approximately one 
week after the initial installation, operational issues were encountered with the gate 
following a weekend dry-up of the canal when flow re-entered the canal the following 
Monday morning.  The observed problems were corrected by shortening the width of the 
rubber belt hinge between the two gate leaves and by resetting the gate lowering limit 
switch in the linear actuator that controls gage movement at a higher level to maintain a 
minimum angle between the gate leaves.  
 
Institutional Issues 

 
A key challenge facing the success of this project is a complete turnover of personnel at 
HCD from the start of this project to the present time.  The district staff has consisted of 
the District Manager and three ditch riders.  At the outset the project, the District 
Manager had been in that capacity for 34 years and each of the three ditch riders had been 
with the district for 8 years or longer.  Over the 2017 and 2018 seasons the Manager has 
been transitioning into retirement as she has provided training for the person who has 
been hired as her replacement.   
 
None of the ditch riders who were with the district at the beginning of 2017 remain. One 
of the current ditch riders began with the district during the 2017 irrigation season.  The 
other two were new hires prior to the 2018 irrigation season.  Amid this extensive 
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turnover in staff, there has not been a clear indication from HCD who might assume a 
lead role for operations and maintenance of the monitoring/control/data collection 
network.   
 
General Project Issues 
 
The comparatively expansive scope of this project has contributed to some of the 
challenges faced in attaining full utilization of this system.  Installation tasks, beginning 
with replacement of components at sites where control/communications equipment was 
previously installed plus establishing several more sites with no previous installations has 
dominated available staff time on behalf of the Reclamation team.  Time available for 
providing training for the HCD staff has been limited.  The turnover of the HCD staff has 
also been a significant factor in getting an adequate level of training in place. 
 
The scope of the project also posed installation sequencing issues.  A significant portion 
of the installation work was required to be performed during the non-irrigating season 
with the canals dewatered.  Calibration of some of the sensors (gate position sensors) also 
typically required dewatered canals.  Calibration of other sensors (water level sensors) 
could only be performed with water present in the canals.  Hence for almost every site it 
was not feasible to complete all necessary installation tasks at one time. 
 
A significant variety in the functions to be performed at the various sites also contributed 
to installation complexity.  There was limited opportunity to utilize program code 
developed for one site at multiple other sites without a significant degree of site-specific 
editing.  This in turn led to significant time needing to be invested in de-bugging and 
program execution verification monitoring. 
 
With different conditions being measured and logged at the various sites it was not 
possible to devise a universal order of data items being logged at each site then wirelessly 
retrieved and archived on the PC linked to the office base.  The archived data is saved in 
the format of a comma delimited text file.  This requires a degree of manual processing 
by importing each data file into a spreadsheet environment with column headings specific 
to the field site in order to view and utilize the information in a simplified format. 
 

SUMMARY 

 

The current project scope includes seventeen field sites plus the dedicated repeater in 
addition to the office base.  Eleven of these sites are fully operational as this paper is 
being prepared.  Figure 2 shows the location of the 17 field sites included in the scope of 
the current project. 
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Figure 2.  Locations of All Instrumented Sites in the Current Project Scope 
 

The components of this project that are currently in place are providing the HCD staff 
with an improved information basis for use in daily management of their water delivery 
system.  As the personnel develop a comfort level with the technologies and acquire a 
greater sense of the range of capabilities that are possible, the programmed functions can 
be readily modified to enhance the benefits that can be realized.   
 
 The ability to remotely monitor flow conditions at key locations along the delivery 
system along with the capability in the future to add remote flow adjustment ability can 
enable the HCD ditch rider staff to develop strategies for diminishing the volume of 
supply-demand mismatches that may result in lower diversion rates and reduced spills 
while maintaining reliable levels of water delivery for water users.  
 
The range of issues associated with this project discussed above are certainly not 
insurmountable obstacles to the long-term success of the project.  As the installation 
phase of the project is nearing completion, there has also been progress in sorting out 
other issues.   
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ABSTRACT 

 
The irrigation system infrastructure comprising canal and hydraulic structures develops 
various types of issues related to operation, maintenance and revamping needs. In 
Pakistan, the major infrastructure works are Barrages, other large water conveyance 
structures and cross drainage works. All types with passage of time developed different 
infirmities of structural or morphological nature. In barrages and canals, the sediment 
brought by the river is in excess of the conveyance capacity of the infrastructure, with the 
result that heavy sedimentation occurs with reduction in hydraulic efficiency of the 
infrastructure of almost of all types. 
 
This paper is basically a case study for sedimentation (Kotri Barrage) expects at 
barrages and canals in Sindh province of Pakistan. The paper will dwell mainly on the 
process of sedimentation, consideration of consequential analysis and recommendations. 
 

GENERAL 

 
Pakistan has an agriculture-based economy. The culture-able lands lie in plains of Indus 
river system, which have semi-arid to arid climate. The irrigation system of Pakistan 
consisting of barrages, dams and irrigation channel network is almost the largest 
contiguous and complex water management system in the World. 
 
The province of Sindh, to which this study relates, has in general very scanty rainfall and 
almost whole of the agriculture is irrigation dependent. The areas lying on the river banks 
are irrigated by small local lifts directly from the river stream and some tubewells.  
Areas far from the river stream are fed through a large and complex network of irrigation 
canals fed from the three barrages (namely Guddu Barrage, Sukkur Barrage and Kotri 
Barrage) on Indus the only large river flowing in the province. Until 1960, the natural 
flows had achieved a morphological and hydraulic equilibrium. Then with the Indus 
Water Treaty signed in 1961, the three eastern rivers (major tributaries of Indus river) 
namely Sutlej, Bias and Ravi rivers were allocated to and put under the total control of 
India and thus all flows including environmental flows are held up and used by India, 
except very small and rare residual escapages from the irrigation control structures in 
India during the two middle months of monsoon seasons i.e. July and August of each 
year. 
 
This triggered a chain of natural reactions adverse to stable flows and morphological 
equilibrium of river channels, resulting in heavy and unpredictable sedimentation (as 
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shown in Figure 2). This impacted almost all river channels especially in the pond areas / 
reservoir on the upstream of the flow control structures mainly barrages.  
 

THE IRRIGATION STRUCTURES 

 

Irrigation structures are a very important part of water conveyance and distribution 
systems, especially those constructed across rivers and irrigation supply canals. Barrages 
and head works constructed across the rivers to facilitate diversion of water into irrigation 
canals are the life lines for the irrigated agriculture. These are the most effective and 
reliable base for the mainly agriculture-based economy of Pakistan playing an important 
role in the largest contiguous and complex irrigation system of the country. The major 
hydraulic structures are the real assets of the nation. 
 

MAJOR ISSUES AT IRRIGATION STRUCTURES 

 
Major issues at irrigation structures can be broadly categorized as follows: 

1. Design issues; 
2. Construction issues; 
3. Hydraulic deficiencies; 
4. Structural defects; 
5. Morphological and sedimentation problems; and 
6. Aging issues. 

 
The design and construction issues are normally straight-forward and can be handled 
easily, while the structural aspects can also be mitigated. The aging issues appear as 
physical deterioration of the structure with length of services (in the case of Sukkur 
barrage, it comes to 86 years), are simple and can be easily addressed. 
The real vexing problems are hydraulic and sedimentation control. The most complicated 
problems are hydraulic and morphological are classified as: 

1. Reduction in flood conveying capacity. 
2. Faulty sediment management and control. 
3. Inadequate pond capacity resulting in excessive silt entry into the off-taking 

canals. 
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Figure 1.  Kotri Barrage on the Indus River between Jamshoro and Hyderabad 

 

 

A CASE STUDY FOR SEDIMENTATIONATKOTRI BARRAGE 

 

The Indus River have four reaches; respectively named as Mountainous, Sub 
mountainous, Alluvial and Deltaic to the sea and the Alluvial plain is focus of this study. 
In this reach, the river flows in alluvium, usually has a single high-water channel in 
greater portion of its length. Although in some portions there may be high islands which 
get submerged during high floods. In the low-water season, the river may have more than 
one channel among them at least one is very active. The river usually adopts a sinusoidal 
course in this reach (as shown in Figure 3). In area where the discharge of the River 
changes with seasons and becomes very high in the flood season as compared to the low 
flow season, the width of the river changes with the discharge, similarly the velocity and 
silt charge also changes with discharge. At low velocities, silt is deposited in the bed. On 
account of deposition of silt, the river bed rises continuously and thus become higher than 
the surrounding area. In this reach the rolling bed material is coarse and the suspended 
material is silt and clay. The longitudinal slopes of the river are usually mild and velocity 
of flow moderate. The slope is usually 1 in 1000 to 2000 and the banks are not high. At 
places, water in high floods overtops the banks and spreads on the land around it. 
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Figure 2.  Sedimentation at Kotri Barrage upstream 
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Figure 3.  Sinusoidal pattern of Indus River upstream of Kotri Barrage 

 
Deltaic reach falls into the river before it cascade into the sea, usually only a few miles 
long and is triangle in shape. The river course gets divided into several streams and 
estuaries. It has a main stream and several distributary streams. The longitudinal slope of 
the streams in this reach is very flat; therefore, the streams change their courses 
frequently. Velocities in this reach are also very slow and the sedimentation rate very 
high. In this reach, both bed material and suspended material are of the same nature and 
consists of silt and clay. 
 
KOTRI Barrage is the last barrage on Indus River in Pakistan, situated in Sindh province. 
The actual construction work of the KOTRI Barrage was initiated in January 1950 and 
the barrage was commissioned in 1955. It serves an irrigation area of over 3.2 million 
acres. 
 
The barrage is 2984 feet long and is designed to pass a maximum flood of 875,000 cfs. It 
consist of 44 gates sluice ways each of 60ft wide of main barrage and 20 gates sluice 
ways for canals on left and right banks. The barrage gates are of vertical lift type 
manually and electrically operated from hoist units mounted on a high level platform. 
The height of the gates is 23 feet which holds up water 22 feet above the crest (at RL-48) 
of the Barrage. Maximum cut-off for which the Barrage is designed is 31 feet. Two 
divide walls one of each side, enclose the pockets containing the head regulators of 
canals. These form desilting devices enabling the canals to draw water free from the 
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heavier grades of silt which deposits in the pockets when a sufficiency of silt is thus 
deposited, the pocket are opened and silt scoured out. 
 
Figure 4 shows the fish ladders situated, on the downstream side of each of the divide 
walls. These consist of a series of pools with a one-foot difference of level in each pool. 
 

 
Figure 4.  Fish Ladder at downstream side of Kotri Barrage 

 
The barrage is provided with a lock channel (Ship Lock) to facilitate river traffic (in 
Figure 5). The portion of the road bridge over the lock channels is designed to lift 17.5 
feet, to enable the bigger craft to pass during high river levels. A lock for navigation has 
also been provided in left bank Combined Channel Head Regulator. 
 

 
Figure 5.  Lock Channel (Ship Lock) at Downstream side of Kotri Barrage 
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Besides the two divide walls (as shown in Figure 6), two piers i.e. 15 & 27 have been 
built wider than normal. One purpose is that, if in the future it is desired to pass a 
transmission line across the Indus, steel towers can be accommodated cheaply and 
without difficulty over them. 
 

 
Figure 6.  Divide wall at Kotri Barrage upstream Side 

 
There are four sluice gates at different levels in left bank of Barrage (in Figure 7). These 
have been provided for the facility of water supply arrangements to Hyderabad City 
without any difficulty throughout the year. The arrangements for the construction of 
Pump House and lying of pipe line, etc. is the responsibility of Hyderabad Development 
Authority. 
 

 
Figure 7.  Under Sluices (Pockets) at Kotri Barrage upstream Side 
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Four Numbers of Canals of takes, three on the Left Bank and one is on the Right Side 
namely K.B Feeder i.e. Lined Channel are perennial whereas the remaining two left 
banks Canals are non-perennial. The Non-perennial canal namely old Phulelli are fed by 
Combined Channel. The discharge in each channel is controlled at their respective 
subsidiary regulators about 4000 ft. downstream of combined channel Head Regulator. 
One subsidiary regulator has also been provided at Lined Channel which serves useful 
purpose for heading up water between Head and Subsidiary Regulator at Various River 
Levels etc. 
 

 
Figure 8. River Sluices at Kotri Barrage Upstream Side 

 
There are two guide bunds nearly 1 mile long upstream and about 1000 feet long 
downstream. The alignment of Right Guide Bund upstream and downstream is on the 
original high river bank, whereas Figure 9 shows the Left Guide Bund upstream and 
downstream has been constructed practically in the middle of the original river course 
before diversion operations. The reduce distance is 13 to 1 of upstream Left Guide Bund 
is called the temporary regulator site (T.R. site) and was constructed during diversion 
operation and later on closed and buried under the embankment of Left Guide Bund. 
Similarly, the reduce distance 21 to 26 is named as “Gap Site” which denotes a gap left 
during first attempt of diversion and subsequently closed next session when complete 
diversion was achieved on January 10, 1954. 
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Figure 9.  The Left Guide Bund at upstream of Kotri Barrage. 

 
The complex issue of sediment concentration at KOTRI Barrage in last four decades, this 
barrage runs on no flow conditions because as per 91water allocation law of Pakistan, 
there is no allocation and share allotted to the lower reappearance. (Shown in Figure 10 
(a) and (b)) 

Figure 10 (a).  Accretion Level of Kotri Barrage upstream Side 
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Figure 10(b).  Silt deposited at Kotri Barrage Upstream River Bed and divide wall 

 

 
Figure 11.  Silt Deposited after 2010 Floods 
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REGULATION RULES FOR BARRAGE 

 
The ideal regulation for any headwords is to pass uniform discharge through all gates 
during low and high floods. From the experience of the last forty years, the regulation 
rules for KOTRI Barrage are framed broadly grouping in three stages, which are based on 
still pond Regulation System. 
 

FIRST STAGE (up to A Discharge 150,000 cusecs) 

 
During this stage up to 150,000 cusecs the entire discharge is passed through right side 
from Bay No. 5 to 22 within the permissible limit of downstream cistern. 
 
SECOND STAGE (150,000 to 350,000 cusecs) 

 
As the discharge increased beyond 150,000 cusecs the gates beyond 22 should be 
gradually opened up to bay No 38. 
 
THIRD STAGE (350,000 cusecs and above) 

 
During this stage it is not desirable to concentrate the discharge towards the right side on 
account of bad consequences of angular flow resulting in tremendous pilling action near 
the upstream nose of the piers and that on the nose of left divide wall.   
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RECOMMENDATIONS AND 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. 

• The study recommendation must be immediately followed after completion and, 
if recommended, water flow downstream KOTRI be increased. 

• The Development plan must recognize the communities rights over all the natural 
resources. 

• Comprehensive assessment of losses must be carried out and communities 
provided adequate compensation. 

• 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. 
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• A rapid programme for the provision of social sector services which includes 
education, health, water supply and sanitation, micro credit must be initiated to 
diversity sources of income and build long term human capital. 

• Physical capital enhancement schemes must be launched which should include 
disaster preparedness, essential infrastructure etc. 

• 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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ABSTRACT 

 
Population growth, expanding agricultural and recreational use, and climate change are 
some of the many factors impacting water conversations throughout the western United 
States. As these factors grow, agencies are searching for new ideas, concepts, processes, 
and products to mitigate water losses. 
 
The conveyance of irrigation water in the Western United States started with the ancient 
Hohokam Indians some 1500 years prior to the Spanish with hand dug ditches. This 
progressed to the acequias (manmade ditches) by the Spanish colonizers in the 17th and 
18th centuries. Later came the horse drawn dirt/Fresno scrapers in the late 18th and early 
19th century culminating with our current tractors equipped with ditchers. 
 
For centuries this conveyance method met the needs of the earlier inhabitants, but as water 
becomes a scarce and valuable commodity in the 21st century new ways of conveyance are 
being utilized including piping of unlined ditches. This is happening due to excessive 
losses caused by seepage, evaporation, transpiration, and cracked structures. An additional 
issue is the cost and environmental damage created by burning of ditches for the removal 
of vegetation. Removal of vegetation from an open ditch is important as excess vegetation 
reduces flows and increases loses due to transpiration and evaporation. 
 
This presentation will discuss thermoplastic pipe available for converting open ditches, a 
simple overview of thermoplastic pipe design and mechanical properties, evaluation of 
conveyance systems, surge/water hammer pressures, floatation, availability of native 
backfill material that meets manufacturer’s recommendations, proper installation, 
minimum cover recommendations, maintenance access, and constructability. The 
presentation will provide tips for optimizing the design for piped ditches and lessons 
learned from contractors in remote field locations where so many of these projects reside. 
 

INTRODUCTION 

 
Conveyance efficiency equals the volume delivered divided by the volume diverted. The 
ratio is normally significantly less than 1.0 for open channel conveyance and approaches 
1.0 for pipeline conveyance systems. In the Western States, an estimated one-third to one-
half of the water diverted for irrigation is lost between the source and point of use. These 
losses occur by operational spills, seepage, evaporation, transpiration, and leakage around 
structures. By mid-21st century, average river runoff and water availability are projected 
to increase at high latitudes and decrease over dry regions at lower mid-latitudes such as 
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the western United States. Conservation practices should include efficient conveyance 
systems that result in water efficiencies close to 1. 
  
This paper will discuss converting unlined open channels to a piped conveyance system 
and discuss design and installation issues that can confront the designer. 
 
Flexible Thermoplastic Pipe Behavior 

 
Flexible pipe is defined as a buried structure that must deflect beyond 2% without 
displaying any wall distress. Wall distress can be defined as cracking or buckling of the 
wall, what we call structural deformation. Deflection is fundamental to how a flexible pipe 
behaves and deflects the load to the surrounding soil envelope. Polypropylene, 
polyethylene, polyvinyl chloride, corrugated metal, and fiberglass are considered flexible  
pipes. There are several structural design specifications available for the design of flexible 
pipe, including AWWA and AASHTO.  
 
Flexible pipe’s soil-load carrying capacity is a result of its flexibility and the vertical 
arching factor. Under dead loads (earth overburden) the flexible pipe deflects developing 
soil support in the adjacent soil columns. At the same time the ring deflection relieves the 
pipe of the vertical soil load and distributes the majority of the load to the adjacent soil 
columns by arching over the pipe. 
 
Behavior of viscoelastic materials is different from elastic materials such as steel. Unlike 
elastic materials, viscoelastic plastics such as HDPE will continue to elongate under 
constant tensile stress.  However, a buried flexible pipe that is installed with an initial 
deflection experience relatively high stress levels that quickly subside; this is called stress 
relaxation, which is decay in stress under constant strain (deflection). 
 

 
Figure 1. Stress/strain diagram for an ideal elastic material and a viscoelastic material, 

respectively. 
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Flexible Pipe – Material Properties – Importance of Cell Classifications 

 
Cell classifications for flexible pipe are an important alpha numeric string of numbers that 
represents density, melt index, flexural modulus, tensile strength, stress crack resistance 
testing, hydrostatic design basis (if  required), and UV retardant. When specifying pipe to 
conform to certain ASTM and AASHTO standards it is important to understand how the 
numbers translate to a range that describe these mechanical properties. For example, if 
specifying a High Density Polyethylene Pipe for a highway project per AASHTO M294 
the certificate of compliance supplied with the pipe should comply with the cell 
classification listed as 435400C. 50 and 75 year mechanical properties for solid wall PE, 
corrugated PE, profile PE, solid wall PVC, profile PVC, and corrugated PP are included in 
the AASHTO design code. 
 

Design Step One – Evaluating Conveyance Systems 

 

Irrigation conveyance systems can be evaluated on adequacy, timeliness, and equity but 
water quality and improvement in water conveyance efficiency need to be considered in 
lieu of our changing climate and increasing demand for a limited resource. Water 
efficiencies can range from a waste of 7% for canals, 17% for laterals, and 14% for 
system losses. When designing a conveyance system using flexible pipe there are several 
elements the designer should consider for the design and installation. These elements can 
consist of the budget, required conveyance efficiencies, gravity application versus 
pressure application, surge pressure/water hammer, floatation, availability of backfill 
material and in-situ material complying with the manufacturer’s recommended backfill 
material, access to site and remoteness of location. 
 
Budget Constraints 

 

Many factors can impact the budget but foremost will be determination of the application 
regarding gravity flow or pressure. Solid wall flexible pipe can run four times the cost of 
corrugated pipe products. In recent years the National Resource Conservation Services (on 
farm projects) and Bureau of Reclamation (off farm projects) are requiring a pressurized 
system in order to provide adequate pressure for agricultural sprinkler systems such as 
center pivots. Gravity flow will always be the least expensive design but surge 
pressure/water hammer must still be accounted for. When working with flexible pipe 
manufacturers there are two pressures the designer must look at; joint performance and 
liner performance. Joint performance does not necessarily equal liner performance and a 
general rule of thumb is that the maximum working pressure for unknown surges be 78 
percent of the pipe’s rated pressure. It is always recommended that if you cannot find 
these pressure ratings in the manufacturer’s specifications that the designer contact the 
local manufacturer’s representative to verify. 
 
Surge Pressure/Water Hammer 

 

A pressure surge is created anytime the flow rate is abruptly increased or decreased in a 
pipe system. This can be caused by mechanically opening and shutting of valves, pumps 
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cycling on and off, entrapped air, change in flow, and initial pipe filling. There are two 
types of surges: transient and cyclic. A transient surge can be described as a singular 
condition such as the closing of a valve and is analyzed using elastic wave theory. A 
cyclic surge is oscillatory and can be produced by pressure regulating valves. 
When calculating surge pressure the modulus of elasticity is the mechanical property that 
relates its ability to flex and stretch. Consequently a stiffer pipe may provide greater 
strength but its higher modulus of elasticity will reduce the pipe expansion during the 
pressure wave resulting in a higher wave velocity producing a higher pressure surge. 
 
There are many methods used to reduce pressure surge/water hammer including surge 
suppression devices such as pressure and air relief valves, proper pipe sizing to control the 
velocity, air vents in appropriate locations safely venting air to the atmosphere, slow 
closing valves, time delays on pumps to prevent excessive cycling, and variable speed 
pumps resulting in a reduction of the on/off cycles. For the reduction of air entrapment 
flow filling velocities are recommended to be less than 1 ft./s. Eliminating all air from a 
system can be challenging so relief/vacuum relief valves are recommended at high points 
in the line. 
 
Floatation: 

 

This can be an issue for all pipe material. The light weight pipe makes it desirable because 
of the ease of handling and installation but this same benefit also makes thermoplastic 
pipe prone to floatation. All pipe products including rigid pipes are prone to floatation 
under the right circumstances. When the uplift force on the pipe exceeds the downward 
force of the weight and load it carries, the pipe will rise.. Under the right conditions 
minimum cover height can prevent floatation. The vertical hydrostatic uplift force, U, due 
to the water table is shown below: 

U = 0.25* π D2 ϒW 

U = lb/linear ft. of pipe 
D = O.D. of the pipe in question, ft. 
ϒW = unit weight of water = 62.4 lb/ft3 

 
This hydrostatic uplift force must be balanced by soil overburden and the weight of the 
pipe in order to ensure that the pipe will not float. Soil loads experienced by a pipe at 
varying water table depths (Wsoil) can be calculated from the equation below. The 
weights of the pipe product can be supplied by the manufacturer and normally minimum 
recommended cover tables are also provided. 
 

Wsoil = ϒDRY HDRY D + (ϒSAT – ϒW)(HSUB + 0.1073D)D 
 
WSOIL = weight of soil overburden, lb/linear ft. of pipe 
ϒDRY = dry unit weight of the soil, lb/ft3 
HDRY = depth of dry soil, ft. 
HSUB = depth of submerged soil over top of pipe, ft. 
ϒSAT = saturated unit weight of the soil, lb/ft3 
ϒSAT – ϒW = submerged unit weight of the soil, lb/ft3 
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Backfill Material – Will In-Situ Material Work? 

 

The strength of a buried pipe system is a combination of the pipe itself and the backfill 
envelope. Recommendations for proper backfill and installations for thermoplastic pipe 
are based primarily on the requirements of ASTM D2321 “Recommended Practice for 
Underground Installation of Flexible Thermoplastic Sewer Pipe”. The standards are not 
intended to replace standard industry or project specifications, but to provide guidance 
based on the manufacturer’s experience, research, and recommendations for proper 
product performance.  
 
Most thermoplastic pipe manufacturers provide minimum and maximum cover heights for 
their products based on backfill material and compaction effort. The cover requirement 
tables are created based on the two aforementioned items plus certain assumptions usually 
listed in the footnotes. It is important that the design engineer read these supplemental 
footnotes. In flexible thermoplastic pipe wall thrust at springline generally governs the 
maximum cover a pipe can withstand. The maximum burial depth is highly influenced by 
the type of backfill and level of compaction around the pipe. 
 
The backfill material is an important item to account for when designing irrigation 
conveyance ditches. When converting open channels to a piped conveyance system the 
designer often places the pipe in the ditch itself leaving the pipe exposed from springline 
above the surrounding grade. This results in the requirement of additional backfill versus a 
traditional trench excavation. The method will require additional backfill to place on top 
of the pipe. Sourcing and use of in-situ material of material adjacent to the site can be 
extremely important from a cost savings perspective as long as it meets the manufacturer’s 
recommendations. 
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It is important to note that there are several different soil classifications in the United 
States including ASTM D2321, ASTM D2487, and AASHTO M145. Translation amongst 
these different specifications can be confusing, and some Departments of Transportation 
use their own nomenclature for soil classification. Below is a document that translates 
across the three referenced soil classifications mentioned previously. The most cost 
effective solution is when the in-situ material conforms to the manufacturer’s 
recommended backfill material specification. A proper analysis on gradation should be 
performed by the design engineer or geotechnical engineer. 
 

 
Access and Design/Installation Challenges: 

 

Oftentimes in the semi-arid Southwest, project locations are located in remote areas with 
difficult and limited access. Below is a sampling of projects with the issues/challenges and 
solutions. 
 
Salmon Lake Feeder Canal – Conconully, WA - 42 and 48” diameter pipe 
 
Issues/Challenge:  This was a compromised concrete lined ditch (structural system loss) 
with severe cracking and was the town’s main water supply. There were extensive losses 
due to seepage, evaporation, and transpiration. The excess seepage was washing out the 
hillside. In addition the project had poor data and survey points, whereas the pipe 
manufacturer performed manual measurements in the field 
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Solutions:  Installed thermoplastic pipe (High Density Polyethylene Low Head)  with a 
joint conforming to ASTM D3212. The manufacturer assisted by taking actual manual 
measurements to verify location 
 
Icicle Irrigation District – Peshastin, WA -36” diameter pipe 
 
Issues/Challenge:  This was a remote location with difficult access and situated at a high 
altitude. Problems included the spring runoff washing out the ditch, the ditch filling up 
with sedimentation, and overtopping the embankment. The small trail/road was limited for 
the use of heavy equipment. 
 
Solutions:  Installed thermoplastic pipe (High Density Polyethylene Low Head). The 
contractor used a helicopter to move the pipe to the construction site, small backhoe 
equipment, and cut in place fittings 
 

East Columbia Irrigation District, WA – 36” diameter pipe 
 
Issues/Challenge:  This system experienced severe water hammer caused by a rapid fill, 
which over pressurized the pipe resulting in joint failure. The project consisted of 
approximately 4500lf of 36” pipe with 5psi of head. The filling process consisted of 
keeping the downstream gate closed and rapidly filling the system exceeding a 
recommended fill rate of 1 foot per second. 
 
Solution:  Installed (High Density Polyethylene Low Head) pipe with a joint conforming 
to ASTM D3212 and slowing down the fill process. 
 
Elk Home Irrigation Ditch, Western Slope, CO – 30” 
 
Issues/Challenge:  This system consisted of 5,700 lf of 30” and is located at a remote, high 
altitude location with limited access for large equipment as evidenced by the photos. 
 
Solution: Installed thermoplastic pipe (Polypropylene) and used small equipment with 
ATVs. 
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CONCLUSION 

 
Using pipe for irrigation conveyance drainage can provide an economically feasible 
solution while dramatically increasing the water conveyance efficiency. As stated in the 
introduction it will become important for water owners throughout the semi-arid 
Southwest to conserve their water. One important means will be increasing their water 
conveyance efficiency and making sure that the volume of water delivered is close to the 
volume of water diverted. 
 
The designer has many challenges unique to the irrigation market but with water shares, 
such as Big Thompson water increasing 700% in 20 years, it will become crucial for the 
engineering community to understand the nuances when designing for this application. 
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ABSTRACT 

 
In California, pistachio acreage is expanding on salt-affected areas, thanks to its 
economic profitability and salt tolerance. We estimated the actual evapotranspiration 
( ) and actual crop coefficients ( ) of mature, well-watered pistachio orchards grown 
with micro-irrigation on non-salt affected and increasingly saline soils in the San Joaquin 
Valley of California over a two-year study (2016-2017). We used the residual of energy 
balance method with a combination of eddy covariance and surface renewal equipment to 
measure the sensible heat flux density. We also related  and  with measurements of 
the percentage of photosynthetically active radiation intercepted by the tree canopy 
( ), and conducted periodic measurements of midday stem water potential ( ). 
At the non-salt affected orchards  averaged 50 mm per week during the hottest 
months (June and July). The  ranged from 75% in the non-saline orchard to 25% in 
the high-saline area of the salt-affected orchard, whereas seasonal  also decreased of 
about 10-30% from 45 to 35 mm per week as salinity level increased. In the non-saline 
orchard  reached 0.80 from mid-April to mid-May, peaked to 0.90 from mid-May to 
mid-July, decreased to 0.80 during August and to 0.50 in September, as growers reduced 
water applications prior to harvest. The  values in the salt affected orchards were 0.40 
in April, between 0.60 and 0.80 from May to mid-July, and decreased to 0.25 in October. 
The newly developed water use information should enable growers to improve resource 
efficiency of pistachio production in the San Joaquin Valley of California.  
 

INTRODUCTION 

 
Significant reductions of surface water supply for agriculture have occurred over the last 
10 years in the San Joaquin Valley, as a result of periodic droughts and environmental 
regulations. Selecting crops with greater salinity tolerance and better water use efficiency 
has become a necessary adaptation strategy to limited and lower-quality water supplies to 
maintain sustainable and profitable farming systems. In the last 15 years pistachio 
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acreage largely expanded in the San Joaquin Valley, especially in salt-affected areas, 
thanks to its drought tolerance (see Behboudian et al., 1986; Spiegel-Roy et al., 1977) and 
salt tolerance (see Maas and Grattan, 1999, Walker et al., 1987).  
 
Some studies have been conducted in the recent past with the aim to quantify the effect of 
increasing salt concentrations on orchard productivity (Sanden et al., 2004) and to 
understand the tolerance of different rootstocks to salt concentrations (Ferguson et al., 
2001, 2002; Mehdi-Tounsi, 2016). On the other hand, no information is currently 
available about the effect of soil-water salinity on the actual water use of micro-irrigated 
pistachio orchards to help growers schedule irrigation in saline conditions.  
 
Under well-watered conditions, pistachio can transpire large amounts of water 
(Goldhamer et al., 1985), showing mid-summer evapotranspiration ( ) significantly 
higher than many other deciduous species (Goldhamer et al., 1983). The scientific 
literature reports maximum  values ranging from 0.8 (Kanber et al., 1993), to 1.19 
(Goldhamer, 1995), and up to 1.36 (Iniesta et al., 2008), which highlights the existing 
uncertainty about actual pistachio’s water needs. The uncertainty becomes even larger 
when orchards are micro-irrigated with low quality water, where soil water osmotic 
potential can adversely affect water uptake and transpiration (see also Meiri et al., 1977; 
Letey and Dinar, 1986; Dudley et al., 2008).  
 
Currently, many pistachio growers in California schedule irrigation based on  values 
developed from research conducted during the ‘80s and ‘90s on sprinkler-irrigated 
orchards grown on non-saline soils.  
 
In light of this existing knowledge gap, we conducted a two-year study to determine the 
actual evapotranspiration ( ) and actual crop coefficients ( ) of mature micro-
irrigated pistachio orchards grown on non-saline and increasingly saline soils, using the 
residual of energy balance method with a combination of eddy covariance and surface 
renewal equipment. Our main objective was to update information on actual water use of 
pistachio and quantify the water use reductions resulting from different levels of soil-
water salinity.  
 

MATERIAL AND METHODS 

 
Orchards characteristics 

 
The experiment was conducted over the 2016 and 2017 seasons in two orchards located 
in the San Joaquin Valley (SJV) of California. The first orchard is considered non-salt 
affected, and is located about 9.7 miles south-east from the city of Hanford (36˚15ˈ N, 
119˚30ˈ W, elevation 252 ft. a.s.l.). This orchard is of Kerman cultivar grafted onto 
Pioneer Gold1 rootstock, was established in 1985 with planting spacing of 19 feet 
between rows and 17 feet between trees, on a sandy-clay loam soil with  around 7 and 
an average electro-conductivity of the soil water solution extract ( ) of 2.3 dS/m, with 
minimum and maximum  values of 0.96 and 4.40 dS/m, respectively.  
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The second orchard is considered salt-affected, and is located about 8.7 miles west of the 
city of Lemoore (36˚14ˈ N and 119 ˚56 ˈ W, 238 ft. of elevation a.s.l.). This orchard is 
also of Kerman cultivar grafted onto Pioneer Gold1 rootstock, and was established in the 
late 1980’s, with tree spacing of 17 feet by 17 feet on a  clay soil, with  of 7.7, and 
ECe ranging from a minimum of 2 dS/m to a maximum of 11 dS/m. 
 
Evapotranspiration measurements 

 
We measured the actual evapotranspiration ( ) at the two study orchards using the 
residual of the energy balance (REB) method, with two different types of equipment: a) 
Full-flux ET station, which includes a net radiometer (NRLite2, Kipp & Zonen Inc.) to 
measure net radiation (Rn), a 3-dimensional sonic anemometer (81000 RE, R.M. Young 
Inc.) and two fine-wire thermocouples (FW3, Campbell Scientific Inc.) to measure 
sensible heat flux density (H), and a suite of sensors to measure the ground heat flux 
density (G), including three soil moisture sensors (EC-5, Decagon), six soil temperature 
probes (TCAV, Campbell Scientific Inc.), three soil heat flux plates (HFT-3.1, REBS 
Inc.), plus a rain gauge (TE525MM, Texas Electronics), and a sensor to measure air 
temperature and relative humidity (HC2S3, Rotronic); b) Lite-flux ET station consisting 
of a net radiometer (NRLite2, Kipp & Zonen Inc.) to measure net radiation (Rn), and two 
fine-wire thermocouples (FW3, Campbell Scientific Inc.) to measure sensible heat flux 
density (H) using the surface renewal theory (Paw U et al., 1995; Snyder et al., 1996; 
Shapland et al., 2012).    
 
Site selection and experimental design 

 
We instrumented the non-saline orchard (treatment S0) with one Full-flux ET station, and 
the saline orchard with six Lite-flux ET stations (D01, D02, D03, D04, D05, D06) in 
areas characterized by different levels of soil-water salinity that were grouped in three 
different treatments, namely S1 corresponding to ECe between 2 and 5 dS/m, S2 for ECe 
between 6 and 8 dS/m, and S3 corresponding to ECe between 8 and 10 dS/m. 
 

 
Figure 1. Location of the six Lite-flux ET measurement stations in different areas of the 

salt affected orchards near Lemoore, CA. 
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Light interception measurement 

 
In June, July and September of 2016, our team conducted measurements of the natural 
light in the PAR region (400–700 nm) penetrating below the trees’ canopy (PARbelow) 
using a series of AccuPAR LP-80 ceptometers (Decagon Devices, Inc., Pullman WA) 
mounted on a Kawasaki Mule utility vehicle or Mobile LightBar (MLB). The full sun 
PAR (PARabove) was recorded at the beginning and at the end of each tree row using a 
dedicated data logger (Hobo U30; Onset Computer, Pocasset, MA) with a PAR sensor 
(S-LIA-M003, Onset Computer) logging data at 1-min intervals outside the study 
orchards in an unobstructed location nearby. The fractional PAR intercepted by the 
canopy ( ) was then calculated as a ratio between the PARbelow and PARabove, 
according to the methodology described by Lampinen et al. (2012). 
 
Midday stem water potential 

 
Our team measured the stem water potential (ΨSTEM) at midday on three dates, 
respectively in June, July and August of both 2016 and 2017 season, using a Scholander 
pressure chamber. We selected one fully expanded shaded leaf with three to five leaflets 
from the inside mid-canopy of five trees per each measurement location, covering the 
leaves with Mylar bags (e.g., Begg and Turner, 1970; McCutchan and Shackel, 1992) for 
at least 15 minutes prior to conducting measurements (Fulton et al., 2001).  
 
 

RESULTS 

The highest crop evapotranspiration rate occurred from mid-June to mid-August, with 
 values of approximately 50 mm per week in the non-saline orchard, whereas in the 

saline orchard  values were 10-32 % lower, ranging from 45 to 35 mm per week 
depending on the soil-water salinity level.   
 
As the crop season progressed, decreased in all treatments. At the non-salt affected 
orchard,  was 40-45 mm per week at the beginning of August, 30-35 mm per week at 
the beginning of September and 10-15 mm per week in October (Fig. 2).  



 Micro-Irrigated Pistachio Orchards 121 

 

2. 
 

 
Figure 2. Seasonal trend of reference Evapotranspiration ( , mm week-1) from the 

nearest CIMIS station located at Stratford, CA (CIMIS station No. 15), and actual 
evapotranspiration rate ( , mm week-1) for the study orchards and salinity treatments. 

 
Figure 3 shows the seasonal evolution of  over the different study orchards and salinity 
treatments. In the non-saline orchard, we observed maximum  value of about 0.9 in 
July, which is lower than maximum  values from literature and commonly used by 
growers to irrigate Pistachio in the SJV (Goldhamer, 2005). In the last part of the season, 

 values progressively decreased to 0.4-0.6 between September and October, because of 
canopy senescence and reduced stomatal conductance. Sometime before harvest, growers 
normally reduce irrigation with the aim of drying out the orchard floor to allow access of 
harvesting machinery and prevent the risks of onset of fungal and bacterial diseases.  
We observed considerably lower  at the salt affected orchards, with values ranging 
between 0.7 and 0.60 in June-August, depending on the soil-water salinity, up to values 
of 0.4 and 0.2 in September and October. The steeper and earlier  decrease denotes 
higher stress of trees in the saline orchards. 
 

 
Figure 3. Seasonal trend of the actual crop coefficient (Ka=ETa/ETo) for the different 

orchards and salinity treatments. 
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As Figure 4 illustrates, the fractional PAR ( ) interception decreased significantly 
with salinity, which revealed a strong adverse effect on vegetation growth by long-term 
exposure of trees to soil-water salinity (Munns and Termaat, 1986). In particular, fPAR 
progressively decreased from 78 % in the non-saline orchard to 25% in the highly-saline 
area of the salt-affected orchard.  
 

 

Figure 4. Fractional Photosynthetically Active Radiation interception (fPAR, %) 
measured in June, July and September 2016 in the different experimental sites. 

 
Figure 5 shows the values of midday stem water potential ( ) measured in June, July 
and August in the different salinity treatments within the study orchards. From the figure 
it can be inferred that  decreased with salinity, revealing lower plant water status in 
the saline treatments most likely due to reduced plant water uptake (e.g. Soria and 
Cuartero, 1997). The trees in the non-saline orchard always showed  above -15 bar, 
whereas in the most saline sites  was between-20 and -25 bar, which are values 
generally associated with water stress (Shakel et al., 1994). 
 

 
Figure 5. Midday stem water potential measured in June, July and August in the different 

experimental sites. 
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From our field data, we found a positive and high correlation between  and the 
seasonal cumulated  for both the 2016 and 2017 seasons (Fig. 6), which denotes that 
light interception by the tree canopy is the dominant driving force on the actual orchards’ 
water use. 
 

 
Figure 6. Relation between fractional PAR interception (fPAR, %) and seasonal 
cumulated Actual Evapotranspiration (ETa, mm) for 2016 (left) and 2017 (right). 

 
CONCLUSIONS 

 
Salinity significantly decreased tree water use, as a result of reduced tree growth and less 
light interception by the canopy, which lead to lower .  
 
The more negative values of  in the salt-affected orchard also suggest a direct effect 
of soil salinity on tree water uptake, which complements the reduced light interception by 
the canopy. Both these mechanisms contribute to reduce ET, and must be accounted to 
accurately predict the actual water use under saline conditions. 
 
Interestingly, the  values observed from  measurements in the non-saline orchard 
were significantly lower than the Kc values reported in literature and commonly used by 
growers to schedule irrigation. The difference could be possibly related to the different 
irrigation method (drip vs. sprinkler) and  estimation methodology (surface energy 
balance vs. water balance) used in this research with respect to earlier studies conducted 
in the ‘80s and ‘90s.  
 
The newly developed water use information should enable growers to improve the 
resource-efficiency of pistachio production in the San Joaquin Valley of California.  
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ABSTRACT 

 
The California Department of Water Resources (DWR) defines Flood-MAR as the 
flooding of working landscapes for Managed Aquifer Recharge (MAR). The Draft 2018 
California Water Plan discusses Flood-MAR opportunities and a draft Flood-MAR 
Research and Data Development Framework identifies important Flood-MAR research 
questions (e.g. reservoir operations, land use, water rights, environment and social 
impacts).  
 
The McMullin projects, including Phase 1 (the McMullin On-Farm Flood Capture 
Project) funded by DWR under the Flood Corridor Program and by matching funds from 
Terranova Ranch, and Phase 2 (the McMullin Extension), funded through the NRCS 
RCPP program with matching funds from Raisin City Water District (RCWD), represent 
the first large-scale implementation of Flood-MAR and On-Farm Recharge.  As such, it 
provides an example of the necessary steps for completing such a project, including 
design, engineering, permitting and environmental.  Moreover, it provides an examples of 
the necessary agreements needed.  Finally, it shows the benefits to stakeholders, 
including downstream flood risk mitigation, potential wildlife benefits, and the potential 
for increased flexibility in water management.   
 
A likely outcome in the move towards water sustainability in California will be changes 
in reservoir management throughout California. California reservoirs are managed today 
to maximize surface water storage, manage downstream flood risks, and accommodate 
other environmental and regulatory requirements. Flood-MAR offers the potential to 
bring groundwater storage and aquifers into a more prominent and significant role in 
California.  
  
SGMA should facilitate the creation and implementation of these types of Flood-MAR 
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and OFR projects as GSAs move towards complying with sustainable groundwater 
management mandates including avoiding undesirable results (e.g., to water quality, 
wildlife, beneficial users).  
 

INTRODUCTION 

 
Important developments in planning and managing surface water and groundwater in the 
Central Valley is passage and implementation of the 2014 Sustainable Groundwater 
Management Act, the 2018 California Water Plan Update currently under development, 
and promotion of the Flood-MAR concept. 
 
Chronic Overdraft in the Central Valley and the 2104 Sustainable Groundwater 

Management Act (SGMA) 

 
SGMA was signed into law on September 16, 2014 in the midst of a 5-year drought to 
provide a statewide framework for regions in which chronic groundwater overdraft was 
occurring in order to achieve sustainable groundwater management over 20 years.  The 
timeline differs based upon the severity of overdraft, with basins designated as critically 
overdrafted needing to achieve sustainability by 2040, and high and medium priority 
basins needing to achieve sustainability by 2042 (DWR 2018a; DWR 2018f). In defining 
groundwater sustainability, SGMA defines six undesirable results: 
 

1. Chronic lowering of groundwater elevations; 
2. Significant and unreasonable reduction of groundwater storage 
3. Significant and unreasonable seawater intrusion 
4. Significant and unreasonable degraded water quality 
5. Significant and unreasonable land subsidence 
6. Depletions of interconnected surface water that have significant and unreasonable 

adverse impacts on surface water beneficial uses. (SGMA 2014) 
 
Under this approach, most the San Joaquin Valley has been designated as critically 
overdrafted (Figure 1).    
 
SGMA mandates the creation of Groundwater Sustainability Agencies (GSAs) to manage 
groundwater resources locally (DWR 2018c) and supports those agencies through 
defining processes and funding mechanisms for SGMA compliance (DWR  2018e).  The 
formation of the GSAs and development of Groundwater Sustainability Plans (GSPs) byt 
the GSAs represent the first steps under SGMA (DWR 2018c). 
 
DWR’s mission is two part: 1) managing and protecting California's water resources, and 
2) working with other agencies to benefit the State's people and to protect, restore, and 
enhance the natural and human environments. (DWR 2018b).  In identifying these six 
undesirable effects, SGMA emphasizes DWR’s role in the latter, further promoting 
DWR’s engagement in water resource management as related to beneficial uses, impacts 
to more impoverished communities such as Disadvantaged Communities (DACs), surface 
water values to fish and wildlife, and others areas affecting people and the environment. 
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By extension, the GSAs are required to work with a broad range of beneficial users and 
other interested parties such as local agencies (e.g. water, irrigation and reclamation 
districts, cities, counties, community service districts, drainage districts, levee districts, 
resource conservation districts); private water companies, landowners, county farm 
bureaus, nonprofit water user associations, environmental or other nongovernmental 
agencies, and tribes (Conrad et al, 2018) 
 

 
Figure 1.  SGMA Basin Prioritization for the Central Valley, 2018.  From DWR Basin 

Prioritization Dashboard (SGMA Basin  https://gis.water.ca.gov/app/bp2018-dashboard/). 
 
2018 California Water Plan Update and Flood-MAR 

 
In parallel with the implementation of SGMA, DWR has been developing the 2018 Water 
Plan Update (2018 Update; DWR 2017).  A key feature of the 2018 Update is developing 
a strategy to move sustainably forward as regards California water, such that – 

• all Californians are protected from health and safety threats and emergencies,  
• California’s economy is healthy and providing opportunities to all Californians,  
• ecosystems are thriving, and  
• Californians have opportunities for enriching experiences.   

 
Whereas previous updates have identified comprehensive details for advancing California 
water needs, the 2018 Update concisely promotes collaborative and integrated action 

https://gis.water.ca.gov/app/bp2018-dashboard/
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within the water community and with other governmental agencies, from a local, regional 
to state scale.   
 
An important innovation coming from the Update is the concept of flooding working 
landscapes as part of a Managed Aquifer Recharge (MAR) strategy (DWR 2018g, DWR 
2018h, DWR 2018i) based upon research and demonstration projects throughout 
California (Bachand et al 2010, 2013, 2014, 2016; Ariyama 2014; Beganskas and Fischer 
2017, Kocis and Dahlke 2017).  Termed as Flood-MAR, this approach envisions flooding 
working landscapes such as agricultural lands, refuges, floodplains and flood bypasses. A 
variety of other flooding approaches are encompassed by Flood-MAR universe:  

• On-Farm Flood Flow Capture (Bachand et al 2010, 2014, 2016; Ariyama 2014); 
Figure 3. 

• Distributed Stormwater collection and managed aquifer Recharge (Beganskas and 
Fisher, 2017); 

• On-Farm Recharge (Kocis and Dahlke, 2017). 
 

 

 
Figure 2.  Examples of Flood-MAR (from DWR 2018g).  Flood-MAR is defined as the 
flooding of working landscapes (e.g., active or fallowed farmland, refuges, floodplains, 
flood bypasses) for Managed Aquifer Recharge (MAR) and encompasses other efforts 
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(e.g., On Farm Flood Capture [OFFC], On-Farm Recharge [OFR], Distributed 
Stormwater Collection and Managed Aquifer Recharge [DSC-MAR]). 
 
Flood-MAR benefits not only includes opportunities for recharge and groundwater 
reservoir replenishment to mitigate local and regional groundwater overdraft, but also 
potentially offers benefit as related to flood risk reduction, drought preparedness, 
ecosystem enhancement, subsidence mitigation, water quality improvement, and working 
landscapes.  
 
Mitigating flood risk alone can justify the costs of implementing Flood-MAR 
technologies. Bachand et al (2013) estimated the benefit:cost ratio for implementing OFR 
in the Kings Basin (Figure 3) was about 1.8.   
 
The multiple benefits from Flood-MAR fall are complementary with the work by GSAs 
to achieve groundwater sustainability and address the undesirable results (SGMA 2014). 
Barriers and challenges for implementing Flood-MAR include cooperation and 
governance, policy including water rights and regulatory, and implementation (e.g. land 
use, recharge practices, conveyance, economics, environmental, data) (DWR 2018i) and 
includes both local and regional (e.g. reservoir operations) considerations (DWR 2018i, 
Bachand et al 2016). DWR is committing to providing  assistance - technical, planning, 
and facilitation - to local and regional entities consistent with their goals to support 
projects with multiple benefits (e.g. increasing statewide groundwater recharge, 
encouraging flood projects that plan for climate change and achieve multiple benefits) 
(DWR 2017).  
 

 
Figure 3.  Implementing Flood-MAR under the NRCS CIG Demonstration Project.  

During the CIG project, experimental check vineyard (shown above) and alfala were 
flooded at high rates for extended duration to demonstrate the feasibility of On-Farm 

Recharge (Bachand et al 2012).  Infiltration rates was typically in the range of 0.2 – 0.3 
in/d and flooding persisted for over 30 days in some fields. 
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THE MCMULLIN PROJECTS 

 
Flows at the James Bypass are highly variable in magnitude, frequency, and duration.  
Flows in excess of 500 cfs have occurred 20 times over a 50-year period from 1954 to 
2006. On average, flood flows occur about 40% of the time, typically occur consecutively 
averaging 2 - 3 years (Bachand et al 2016) (Table 1). These highly variable flood flows 
require an expandable and flexible approach for flood capture for recharge to be viable.  
 
Table 1.  Quantifying available flood flows from the James Bypass and envisioning Flood 

Flow Capture for the three phases of the McMullin Projects. 
Water Years (1997 - 2017)

Total Water Years 1 years

Number of Wet/dry cycles 2

Total Wet Years 3 years

Median Consecutive Wet Year Cycle years

Median Consecutive Dry Year Cycle years

James Bypass (1977 - 2017)

Avg Flow Duration years

Avg Start Date

Avg Flow Rate (when flowing) CFS

Total Volume Past the JBP Ac-Ft

Phase 1, 2 & 3 Flood Capture Calculations (1977 - 2017)

Project Phase Phase 1 Phase 2 Phase 3

Design Capacity 150 300 500 cfs

Avg Diversion Rate when operating 115 211 324 cfs

Avg Capture by Water Year 30,912 58,885 93,320 Ac-Ft

Total over 20 - year period (1997 - 2017) 215,765 416,086 652,952 Ac-Ft

Total over 40 - year period 587,337 1,118,818 1,773,074 Ac-Ft

Percent of 40 - year Total 6% 12% 19%

40-year Total averaged over 40 years 14,683 27,970 44,327 Ac-Ft

Notes

1

2

3

10/01/1977 - 09/30/2011 (USGS/CDEC). 

77/78 – 80/81, 81/82 – 83/84, 85/86 – 92/93, 94/95 – 03/04, 04/05 – 09/10 ,11/12 - 15/16

77/78 - 79/80, 81/82, 82/83 - 83/84, 85/86 - 86/87, 94/95 -  98/99, 04/05, 05/06

40

6

17

2

4.5

1,535

9,186,966

118

1/21

 
 

The McMullin projects began under a NRCS Conservation Innovation Grant (Bachand 
2010; Figure 3)  as a demonstration study. The McMullin On-Farm Flood Flow Capture 
project (McMullin Project; Phase 1) represented an expansion of the concept to 6000-acre 
and 150 cfs diversion capacity from the Kings River at the James Weir (KRCD, 2012) 
(Figure 4), representing the first large-scale OFR/Flood-MAR project. This project, 
developed to mitigate downstream flood risks and for groundwater recharge, was funded 
through DWR’s Flood Corridor Program. The McMullin Project (Phase 1) is now under 
bid for construction.  Phase 2 (the McMullin Expansion) is the next planned expansion 
and will soon begin with funding awarded to Raisin City Water District through 2018 
funding from the NRCS Regional Conservation Partnership Program (RCPP).  These 
projects have multiple benefits recognized under DWR and NRCS funding and consistent 
with DWR’s vision of Flood-MAR: mitigating flood risks, recharging and replenishing 
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groundwater, protecting groundwater quality, providing habitat to waterbirds, helping to 
protect against drought, supporting the region in complying with SGMA requirements.  
 
Below we briefly discuss the various efforts involved in designing and implementing 
these projects as representative of those needed for large Flood-MAR and OFR projects. 
 
Permitting and Agreements 

 
Phase 1 has required both state and federal permitting (Table 2), local permits (Table 3) 
and agreements between parties and with neighboring water districts (Table 4).  These 
permits and agreements are representative of publicly funded Flood-MAR projects.  
Phase 1 predates SGMA. Through the creation of GSAs, the development of guidelines, 
practices and decision tools, and the inclusion of a broad range of beneficial users and 
stakeholders, leveraging SGMA should help facilitate these types of projects through 
bringing the various stakeholders together, providing governmental structure, and 
promoting new water sources.  

 
Figure 4.  McMullin Project 

. 
Design, Engineerings, Costs, Benefits and Regional Considerations 

 
Figure 5 presents the Phase 1 design elements.  Monreal (2018) estimated construction 
costs for the main conveyance and associated infrastructure in Phase 1 at $9.5M.  These 
costs did not include engineering, permitting, the development of agreements, and other 
legal and design and engineering costs. These items have been approximately $1.5M.  
Nor does the estimate include field scale practices and improvements made by farmers.  
We expect those additional costs that would include installing additional but smaller 
conveyance canals, upgrading irrigation and adding lift pumps to take water from the 
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canals. For the 6000 acre Phase 1 project, these additional costs are estimated at $1.5M.  
Thus, Phase 1 is currently expected to costs $12.5M in total. 
 
Flood flows along the Kings River have high variance (Bachand et al., 2014, 2016). 
Under Phase 1, 30,900 ac-ft is expected to be captured on average for years in which 
flood flows are available, based on historic flows.  A total of 587,000 ac-ft is calculated 
to be captured over a 40-year period, averaging nearly 15,000 ac-ft per year (Table 1). 
 
Phase 2 was originally submitted to NRCS as a $20M project and has been awarded $7M 
from the NRCS through EQIP and PL566 funds with a $7M match identified from Raisin 
City Water District.  As currently proposed, Phase 2 would double capacity to 300 cfs 
design diversion rate from the Kings River. The first step in the RCPP project will be to 
conduct an options analysis, reassessing the Phase 2 design considering the decrease in 
awarded funds.   
 

 
 

Figure 5.  Phase 1 McMullin Project Elements (from Monreal et al. 2017) 
 

As proposed, Phase 2 would have increased annual average capture to 28,000 ac-ft, with 
a total capture of over 1M ac-ft over a 40-year period, representing 12% of available 
flood flows passing through the James Bypass over that period (Table 1). 
 
We initially estimated first year annual costs at $1.25M per year based upon estimated 
costs determined in the CIG study (Bachand et al, 2014, 2016) and including a 25% 
contingency.  These costs included surface water pumping energy, setting up pumps to 
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extract water from the canals, motor rentals, labor and monitoring (Bachand et al 2014).  
These costs may be conservative as they do not include economies of scale. 
 
Based upon these cost numbers and using our assumptions, which included a 5% discount 
rate, a 3% cost-of-living/inflation rate and an additional 20% contingency, the Present 
Value for Phase 1 and Phase 2 combined over a 40-year period is calculated at $63.5M.  
For the calculated capture of 1.1M ac-ft over that period, the cost to capture and 
distribute onto the farmland that water is estimated at about $70/ac-ft (Table 1).  
 
Several additional considerations need to be taken into account when assessing those 
water costs.  If the delivered water is used for direct recharge to the underlying aquifer, 
the costs for using that water as irrigation water would also include the cost of 
groundwater pumping to extract the water, and labor and farm facilities costs associated 
with irrigation.  If captured water is used for in lieu recharge, no other costs are 
anticipated.  Water captured under Flood-MAR and OFR projects will likely be used for 
a combination of both direct and in lieu recharge. 
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Table 2. State and Federal Permits needed under Phase 1 of the McMullin Projects. From 
Monreal et al. 2017. 

Focus When Required Example Here Public or 

Private 

Project

Months 

Requ'd

CEQA

IS/MND Identify measures to 

mitigate environmenal 

impacts to less than 

significant levels

Implementation of 

infrastructure projects

Mitigation required 

for habitat, 

emissions, water and 

cultural resources

Both 18 - 24

MMRP Ensure mitigation measures 

identified in the IS/MND 

are implemented and 

completed

Monitoring of mitigation 

measures required by IS/MND

See IS/MND Both 18 - 24

USACE 404 Permit Compliance with Clean 

Water Act

Encroachment into Waters of 

the  US

Turnout construction 

disturbs James 

Bypass

Both  8 - 12

Biological Reconnaissance 

Survey and Report

Both 12 - 18

Aquatic Resources 

Delineation Report

Both 12 - 18

Letter of Permission for 

Nationwide Permit

Both 12 - 18

Compliance with  ESA 

(Endangered Species Act)

Both 12 - 24

NHPA Section 106 Compliance with National 

Historic Preservation Act

Determine if activities will 

impact historic properties listed 

on the National Register of 

Historic Places

Ph1 conveyance and 

recharge facilities, 

entire operation.

Public 12 - 24

RWQCB, 401 Permit Water quality state 

requirements for impacts 

to Water of the US under 

the Clean Water Act

Encroachment into Waters of 

the  US

Turnout construction 

disturbs James 

Bypass

Both  8 - 12

CDFA, Streambed Alteration Fish and wildlife impacts 

from streambed alteration

Alteration of streambeds of 

Waters of the US

Construction in 

James Bypass

Both 12 - 24

Alteration application 

(1602 agreement)

Biological Reconnaissance 

Survey and Report

See USACE 404 Permit

Ordinary High Water Mark 

Survey

Identifies contaminant 

liabilities

Initial due diligence step No contamination 

was identified

Both 3 - 6

Caltrans Encroachment Permit State road system 

encroachment

Permit for construction and 

encroachment of a CA state 

road

SR 145 (McMullin 

Grade) crossing

Both 6 - 12

CA Water Code, Plan to MinimizeMinimize impacts of 

implementing project on 

neighbors

Impacts of 

operations (e.g. 

floodwaters, 

groundwater, 

resources)

Public 

(DWR)

3 - 6 

DWR, H&H Study Cost and benefits from 

flood mitigation

Assess costs and benefits for 

justifying receivig public funds.

Project costs and 

benefits from flood 

mitigation

Public 

(DWR)

6 - 18

SWRCB, SWPPP Stormwater runoff 

management and control 

during construction

Protect areas from stormwater 

runoff debris, flows and erosion 

during construction period

Required for all Main 

Conveyance 

infrastructure

Both 1 - 2

Permit

Environmental Site 

Assessment, Phase 1
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Table 3. Local Permits needed under Phase 1 of the McMullin Projects. From Monreal et 
al. 2017. 

Focus When Required Example Here For Public 

or Private 

Project

Months 

Required

CVFPB Encroachment Permit Encroachment into 

jurisdiction of other 

local agencies

The levee is in the 

boundary of Reclamation 

District 1606

Both 6 - 12

1 - 2

Power for pump station Electrical hookups Pump Station at Floral Ave 

and SR 145

Both 12 - 24

Fresno Co, Bldg Permit Electrical connections for 

pump station

Electrical hookups Pump Station at Floral Ave 

and SR 145

Both 4 - 6

Permit

RD 1606 Encroachment 

PG&E Connection 

Application

 
 

Table 4.  A sample of agreements created for implementing Phase 1 of the McMullin 
Projects. From Monreal et al. 2017. 

Focus When Required Example Here For Public or 

Private 

Project

Months 

Required

Water Rights for 

diversion

Temporary or permanent water 

rights required for flood recharge 

diversions. Water rights may be 

project specific or under 

established water rights of larger 

Water rights for flood flow 

diversions from the Kings 

River at the James Bypass

Both 4 - 8

Coordination Agreements

Facilities 

Easement 

Agreement

Management of 

turnout at James 

Bypass

Implementation of project on 

lands owned by other agencies or 

organizations

Agreement with RD 1606 Both 12 - 24

Common Use 

Agreement

Identify areas of 

common use by 

different 

participating 

agencies

Actions required on current 

easements held by other agencies 

or organizations

Crossing of James 

Irrigation Canal

Both 12 - 24

James Weir 

Operation 

Agreement

To coordinate 

diversions from 

Kings Rivers

Project depends upon operation 

of facilities held by other agencies 

or organizations

Operation of James Weir 

to enable diversions to the 

project.

Both 12 - 24

Master Project 

Agreement

Coordination on 

project 

implementation

Multiple organizations involved Partnering by KRCD and 

Terranova Ranch, Inc.

Both 12 - 24

Legally identifies 

easements for 

lands required for 

project

Easements required for project Facilities and Flood 

Easements

Both 12 - 24

Agreements

KRWA, Flood Water 

Agreement

Project Easement 

Agreement

 
 

The clear benefit of these types of projects is conserving groundwater consistent with the 
goals of SGMA and providing an additional irrigation water supply.  However, those 
benefits do not include all potential benefits.  The McMullin project will mitigate 
downstream flood risks (Bachand et al 2016, 2013). A H&H estimated benefits:costs at 
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about 1.8 (Bachand et al 2013). That estimate seems reasonable as downstream flood 
damages along the San Joaquin and Kings Rivers have been in excess of $1B (2012 
dollars) since 1980 (Bachand et al 2011).  Moreover, these benefits do not include those 
associated with local water storage such as  greater flexibility to accommodate and 
leverage water transfers and trades, and potential wildlife benefits.   
 
Finally, these benefits do not consider regional changes in reservoir management to 
accommodate pressures from climate change on California water (DWR 2017). Bachand 
et al (2016) estimated six to eight projects equivalent to the full-scale 500 cfs McMullin 
Projects could be implemented in the Kings Basin to capture the historic flood flows.  
With climate change, less California water will likely be stored in Sierra snowpack and 
more intense runoff events will occur. DWR has begun considering operational changes 
in reservoirs.  Changes in reservoir operation could potentially represent a significant 
shift in how reservoir storage occurs (Figure 7).  California currently manages their 
reservoirs to maximize capture in the surface water reservoirs of runoff while managing 
for downstream flood risks (DWR 2014).  Under reservoir re-operation, greater emphasis 
would be to maximize the role groundwater storage and groundwater aquifers play in 
capturing and storing Sierra runoff. Fundamentally, the change would be from 
maximizing surface water storage to maximizing both surface water and groundwater 
storage together.  These changes could greatly increase the leverage of local aquifer 
storage benefits created from implementing OFR and Flood-MAR projects. 
 

CONCLUSION 

 
DWR has introduced Flood-MAR as a concept and a means to change the paradox of 
water storage in California.  Flood-MAR has been identified in the 2018 Water Plan 
Update being developed by DWR as an important element in achieving water 
sustainability in California.  Flood-MAR and associated technologies, such as OFR, are 
also being considered as important elements for GSAs to comply with SGMA as a tool 
towards implementing sustainable groundwater management.  
 
A likely outcome from these efforts will be changes in management of reservoirs 
throughout California. California reservoirs are managed today to maximize surface 
water storage, manage downstream flood risks, and accommodate other environmental 
and regulatory requirements. Flood-MAR offers the potential to bring groundwater 
storage and aquifers into a more prominent and significant role in California. 
 
The McMullin projects, including Phase 1 (the McMullin On-Farm Flood Capture 
Project) funded by DWR under the Flood Corridor Program and by matching funds from 
Terranova Ranch, and Phase 2 (the McMullin Extension), funded through the NRCS 
RCPP program with matching funds from Raisin City Water District (RCWD), represent 
the first large-scale implementation of Flood-MAR and On-Farm Recharge.  As such, it 
provides an example of the necessary steps for completing such a project, including 
design, engineering, permitting and environmental.  Moreover, it is an example of the 
necessary agreements required to put this type of project in place.  Finally, it shows the 
benefits to stakeholders, including downstream flood risk mitigation, potential wildlife 
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benefits, and the potential for increased flexibility in water management.   
 
SGMA and the creation of GSAs should help facilitate the creation and implementation 
of these types of projects due to the need to attain sustainable groundwater management 
and the need to avoid undesirable effects (e.g., to water quality, wildlife, beneficial users) 
as identified under SGMA. 
 

 
Historic model of California water delivery. 

 
Future model with implementation of Flood-MAR 

 
Figure 6.  Changes in managing California’s water supply under Flood-MAR. 

 
As Flood-MAR becomes more prevalent, greater relative water storage could be 
transferred from the reservoirs.  Reservoirs would be managed to buffer runoff from the 
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Sierra and to accommodate the capture of higher intensity events and seasons, putting 
greater emphasis on moving water to groundwater for later beneficial uses. 

 
ACKNOWLEDGEMENTS 

 
We would like to acknowledge those who have supported the team on this effort 
including Rick Hoelzel of KRCD; Professor William Horwath of UC Davis; Steve 
Haugen of KRWA; Sandra Bachand of Bachand & Associates; Dr. Sujoy Roy, Dr. Tom 
Grieb, Dr. Bob Mussetter, Scott Vose and Stu Trabant of Tetra Tech; Brian Ehlers of 
Provost and Pritchard; Alan Forkey, Greg Norris, Julia Grim, Carlos Suarez and David 
Kreitemeyer of NRCS; Raisin City Water District and its Board, and many others who 
have contributed to this project. 
 

REFERENCES 

 
Ariayama, J., 2014. Nitrogen Leaching and Groundwater Recharge Modeling for the On-
Farm Flood Flow Capture Project in Fresno, CA. 
https://search.proquest.com/openview/32067d9bc08e6b28619a31a18dd95f00/1?pq-
origsite=gscholar&cbl=18750&diss=y 

Bachand, P.A.M.  2010.  Demonstrating Groundwater Recharge with Storm Flood Flows 
on Agricultural Land uses.  NRCS Conservation Innovation Grant to Bachand & 
Associates awarded in 2010.  Collaborators included Terranova Ranch, Sustainable 
Conservation and UC Davis. 

Bachand, P.A.M., Horwath, W.R., Roy, S.B., Choperena, J. and Cameron, D., 2011. Fact 
sheet:  On-Farm Flood Flow Capture–addressing flood risks and groundwater overdraft 
in the Kings Basin, with potential applications throughout the Central Valley. 
http://aquaticcommons.org/11289/1/CIG%20On%20Farm%20Flood%20Capture%20Fac
t%20Sheet.pdf 

Bachand P.A.M., Trabant S, Vose S, Mussetter B. 2013. McMullin On-Farm Flood 
Capture and Recharge Project: Hydraulic and Hydrologic Analyses (H & H). Final report, 
TO# 01, prepared for Kings River Conservation District for submittal to California DWR. 

Bachand, Philip A.M.; Roy, Sujoy B.; Choperena, Joe; Cameron, Don; and Horwath, 
William R., 2014. Implications of Using On-Farm Flood Flow Capture to Recharge 
Groundwater and Mitigate Flood Risks Along the Kings River, CA. ACS Publications. 
Environmental Science & Technology 48 (23), 13601-13609. Published November 13, 
2014. http://aquadoc.typepad.com/files/bachand-et-al-2014-on-farm-flow-cap.pdf 

Bachand, Philip A.M.; Roy, Sujoy B.; Stern, Nicole; Choperena, Joseph; Cameron, Don; 
and Horwath, William R., 2016. On-farm Flood Capture Could Reduce Groundwater 
Overdraft in Kings River Basin. California Agriculture. Volume 70, Number 4. October-
December. 

https://search.proquest.com/openview/32067d9bc08e6b28619a31a18dd95f00/1?pq-origsite=gscholar&cbl=18750&diss=y
https://search.proquest.com/openview/32067d9bc08e6b28619a31a18dd95f00/1?pq-origsite=gscholar&cbl=18750&diss=y
http://aquaticcommons.org/11289/1/CIG%20On%20Farm%20Flood%20Capture%20Fact%20Sheet.pdf
http://aquaticcommons.org/11289/1/CIG%20On%20Farm%20Flood%20Capture%20Fact%20Sheet.pdf


 Flood-MAR under SGMA 141 

 

Beganskas, S. and Fisher, A.T., 2017. Coupling distributed stormwater collection and 
managed aquifer recharge: Field application and implications. Journal of environmental 
management, 200, pp.366-379. 

Conrad, E. T. Moran, M.E. DuPRaw, D. Ceppos, J. Martinez, W. Blomquist. 2018.  
Diverse stakeholders create collaborative, multilevel basin governance for groundwater 
sustainability. California Agriculture 72(1) 44-53. 
http://calag.ucanr.edu/archive/?article=ca.2018a0002 

DWR. 2014. 2013 California Water Plan Update, Strategic Plan.   https://water.ca.gov/-
/media/DWR-Website/Web-Pages/Programs/California-Water-Plan/Water-Plan-
Updates/Files/Update-2013/Water-Plan-Update-2013-Volume-1.pdf 

DWR. 2017.  Working Draft for California Water Plan Update, for Discussion only. 
California Department of Water Resources.  
https://water.ca.gov/LegacyFiles/waterplan/docs/cwpu2018/sc/dec2017/01_Update2018_
Working-Draft_Dec2017.pdf 

DWR.  2018a.  SGMA Groundwater Management. California Department of Water 
Resources.   https://water.ca.gov/Programs/Groundwater-Management/SGMA-
Groundwater-Management. Accessed 9/8/2018. 

DWR.  2018b.  About. California Department of Water Resources.  
https://water.ca.gov/About.  Access 9/8/2018. 

DWR.  2018c.  Groundwater Sustainability Agencies.  California Department of Water 
Resources.  https://water.ca.gov/Programs/Groundwater-Management/SGMA-
Groundwater-Management/Groundwater-Sustainable-Agencies.  Accessed 9/8/2018. 

DWR.  2018d. Groundwater Sustainability Plans. California Department of Water 
Resources.   https://water.ca.gov/Programs/Groundwater-Management/SGMA-
Groundwater-Management/Groundwater-Sustainability-Plans. Accessed 9/8/2018.   

DWR. 2018e. Best Management Practices and Guidance Documents. California 
Department of Water Resources.   https://water.ca.gov/Programs/Groundwater-
Management/SGMA-Groundwater-Management/Best-Management-Practices-and-
Guidance-Documents.  Accessed 9/8/2018. 

DWR.  2018f. Basin Prioritization Dashboard.  California Department of Water 
Resources.  https://gis.water.ca.gov/app/bp2018-dashboard/.  Accessed 9/8/2018. 

DWR.  2018g.  Flood-MAR, Using Flood Water for Managed Aquifer Recharge to 
Support Sustainable Water Resources. California Department of Water Resources.  June 
2018 White Paper.  https://water.ca.gov/-/media/DWR-Website/Web-
Pages/Programs/All-Programs/Flood-MAR/DWR_Flood-MAR-White-
Paper_06_2018_updated.pdf?la=en&hash=350DBD68452230C5CF1706C3E8EB1E3E3
E613C25 

http://calag.ucanr.edu/archive/?article=ca.2018a0002
https://water.ca.gov/LegacyFiles/waterplan/docs/cwpu2018/sc/dec2017/01_Update2018_Working-Draft_Dec2017.pdf
https://water.ca.gov/LegacyFiles/waterplan/docs/cwpu2018/sc/dec2017/01_Update2018_Working-Draft_Dec2017.pdf
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management
https://water.ca.gov/About
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Groundwater-Sustainable-Agencies
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Groundwater-Sustainable-Agencies
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Groundwater-Sustainability-Plans
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Groundwater-Sustainability-Plans
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Best-Management-Practices-and-Guidance-Documents
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Best-Management-Practices-and-Guidance-Documents
https://water.ca.gov/Programs/Groundwater-Management/SGMA-Groundwater-Management/Best-Management-Practices-and-Guidance-Documents
https://gis.water.ca.gov/app/bp2018-dashboard/
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/DWR_FloodMAR-White-Paper_06_2018_updated.pdf?la=en&hash=350DBD68452230C5CF1706C3E8EB1E3E3E613C25
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/DWR_FloodMAR-White-Paper_06_2018_updated.pdf?la=en&hash=350DBD68452230C5CF1706C3E8EB1E3E3E613C25
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/DWR_FloodMAR-White-Paper_06_2018_updated.pdf?la=en&hash=350DBD68452230C5CF1706C3E8EB1E3E3E613C25
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/DWR_FloodMAR-White-Paper_06_2018_updated.pdf?la=en&hash=350DBD68452230C5CF1706C3E8EB1E3E3E613C25


142 Water Reuse and Non-Traditional Water Sources 

 

DWR. 2018h.  Flood-MAR Research and Data Development Framework, Discussion 
Draft. California Department of Water Resources. June 2018.  https://water.ca.gov/-
/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-
MAR/20180724_Flood-MAR-Development-
Framework_Draft.pdf?la=en&hash=D6FAE74C374C0D9C81F4B08465EA76BE75A22
936 

DWR.  2018i.  Fact Sheet:  Flood-MAR: Advancing Integration for Water Management 
Sustainability.  https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-
Programs/Files/Flood-MAR-fact-sheet-
2018.pdf?la=en&hash=FF4D415BCA502AE772789D76152508F572301411 

KRCD. 2012.  McMullin On-Farm Flood Capture and Recharge Project, Summary 
Project. FloodSafe California Project, California Department of Water Resources 
awarded to Kings River Conservation District: BMS No:2010FPCP0014.  Awarded July 
2012.  http://www.water.ca.gov/floodmgmt/fpo/sgb/fpcp/docs/Summary_McMullin.pdf 

Kocis, T.N. and Dahlke, H.E., 2017. Availability of high-magnitude streamflow for 
groundwater banking in the Central Valley, California. Environmental Research Letters, 
12(8), p.084009.  

Monreal, C, D. Munro, D. Merritt, D. Cameron and P. Bachand.  2017.  Design Summary 
of the McMullin On-Farm Flood Capture and Recharge Project.  USCID Conference 
Paper, October 2017. 

Monreal, C.  2018.  Engineer’s Opinion of Probably Construction Cost, Preliminary 
Design-Minimum Desig. Kings River Conservation District.  McMullin On-Farm Flood 
Capture. Draft 90%.  March 13, 2018. 

SGMA.  2014.  Sustainable Groundwater Management Act and related provisions.  As 
effective 1/1/2016 and revised 1/15/2016. https://water.ca.gov/-/media/DWR-
Website/Web-Pages/Programs/Groundwater-Management/Sustainable-Groundwater-
Management/Files/2014-Sustainable-Groundwater-Management-Legislation-with-2015-
amends-1-15-
2016.pdf?la=en&hash=ADB3455047A2863D029146E9A820AC7DE16B5CB1 

 

 

 

 

 

https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/20180724_Flood-MAR-Development-Framework_Draft.pdf?la=en&hash=D6FAE74C374C0D9C81F4B08465EA76BE75A22936
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/20180724_Flood-MAR-Development-Framework_Draft.pdf?la=en&hash=D6FAE74C374C0D9C81F4B08465EA76BE75A22936
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/20180724_Flood-MAR-Development-Framework_Draft.pdf?la=en&hash=D6FAE74C374C0D9C81F4B08465EA76BE75A22936
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/20180724_Flood-MAR-Development-Framework_Draft.pdf?la=en&hash=D6FAE74C374C0D9C81F4B08465EA76BE75A22936
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Flood-MAR/20180724_Flood-MAR-Development-Framework_Draft.pdf?la=en&hash=D6FAE74C374C0D9C81F4B08465EA76BE75A22936
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Files/FloodMAR-fact-sheet-2018.pdf?la=en&hash=FF4D415BCA502AE772789D76152508F572301411
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Files/FloodMAR-fact-sheet-2018.pdf?la=en&hash=FF4D415BCA502AE772789D76152508F572301411
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/All-Programs/Files/FloodMAR-fact-sheet-2018.pdf?la=en&hash=FF4D415BCA502AE772789D76152508F572301411
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Groundwater-Management/Sustainable-Groundwater-Management/Files/2014-Sustainable-Groundwater-Management-Legislation-with-2015-amends-1-15-2016.pdf?la=en&hash=ADB3455047A2863D029146E9A820AC7DE16B5CB1
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Groundwater-Management/Sustainable-Groundwater-Management/Files/2014-Sustainable-Groundwater-Management-Legislation-with-2015-amends-1-15-2016.pdf?la=en&hash=ADB3455047A2863D029146E9A820AC7DE16B5CB1
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Groundwater-Management/Sustainable-Groundwater-Management/Files/2014-Sustainable-Groundwater-Management-Legislation-with-2015-amends-1-15-2016.pdf?la=en&hash=ADB3455047A2863D029146E9A820AC7DE16B5CB1
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Groundwater-Management/Sustainable-Groundwater-Management/Files/2014-Sustainable-Groundwater-Management-Legislation-with-2015-amends-1-15-2016.pdf?la=en&hash=ADB3455047A2863D029146E9A820AC7DE16B5CB1
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/Groundwater-Management/Sustainable-Groundwater-Management/Files/2014-Sustainable-Groundwater-Management-Legislation-with-2015-amends-1-15-2016.pdf?la=en&hash=ADB3455047A2863D029146E9A820AC7DE16B5CB1


 

 143 

USING NET GROUNDWATER EXTRACTIONS FOR FARM LEVEL 

GROUNDWATER SUSTAINABILITY MONITORING 

 
Daniel Howes1 

Morgan Whinery 2 
Eric Limas3 
Dan Vink4 

 
ABSTRACT 

 
The Cal Poly Irrigation Training and Research Center (ITRC) has developed a method 
for computing net groundwater extraction and recharge at the farm level for district 
management and regulation of sustainable/safe yields. This method is called Net To/From 
Groundwater (NTFGW).  Net groundwater extraction is preferred for assessing 
sustainable yield in unconfined aquifer systems over direct metering of gross 
groundwater pumping.  A recent pilot project with the Lower Tule River and Pixley 
Irrigation Districts’ Groundwater Sustainability Agencies (GSAs) compared actual 
metered groundwater pumping, surface deliveries, and evapotranspiration to the NTFGW 
outputs on 19 farms within the GSAs over a 3-year period (2014-2016).  In nearly all 
cases gross metered pumping was greater than net groundwater use, as it should be.  In 
the few instances where this was not the case, intensive investigations identified the 
issues, which will be presented.  The average difference between gross and net 
groundwater extractions was approximately 14”.  The variation of this difference was 
substantial between farms, indicating the difficulty in using gross pumping from 
flow/volume metering of actual pumping for sustainability. The NTFGW can incorporate 
seepage and recharge basin operation on a GSA level.  It is also capable of tracking 
banked groundwater supplies on a farm level. 
 

INTRODUCTION 

 
The Sustainable Groundwater Management Act (SGMA) signed by Governor Jerry 
Brown in September of 2014 will likely have the most significant impact on California 
agriculture since the Central Valley and State Water Projects.  At a very basic level, 
SGMA mandates that groundwater basins must balance groundwater use and recharge by 
the year 2040 for high-priority critically over-drafted basins and by 2042 for medium-
priority basins in California. These basins cover nearly all irrigated agriculture in 
California, with the exception of Imperial Valley.  Besides eliminating long-term 
overdraft, SGMA also addresses issues like land subsidence.   
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Under SGMA, local management and implementation are encouraged through GSAs 
within each subbasin.  Each GSA must provide a Groundwater Sustainability Plan (GSP) 
by 2020 and 2022 for high and medium priority basins, respectively.  Plans from GSAs 
within each subbasin must have a technical agreement (same data and methodologies to 
develop the plan), which will be accomplished through a coordination agreement, 
sometimes referred to as Memorandum of Understanding (MOU), among a group made 
up of all GSAs within each subbasin. However, each GSA can have a different strategy to 
accomplish “sustainable groundwater management.” 
 
A methodology to assist in developing GSPs and enhance groundwater modeling was 
developed by the primary author and others (Howes et al. 2014). This technique is called 
Net To/From Groundwater (NTFGW) and provides monthly and annual net groundwater 
use and recharge spatially throughout a GSA.  The resolution (farm/field, district, GSA) 
of this approach varies based on input data.  It relies heavily on the ITRC-METRIC 
output of actual evapotranspiration (actual ETc) developed from remote sensing and 
ground-based weather data (Howes et al. 2012a, Howes et al. 2012b).  It also relies on 
surface water applications or diversions minus spills/drainage with a GSA. A more 
general description of the process and need for net groundwater use for groundwater 
management was provided by Burt (2016). 
 
Location 

 
The study was conducted with the cooperation and support of Lower Tule River 
Irrigation District (LTRID) and Pixley Irrigation District (PID). Each district is its own 
GSA. Both districts are managed by the same district staff (General Manager, etc.) from a 
single office, although each have their own Board of Directors.  The combined district 
and GSA management is called Lower Tule River and Pixley Irrigation Districts 
(LTRPID).  The study was conducted over both GSAs/irrigation districts. 
 
The GSAs are located on the eastern side of the Southern San Joaquin Valley, around 
Tipton and Pixley, California. This is between Fresno and Bakersfield, CA approximately 
15 miles south of Tulare, CA.  Lower Tule River ID is a Central Valley Project contractor 
receiving class 1 and 2 water from the Friant Kern Canal. LTRID also receives water 
from the Tule River with storage in Lake Success.  Pixley Irrigation District receives 
excess water when available through purchases; however, growers mainly rely on 
groundwater.  LTRID and PID have boundary areas of approximately 103,000 acres 
(41,680 hectares) and 70,000 acres (28,330 hectares), respectively. Major crops in the 
area are alfalfa, corn, winter small grains, almonds, and pistachios.  This is a major dairy 
region in the state. 
 
Objectives 

 
The objective of this study was to compare the NTFGW approach using ITRC-METRIC 
with a pilot project that had detailed records of applied water (ground and surface) on 
multiple fields with various crops, irrigation types, and farm management.  While this 
type of comparison (net vs. gross) has limitations, there are several important aspects that 
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can be gained from such an analysis.  The first is an understanding of the differences 
between applied and consumed water in a particular region. The second is quality control 
of ITRC-METRIC and applied water measurements. Net groundwater use should be less 
than gross groundwater pumping.  If this is not the case, errors must exist in one or more 
analysis inputs. 
 

METHODOLOGY 

 
LTRPID started a pilot program in 2014 on specific farms (11 to 19 depending on the 
year) within the districts (shown in Figure 1) collecting well pumping volumes in 
addition to the surface water inflows already measured.  The pilot project started before 
ITRC began working on the NTFGW for the GSAs. The continuous records from the 
pilot project farms provided an excellent comparison tool to test the potential for using 
the NTFGW approach as an alternative to groundwater metering at a farm level.   
 

 
Figure 1.  Pilot projects in LTRID and PID 

 
Farmers volunteered sites for the pilot project, and the sites used were selected based on 
whether the applied water (surface and ground) could be utilized under a distinct set of 
criteria.  In many cases, on-farm distribution systems allow for movement of multiple 
water sources to various fields to such an extent that it would make it nearly impossible 
to conduct this type of evaluation. The pilot project allowed multiple fields to be used for 
the evaluation, because it is rare to have one supply for one field, but the on-farm 
distribution system had to be closed so that all water was metered and only applied to the 
reported fields. It was not possible to determine when and how much water was applied 
to specific fields within a farm.  In these situations, the fields were combined into a farm 
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and the total applied water, precipitation, and ETc was compared over the aggregated 
area (termed “farm”).  
 
There were two evaluations conducted in this study.  The first was a simple annual water 
balance, comparing irrigation applied plus precipitation with ITRC-METRIC actual ETc.  
The second compared NTFGW with applied groundwater within each pilot project farm 
on a monthly basis. 
 
Simple Water Balance 

 
The initial evaluation on the pilot project farms utilizing a farm water balance was 
conducted using the pilot project data.  The goal was to examine the relationship between 
total applied water (surface, groundwater, and precipitation) and actual 
evapotranspiration.  In general, over a 12-month period, the ETc should be less than the 
total applied water assuming the change in soil moisture storage over the period was 
nominal.  The following equation was used in this analysis: 
 
 Closure = TAW + P – ETc  (1) 
 
Where,  

Total Applied Irrigation Water (TAW): Taken from district meter readout 
sheets, this refers to the total volume, including pumped groundwater and 
irrigation district supplied surface water applied to the pilot project fields. All 
values were recorded as a volume by the district, and were converted to a depth 
for each set of fields based on parcel acreages. Note that there were no surface 
irrigation water deliveries made by the district in 2014 or 2015. After March of 
2016, the district began recording groundwater meter readings every three months 
instead of every month.  Therefore, total irrigation applied water is a three-month 
average, and may not reflect the actual month water was applied. 
Precipitation (P): Total precipitation, as a depth. Spatial precipitation estimates 
were obtained from the PRISM program at Oregon State University.  PRISM 
datasets are based on ground-measured precipitation at numerous stations 
throughout the U.S.  The monthly precipitation records are used to interpolate the 
precipitation between stations based on topography and other factors. Raster 
images were taken from PRISM monthly precipitation data, and were trimmed to 
fit the approximate project area. Pixel cell size of these images was adjusted to 30 
meters by 30 meters using the bilinear interpolation method. Precipitation depths 
for each field were extracted from these images, and mean precipitation depth for 
each field was used. 
ETc: Total evapotranspiration, taken from ITRC-METRIC raster images for 
2014-2016.  
 

There are uncertainties in the data provided, as will be discussed.  Through the data 
gathering process, there were issues that arose related to how applied data was presented 
or organized. Even with just 19 farms, understanding and correcting the data took several 
meetings with district staff and visits to the fields to reconcile issues.  This highlights the 
challenge of implementing a district-wide metering program.   
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NTFGW 

 
The NTFGW was utilized on all areas of both GSAs, and pilot project fields were 
extracted for comparison.  The total NTFGW evaluation was conducted from 2008-2016 
(excluding 2012).  The pilot project analysis data contained in this study was from 2014-
2016.  Figure 2 shows a simple schematic of the individual components for estimating the 
Net To and From Groundwater (NTFGW).   
 

 

ET 

Precipitation 

Irrigation Runoff Applied Surface 
Water (Canal Water) 

Net To and From Groundwater 

Non-Irrigation Runoff 

SMD* 

 
Figure 2.  Schematic showing the components for computing the net to and from 

groundwater 
 
The main components of NTFGW shown in Figure 2 include: 
1. Applied surface water (canal water) 
2. Precipitation 
3. ITRC-METRIC actual evapotranspiration (ET) 
4. Irrigation runoff 
5. Non-irrigation runoff (precipitation runoff) 
6. Surface water and precipitation soil moisture depletion (SMD*) to account for 

carryover 
 
The NTFGW was computed monthly using the following equation: 
 
NTFGW = Applied Surface Water + Precipitation – ET – Irrigation Runoff – Non-Irrigation Runoff (2) 
 
In this region there is no surface drainage to remove on-farm runoff.  Most surface-
irrigated fields have a tailwater return pond or do not use tailwater.  Both irrigation and 
non-irrigation runoff were zero in this analysis.  Precipitation from the Oregon State 
PRISM program was used as it provides spatially varied precipitation over the region.  
Applied surface water was provided by the districts through monthly database records for 
each turnout in the project area. The turnouts were tied to the parcels/fields where that 
water would be utilized. 
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On a monthly time step, this equation must include the soil moisture depletion (SMD) at 
the beginning of the month.  In order to determine SMD, the soil type and general crop 
type are needed to determine the soil’s available water holding capacity in the crop’s root 
zone.  The initial SMD is estimated based on prior months’ (November and December) 
precipitation amounts. The evaluation of monthly NTFGW requires several checks on 
Equation 2 based on the SMD to account for carryover of precipitation and applied water 
from month to month. 
 
Note that groundwater pumping is not an input into NTFGW. Instead, the net 
groundwater use or recharge is the remainder or closer to the equation. 
 

RESULTS AND DISCUSSION 

 
Results from the simple farm water balance are shown in Table 1 for the three analysis 
years. These annual results are based on calendar year totals shown as a depth (inches). 
The farm code is the anonymous code indicating different farmers/owners.  The crop 
types and irrigation methods are shown.  Irrigation (IRR) is identified as “S” for surface 
irrigation and “DM” for drip/microspray. ET is the actual evapotranspiration over the 12-
month period.  Total precipitation is used rather than effective precipitation, because the 
annual total ETc includes precipitation evaporation and plant transpiration. 
 
The simplified evaluation shows that several farms had higher ET than applied water plus 
precipitation. Fields 4 and 16 showed a negative closure in both 2014 and 2015.  Field 6 
had a negative closure in 2015 only.  Fields 9 and 14 indicated higher ET than applied 
water in 2016.  There are several likely causes for these. One is that the simple balance 
does not account for carryover soil moisture storage from year to year. The NTFGW 
evaluation accounts for this carryover and will be examined next. 
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Table 1.  Simplified annual water balance results with results in inches 

FARM 
CODE 

CROP* IRR 

2014   2015   2016 

ET 
(IN) 

P 
 (IN) 

TAW 
(IN) 

CLOSURE 
(IN) 

  
ET 

(IN) 
P 

(IN) 
TAW 
(IN) 

CLOSURE 
(IN) 

  
ET 

(IN) 
P 

 (IN) 
TAW 
(IN) 

CLOSURE 
(IN) 

1 DAIRY S      37.1 5.7 48.3 16.8  35.5 7.8 52.2 24.5 

2 PISTACHIOS DM      17.4 5.7 27.8 16.1  19.8 7.5 46.6 34.3 

3 DAIRY S 33.5 6.2 45.2 17.8  37.3 6.2 41.2 10.2  30.1 8.4 40.5 18.8 

4 ALMONDS DM 48.8 6.9 36.8 (5.0)  43.8 7.5 35.5 (0.7)  54.2 9.6 50.2 5.6 

5 DAIRY S 37.6 6.1 47.8 16.4  38.3 5.8 39.8 7.2  33.6 8.1 34.8 9.3 

6 PISTACHIOS DM 43.5 6.3 37.5 0.3  34.5 6.1 26.6 (1.7)  39.0 8.3 41.1 10.4 

7 WALNUTS DM 34.8 6.9 37.3 9.4  30.2 7.4 34.7 11.8      

8 ALMONDS DM      36.8 6.2 36.0 5.4  46.1 8.3 42.1 4.3 

9 ALMONDS DM 43.7 6.3 42.5 5.0  41.3 6.1 39.6 4.5  49.9 8.3 39.1 (2.4) 

10 WALNUTS DM 47.6 7.1 43.0 2.6  40.7 7.6 34.8 1.7  47.9 9.9 46.7 8.7 

11 GRAPES DM 41.0 5.8 37.4 2.2  34.7 5.7 34.6 5.6  44.9 7.8 38.9 1.8 

12 TOMATOES DM      23.1 6.2 19.6 2.7  26.5 8.4 25.4 7.4 

13 DAIRY S      35.4 7.4 51.4 23.4  33.2 9.6 67.8 44.2 

14 ALMONDS DM 31.1 5.9 32.1 6.9  34.4 5.9 36.7 8.2  44.1 8.0 35.0 (1.0) 

15 DAIRY S 27.3 6.5 53.1 32.4  28.7 6.6 44.6 22.6  24.8 8.9 47.7 31.9 

16 WHT/CORN DM 45.3 5.8 37.9 (1.6)  48.1 5.6 36.6 (5.9)  38.4 7.7 32.9 2.2 

17 PISTACHIOS DM      4.0 6.2 6.7 9.0  6.2 8.4 12.6 14.9 

18 ALMONDS DM      35.9 6.3 36.5 6.8  42.8 8.5 40.2 5.8 

19 PISTACHIOS DM      30.5 6.1 36.4 12.0  34.8 8.3 36.5 9.9 

WEIGHTED AVERAGE  35.3 6.26 44.55 15.51  33.3 6.22 39.24 12.17  32.9 8.36 43.68 19.12 

*Dairy includes multiple fields that could be alfalfa, corn, sorghum, and winter grain hay.  Some fields may be double cropped. 
Information on perennial crop age is shown in the Farm Information and Observations. 
Blank cells indicate the farms were not in the program that year. 

 
The results from the NTFGW evaluation are shown in Table 2. NTFGW can be either a 
positive (net recharge to groundwater) or negative (net groundwater use). The Applied 
from GW is shown as a positive, and should therefore be compared to the absolute value 
of the NTFGW. It is not expected that the two values used for comparison will be equal. 
Applied from Groundwater (GW) is a total gross pumping value while NTFGW is a net.  
The absolute value of NTFGW should be less than the Applied GW. 
 
The evaluation shows that two fields in 2014, and one of the fields in 2015, has NTFGW 
greater than the gross applied groundwater. Fields 4 and 16 also show higher ETc than 
applied water in Table 1 in 2014.  Field 4 in 2015 did not show greater NTFGW than 
applied water.  It can be concluded that carryover storage from previous years was the 
cause for higher ETc than applied water from the simplified water balance.  The monthly, 
continuous analysis used for NTFGW is a better evaluation tool to track actual 
groundwater consumption. 
 



150 Water Reuse and Non-Traditional Water Sources 

 

Table 2. Comparison of water applied from Groundwater and NTFGW analysis results. 
Values in red indicate applied water lower than NTFGW result. Negative values for 

NTFGW indicate water taken from groundwater. Units are in inches. 

FARM 
CODE 

  
ACRES 

20141 2015 2016 

APPLIED 
FROM GW 

NTFGW 
RESULT 

APPLIED 
FROM GW 

NTFGW 
RESULT 

APPLIED 
FROM GW 

NTFGW 
RESULT 

1 717.1   48.3 -30.6 51.0 -25.7 

2 484.1   27.8 -9.1 36.8 -2.8 

3 935.4 45.2 -27.9 41.2 -29.1 40.5 -20.5 

4 115.1 36.8 -42.2 35.5 -34.1 50.2 -39.6 

5 717.3 47.8 -28.3 39.8 -29.7 31.0 -21.7 

6 156.4 37.5 -36.8 26.6 -26.1 33.6 -21.7 

7 78.8 37.3 -29.7 34.7 -22.7   

8 77.9   36.0 -29.4 42.1 -37.0 

9 157.0 42.5 -38.1 39.6 -32.9 39.1 -32.7 

10 77.6 43.0 -42.4 34.8 -32.2 29.5 -22.9 

11 153.2 37.4 -36.4 34.6 -27.3 38.9 -34.7 

12 157.8   19.6 -15.9 25.4 -11.8 

13 469.9   51.4 -26.5 57.7 -12.5 

142 312.2 32.1 -30.0 36.7 -26.9 35.0 -35.0 

15 616.5 53.1 -22.5 44.6 -21.7 47.7 -15.3 

16 38.3 37.9 -41.5 36.6 -40.9 32.9 -29.9 

17 102.7   6.7 1.1 12.6 3.0 

18 118.0   36.5 -28.6 40.2 -35.8 

19 206.3   36.4 -23.1 36.5 -27.5 

WEIGHTED AVERAGE 44.5 -25.4 39.2 -23.4 40.9 -17.6 
1Blank cells indicate that the field was not in the program that year. 
2Participant 14 only had 1 of the 2 fields in the program in 2014 (139 acres).  Both fields were in the program in 

2015 and 2016. 

 
Evaluation of Fields with Higher ET than Applied Water 

 
ITRC went to each field that had higher ET than applied water identified in Table 1 in an 
attempt to determine what might cause this issue. Additionally, ITRC-METRIC was 
examined as part of this evaluation.  These investigations were conducted prior to the 
completion of the full NTFGW processing, which reconciled the majority of the issues.  
Issues were found with Farms 4 and 16 that will be discussed. 

Participant 4 
During visits to this field in 2017, it was observed that the flow meter (propeller meter) 
had significant instability in the flow rate reading.  While flow rate indicators (needle) 
traditionally vary (bounce between flows) this particular meter’s flow rate indicator 
varied by nearly 50% of the flow, bouncing regularly from 550 to 1000 GPM (2,000 to 
3,785 LPM) as shown in Figure 3.  In good installations, the normal variance is not an 
issue because the totalizer (volume readout) buffers the variance out. However, the large 
variance seen at the Participant 4 field is not typical and is likely an issue that will impact 
the volume totalizer as well. 
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Figure 3. Participant 4’s flow meter reading fluctuated continuously from low (left) to 

high (right) values as the photos were being taken 
 
An examination of the flow measurement location and overall pump, filter, and meter 
installation indicated that the likely problem is with air in the pipeline.  Participant 4 uses 
a gravity overflow screen upstream of the booster pump that supplies pressure to the 
microsprayers’ irrigation system.  The flow meter is located downstream of the booster 
pump (Figure 4), approximately 10 pipe diameters from any upstream obstructions. The 
likely problem is the lack of a continuous acting air vent (or any air vent) between the 
pump and the flow meter. Entrained air from the gravity overflow screen, traveling 
through the pipe likely cause the flow measurement indicator to vary wildly and leads to 
volumetric measurement errors. 
 
The solution to this problem is to add a dual purpose, large, continuous acting air vent to 
the top of the pump discharge pipe just after the 90 degree bend.  Another of these dual 
purpose air vents should be installed downstream of the flow meter as the pipe bends 90 
degrees down prior to going underground. 
 

   
Figure 4. Filter station at Participant 4 (left) and flow meter location (right) 

Participant 16 
Participant 16’s field is a subsurface drip system for row/field crops.  This site is typically 
double cropped with a winter small grain harvested for hay or silage and a summer corn 
harvested for silage. The discrepancy in this field is most likely caused by one or a 
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combination of two factors. One possibility is that an inaccurate meter shows less total 
volume than was actually applied to the field. The second potential issue is related to the 
ETc for the field. Since seasonal crops are grown in this field, the LandSAT imagery 
used in ITRC-METRIC modeling captured an image on a date close to the harvest of the 
crop. As a result, when interpolating between image dates, the ITRC-METRIC model 
would assume that a crop was in the field longer than it was, and ET would be high.  
 
An analysis of LandSAT images in fall of 2015 showed that the large discrepancy 
between ET and applied water for this year is likely caused by an error in ITRC-METRIC 
interpolation between these images. LandSAT images used in the modeling were 
captured on 8/14/2015 and 9/23/2015. Between these image dates, a LandSAT 7 image 
taken on 8/22/2015 (not used in the METRIC analysis) was examined and this field 
appears to have been harvested. Considering that the field was harvested between August 
14 and August 22, and that the next image date used in the ITRC-METRIC model was 
captured September 23, the model would have over-estimated the amount of time that a 
crop was in the field. This would lead to an overestimation of the ET for the months of 
August and September. In the future, ITRC will utilize images as frequently as possible, 
especially during the planting and harvest periods, to minimize this issue.  
 
Other items of note include: 
• The flow meter is not located at an ideal location in the pipeline. The propeller meter 

in Figure 5 is only about three or four diameters downstream of the screen filter, 
which is considered a significant obstruction.  The district installed an insert magnetic 
meter for this project, just upstream of the filter and directly downstream of a check 
valve and bend. This is a very poor location for a flow meter. It is important to have a 
proper velocity profile and minimal turbulence with propeller meters. This cannot be 
guaranteed in this installation at either meter. 

• While the farmer states that the surface irrigation system fed by the standpipe shown 
in Figure 6 is not used, groundwater applications could be missed because there is no 
flow meter between the standpipe and the well.   

• There is a continuous acting air vent on the section of pipe feeding the standpipe, 
which should eliminate any entrained air during operation. It may be appropriate to 
install a dual purpose, large, continuous acting air vent upstream of the check valve 
shown.   
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Propeller 
meter 

Insert magnetic 
meter 

 
Figure 5. Filter and pump station at Participant 16 

 

 

Insert magnetic 
meter 

To gravity system with 
no meter (not used) 

 
Figure 6. Pipe leading from pump into standpipe at Participant 16 

 
CONCLUSION 

 
The pilot project conducted by LTRPID showed several key details regarding 
groundwater management.  As work began initially, there were significant issues related 
to where water was being delivered and metered that needed resolution. Significant time 
was spent with staff determining water accounting. In general, if a groundwater metering 
program (using individual well meters) were to be in place, the GSA/District staff will 
need to spend significant amounts of time understanding individual farm 
groundwater/surface water place-of-use. The cost and effort would be tremendous. 
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Several fields showed higher crop water use (ETc) than applied water in some years.  
Most of these have been explained or likely issues have been found.  Most of the 
discrepancies found are minor compared to the overall consumption.   
 
A key point found in this analysis is that overall the groundwater pumped is greater than 
the net groundwater use.  This varies by field but was the general trend.  This is to be 
expected since applied water must account for inefficiencies in the irrigation system.  The 
NTFGW analysis is more accurate than a simple water balance because it accounts for 
monthly and annual soil moisture carryover.  
 
Implementation of Net To/From Groundwater (NTFGW) 

 
ITRC has developed a process to examine net groundwater use without the need to 
monitor groundwater pumping. This process has been described in this report and 
elsewhere and can be conducted at various scales from the farm/field, GSA, and basin 
depending on client needs and input data resolution.  NTFGW incorporates surface water 
diversions, turnout deliveries (for farm/field scale), surface outflows, and precipitation 
with the monthly ETc to determine net groundwater use. Basically, if precipitation and 
surface water deliveries exceed ETc, the excess water would be stored in the root zone or 
moves to the groundwater (net to groundwater). If ETc exceed surface supplies, there is a 
net extraction from the groundwater to make up the difference. Results are provided 
spatially at the 30 meter pixel resolution. NTFGW is being used for two purposes: 
1. Using historical data, to assist in calibration/verification of groundwater models. 

Equally important, the results provide a directly computation of the future ETc with 
net zero extraction.  

2. For future management and regulation of groundwater use within the GSA.  Monthly 
results will be provided to each GSA participant in near real-time (approximately 15 
days after surface delivery information is provided to ITRC). Some GSAs are 
planning on providing this to farmers via a web mapping portal. 

 
Benefits of NTFGW: 
• No groundwater metering program with meters at each well is needed.  DWR has 

approved the method as a best available science alternative. 
• No estimates on irrigation efficiency are needed. Irrigation efficiency estimates have 

a high level of uncertainty, vary from field to field, and will change over time. 
NTFGW simplifies the evaluation of sustainable yield because inherently sustainable 
yield is a net value of how much groundwater can be consumed in a GSA. There is no 
need to estimate leaching requirements or other non-consumptive uses of 
groundwater. Comparing net values eliminates many uncertainties. 

• It provides the ability to track net canal seepage and net recharge basin recharge by 
basin. 

• It provides the ability to continuously track banked or over-drafted groundwater on a 
farm, district, and GSA level. 

• It is cost-effective: the anticipated cost will be $30,000-$50,000 per year per 
district/GSA. Actual cost will depend on the district/GSA size and the level of 
evaluation.  
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ABSTRACT 

 
We conducted a study on an irrigated agricultural area of coastal southern Italy to 
appraise impending risks of aquifer degradation. These risks result from intensive 
groundwater pumping from a multitude of individual farm wells for irrigation, and 
reduced aquifer recharge due limited rainfall and to broad use of micro-irrigation 
systems. We collected information from individual farmers and operators of collective 
irrigation supply and delivery systems through a survey conducted in 2012 and 2013. The 
study area is intensively farmed by small land-holding growers with high-value micro-
irrigated horticultural crops. The survey’s outcomes indicated that, despite the availability 
of surface water delivery, farmers rely mainly on groundwater pumping throughout the 
service area to achieve higher flexibility with on-farm irrigation management, as opposed 
to the rigid rotational delivery of surface water by the local water user’s organization. We 
assessed the soil and aquifer degradation hazards with a simplified environmental risk 
assessment procedure, identifying the risk-generating processes, evaluating the 
magnitude of impacts, and estimating the overall risks significance. Our team conducted 
field interviews to gather information and perceptions from various stakeholders on 
current agricultural water management practices. Alongside, some parallel investigations 
documented significant aquifer salinity increase during the recent years. Finally, we 
appraised some preliminary risk mitigation options, by exploring growers’ responses to 
possible future changes of irrigation deliveries by the water user’s organization. In the 
present study, we integrated multi-annual observations with data analysis and modelling 
efforts to analyze complex water management scenarios and inform decisions. 
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INTRODUCTION 

 
Large irrigation schemes face increasing challenges to implement resource-efficient and 
sustainable agricultural water management. In the prospect of climatic variability and 
change, the increased frequency and severity of droughts would decrease the reliability of 
irrigation water supply (Hsiao et al., 2012), and make farmers more vulnerable to 
vagaries and uncertainties in the near future.  
 
Besides water shortage and uncertainty, inadequate delivery performance may lead to 
poor agricultural water management at project and on-farm scales, adding environmental 
burdens to the current strain on fresh water resources (Clemmens, 2006; Hargreaves et 
al., 2007). The type of operation of irrigation supply and delivery systems can affect the 
economic and ecologic performance of irrigated agriculture. Systems that deliver water 
continuously or by a fixed schedule are less efficient and may constrain management 
options available for irrigators, as compared to on-demand water delivery operations (see 
Stockle, 2002). In turn, unreliable, rigid or untimely irrigation deliveries by water 
management agencies often encourage growers to rely on groundwater pumping as main 
source of irrigation water, provided that underlying aquifers are available and accessible 
(Clemmens and Molden, 2007; Giordano et al., 2013). Conversely, when growers can 
control irrigation water deliveries from distribution infrastructures, soil and aquifer 
degradation related to excess, inadequate, untimely and improper irrigations, as well as 
salinity problems, may instead be largely reduced or prevented (see Merriam and 
Freeman, 2002).  
 
Resource-efficient management of large-scale irrigated areas entails the ability to 
appraise impending risks of environmental degradation, identify major risk-generating 
processes, and undertake effective mitigation actions at the project scale to pursue long-
term economic and environmental sustainability (FAO, 1995; Walshe et al., 2006).  
This article describes a study conducted on a large-scale irrigated area of coastal southern 
Italy to assess the risk of soil and aquifer salinization, analyze drivers to stakeholders’ 
decisions about alternative water resources access and use, and appraise alternative risk 
mitigation options to inform water management decisions. 
 

MATERIALS AND METHODS 

 
Figure 1 outlines the methodological steps and tools we applied in the present study. We 
combined field investigations and modelling efforts to: a) determine the environmental 
risks of aquifer degradation; b) evaluate the irrigation delivery service by the water user’s 
organization (WUO); c) assess the growers’ attitude to groundwater exploitation as 
opposed to deliveries from the WUO-operated distribution system; and d) appraise viable 
options for risk mitigation.  
 
The last two methodological steps are based on role played by stakeholders' behaviour in 
influencing implementation and effectiveness of mitigation measures. In this regard, we 
used a fuzzy cognitive map (FCM) methodology to reproduce the farmers' decision-
making processes to manage water resources under limited supply. More detailed 
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descriptions of the FCM concepts and methodology can be found in literatures (Axelrod, 
1976; Marchant, 1999; Eden 2004; Montibeller et al., 2001). 

 
Figure 1. Flow diagram of methodological steps applied to the present study. 

STUDY AREA AND MAIN ENVIRONMENTAL CONCERNS 

 
The study area is the “Sinistra Bradano” irrigation scheme, an irrigated agricultural area 
of about 100 km2 laying on an alluvial plain along the Ionian coastline of southern Italy, 
on the south-western side of the Apulia region (Fig. 2).  
 

 
Figure 2. Location and hydraulic layout of the study area 
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The irrigation scheme commands an overall area of 9,650 ha, and was originally designed 
to provide irrigation delivery service to a total irrigable area of 8,635 ha through a 
gravity-fed distribution network, which is currently operated by the WUO “Consorzio di 
bonifica Stornara e Tara” with a 10-day fix rotation delivery schedule. The water supply 
chain starts from the San Giuliano reservoir and proceeds with a canal conveying water to 
ten off-takes. Each off-take is the inlet of a branched pipe delivery network distributing 
water from the conveyance canal to individual farm gates within ten different irrigation 
divisions. Additional information on the irrigation infrastructure, operational procedures, 
crop-irrigation management practices followed by farmers and likely impacts to 
groundwater quality are available in Zaccaria et al. (2010), Zaccaria and Passarella 
(2012), Zaccaria and Neale (2014). 
 
Main crops in the study area are table grapes (43% of the irrigable area), citrus (25% of 
the irrigable area) and spring-summer vegetables (25% of the irrigable area), which are 
almost entirely micro-irrigated. Sprinkler and surface irrigation methods are no longer in 
use in the study area due to limited water supply, and to high labour and energy costs. 
 
Interviewed WUO’s personnel and farmers reported a progressive decrease of the total 
area requesting irrigation delivery service from the collective distribution system over the 
last decade, contrasted by sharp increase of the area irrigated with groundwater from farm 
wells. Most interviewed farmers and some WUO’s operators indicated that such trends 
are due to inadequate water delivery service by the WUO. In detail, farmers rely on 
groundwater pumping to offset constraints imposed by the fixed rotation deliveries from 
the WUO. Inadequate timing and frequency of delivery, along with insufficient pressure 
head, were indicated as main farmers’ dissatisfactions with the irrigation delivery 
serviced by the WUO.  
 
Some earlier investigations reported the existence of abundant groundwater resources for 
the study area in a shallow unconfined upper aquifer and in a deeper confined aquifer 
(Cotecchia and Magri, 1967; Cotecchia et al., 1971; Piccirillo 2000). Additionally, 
seawater intrusion progressively increasing throughout the Ionian coastal aquifer happens 
due to heavy pumping from the shallow aquifer (Polemio and Ricchetti, 1991; Polemio 
and Mitolo, 1999; Polemio et al., 2002). A groundwater-monitoring program conducted 
by regional water agencies between 2006 and 2011 confirmed the qualitative degradation 
of groundwater in the coastal plain caused by seawater intrusion in the shallow aquifer 
(Barca, and Passarella, 2008; Barca et al., 2008). 
 
According to what indicated by farmers and WUO personnel, groundwater pumping 
usually peaks in July and August and increases the risk of aquifer contamination owing to 
seawater intrusion. In turn, soil degradation occurs due salt build-up in the cropped lands 
as a result of irrigation with saline groundwater, insufficient rainfall and inadequate salt-
leaching practices.  
 
According to the Food and Agriculture Organization of the United Nation, soil 
salinization is among the major causes of irrigated land being lost to production and is 
one of the most prolific adverse environmental impacts associated with irrigation (FAO, 
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1995). As such, it represents a major concern in the study area, and calls for coordinated 
efforts to carefully assess, manage and mitigate impending risks, given that reversing the 
movement of a salt water wedge is usually both difficult and very expensive (FAO, 
1995). These environmental hazards and risk generating processes are common in many 
large-scale irrigated systems in coastal areas, where frequent over-drafting groundwater 
resources allow seawater intrusion and resource degradation.  
 

RESULTS AND DISCUSSION  

 
Assessment of environmental risk 

 
Environmental/Ecologic risk assessment (ERA) is the process of estimating likelihoods 
and consequences of the effects of human actions or natural events on plants, animals and 
ecosystems of ecological value (SA/SNZ, 2000), so that they may be better avoided, 
reduced, or otherwise managed (Kibria, 2012; Wilson and Crouch, 1987). The process of 
risk assessment allows informed decision-making when uncertainty concerning future 
events or actions prevails (Hart et al., 2005). 
 
We used a simplified framework for environmental risk assessment and management 
(ERA&M), based on environmental risk management guidelines issued by the 
Department of Environment Food and Rural Affairs (DEFRA, 2002) of the United 
Kingdom.  
 
Figure 3 illustrates the five main iterative steps of the ERA&M framework, including: i) 
problem formulation; ii) generic (qualitative) and detailed (quantitative) risk assessment 
process; iii) development of risk management & monitoring strategy; iv) reporting and 
communicating results from the risk assessment and management strategy; v) 
implementing risk management strategy and monitoring.  
 
In our study area, we found high environmental risks of aquifer and soil degradation, 
mostly related to stakeholders’ water management decisions and farmers’ propensity to 
use groundwater rather than surface water serviced by the WUO. The intensive aquifer 
exploitation by farmers is identified as primary environmental hazard affecting the study 
area in the baseline scenario (business-as-usual). Secondary hazards are the decline in 
aquifer quantity and quality and soil salinization, which may occur as consequences.  
 
Table 1 shows sources (S), pathways (P), receptors (R) and impacts (I) identified for the 
primary hazard, from which it can be inferred that intensive groundwater pumping by 
growers during peak irrigation periods (July and August) and inadequate water deliveries 
by WUO-operated irrigation distribution system are the primary causes of uncontrolled 
aquifer exploitation.  
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Figure 3. Main methodological steps of the Environmental Risk Assessment and 
Management framework 
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Table 1. Hazard, sources, pathways, receptors and impacts for the study area 

Hazard Source Pathway Receptor Impact 

H1 

Aquifer 
uncontrolled 
exploitation 

S1 - Intensive pumping by 
farmers during peak demand 

periods 
P1-Aquifer R1-Aquifer 

I 1.1 -  Aquifer depletion 

I 1.2 - Salinization by 
seawater intrusion 

S2 - Inadequate water delivery 
through the irrigation 
distribution system 

P2-Aquifer R2– Soils I 2.1 - Salt build-up in 
cropped soils 

The main drivers underlying the current situation are the market-oriented agricultural 
production and the water delivery service that does not meet on-farm water demand and 
needs in terms of timing, frequency and pressure head necessary to adequately operate 
micro-irrigation systems. However, some additional considerations must be made to 
explain groundwater pumping in the study area. First, groundwater has been the main 
source of irrigation water for decades before the “Sinistra Bradano” scheme was 
constructed and put into operation. In addition, farmers are well accustomed to using 
groundwater given that: a) they often prefer having full control of on-farm irrigation 
decisions; b) they perceive groundwater pumping as cheaper than surface water; c) they 
often use groundwater as a drought-mitigation supply.  

 
In our analyses, we identified some pathways (P) and impacts (I). The primary pathway 
(P1) goes through groundwater pumping, which may exceed the natural recharge of the 
aquifer, causing groundwater overdraft (I1.1) and giving way to seawater intrusion and to 
saline contamination of aquifers (I1.2). The secondary pathway (P2) refers to the 
inadequate irrigation delivery service by the collective WUO’s water distribution 
network, which encourages many farmers to pump groundwater, and also results in the 
use of saline water on cropped fields causing salts build-up (I2.1). The inadequate water 
delivery service provided by the WUO includes delayed start of irrigation delivery 
relative to timing of crop irrigation demand, rigid rotation schedule, 10-day irrigation 
intervals, large discharges and insufficient pressure head at farm delivery hydrants. These 
factors encourage farmers to rely mainly on groundwater pumping throughout the study 
area, leading to aquifer drawdown and water quality degradation. When groundwater 
degraded from seawater intrusion is used for irrigation, salt loads are progressively 
deposited onto fields with irrigation water. If salt leaching is not conducted by farmers on 
a periodic basis, and seasonal rainfalls are insufficient, salt build-up will eventually occur 
and have adverse impact on soil productivity. 
 
We estimated the overall magnitude of impacts based on three criteria, namely the spatial 
distribution of impacts, their duration over time, and the time necessary to realize 
impacts. Following consultation with environmental experts, we assigned partial scores to 
impacts for each criterion on a scale ranging from 1 to 4, leading to the ratings reported in 
Table 2.  
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Table 2. Criteria and ratings for estimating the magnitude of impacts in the study area 
 

1) Spatial distribution on impacts 

Score Range Description 

0 0% Nowhere 

1 <5% Localized 

2 5-15% Scattered 

3 15-50% Widespread 

4 >50% Throughout 
 

2) Duration over time 

Score Range Description 

0 0 years None 

1 <5 years Short term 

2 5-20 years Medium term 

3 20-30 years Long term 

4 >30 years Forever 
 

3) Time to onset the impacts 

Score Range Description 

0 >20 years Not likely occurring 

1 10-20 years Long term 

2 5-10 years Medium term 

3 1-5 years Short term 

4 <1 year Immediate 
 

 
The overall magnitude of impacts was computed through a weighted average of the 
partial scores assigned to the three criteria, with equal weight of each criterion relative to 
the overall score following Gwartney et al. (1996). The magnitude of impacts was then 
classified on a scale from 0 to 4, ranging from “negligible” (score 0-1) to “mild” (score 1-
2), to “moderate” (score 2-3) to “severe (score 3-4), as shown in Table 3. 
  

Table 3. Criteria and scores to estimate magnitude of impacts 
 

Hazard Receptor Impact 
Criterion Overall magnitude 

1 2 3 Average score Classification 

H1 
R1 

I 1.1 4 2 3 3.0 Moderate 

I 1.2 4 2 3 3.0 Moderate 

R2 I 2.1 4 2 4 3.3 Severe 

 
 

The overall probability of hazards was also estimated on the basis of three criteria, 
namely the likelihood of hazard occurring, the probability that receptors could be 
exposed to hazards, and the probability that harms could result to the receptors. 
Similarly,as in the previous case, probabilities were assessed on the basis of expert 
opinions and then classified on a scale from 0 to 3, i.e. “not occurring” (score = 0), “low” 
(score = 1), “moderate” (score = 2), and “high” (score = 3), as presented in Table 4.  
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Table 4. Criteria and ratings to estimate the risk probability 
 

1) Probability of hazard occurring 

0 0-10% Not occurring 

1 10-30% Low 

2 30-50% Moderate 

3 >50% High 
 

2) Probability of receptor being exposed 

0 0-10% Not occurring 

1 10-30% Low 

2 30-50% Moderate 

3 >50% High 
 

3) Probability of harm to the receptor 

0 0-10% Not occurring 

1 10-30% Low 

2 30-50% Moderate 

3 >50% High 
 

 

Finally, we assessed the overall probabilities of hazards by multiplying the partial scores 
assigned to each criterion (equal weights were considered for each partial score), and then 
classifying the resulting scores as indicated in Table 5.  

 
We estimated the risk significance combining the magnitude of impacts and risk 
probability, which yielded results summarized in Table 6.  
 
High risk significance results for the study area from the high magnitude of impacts and 
high probability of occurrence of aquifer depletion and salinization, as well as from 
salinity build-up in cropped soils. 

 
Table 5. Rating to classify the estimated risk probability 

 
 

Hazard 
Receptor Impact 

Criterion Overall probability 

1 2 3 Average score Classification 

H1 
R1 

I 1.1 3 3 3 3.0 High 
I 1.2 3 3 3 3.0 High 

R2 I 2.1 3 3 3 3.0 High 
Negligible (score = 0), Low (score = 0-1), medium (score = 1-2), high (score = 2-3). 
 

Table 6. Estimated risk significance 
 

Hazard Receptor Impact Magnitude of impacts Risk probability Risk significance 

H1 
R1 

I 1.1 3.0 3.0 High 
I 1.2 3.0 3.0 High 

R2 I 2.1 3.3 3.0 High 
 

As final step, we created a simple matrix (Figure 4) with two-ways entry to provide an 
analytical and consistent basis to make decision while assessing the environmental risks. 
This matrix clearly shows the three above-mentioned impacts generated by the 
uncontrolled groundwater pumping, which fall in the area of high magnitude and high 
probability of occurrence of the graph (high risk significance).  
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Figure 4. Matrix to estimate the risk significance in the “Sinistra Bradano” area  
 

We finally validated the results from the risk assessment methodology by implementing 
two models to reproduce farmers’ decisions regarding irrigation sources and 
management. The first model simulates the root-zone daily soil water balances for the 
cropped fields, and was used to evaluate the adequacy of irrigation delivery service 
provided by the WUO-operated distribution system. The second model reproduces the 
farmers’ propensity to utilize different sources of water, and the reactions to different 
external drivers. 
 
Assessment of irrigation delivery performance 

 
We reproduced through simulations the irrigation deliveries by the WUO’s distribution 
system, under the current operational mode, and compared them to irrigation practices 
farmers would follow under unrestricted water availability to maximize farming profit for 
the different crops grown. We used an Excel application to simulate daily root-zone soil 
water balances (SWB) following the methodology proposed by Allen et al. (1998) for the 
different crop-soil-climate combinations found in the study area. We then compared the 
simulated water applications, crop evapotranspiration, and resulting water excess and 
deficits when farmers irrigate according to the rotational delivery schedule (RDS) 
currently enforced by the WUO, with those resulting if they follow an alternative and 
flexible delivery schedule (FDS).  
 
As far as the RDS is concerned, we based our simulations upon fixed irrigation dates and 
time durations to reproduce the 10-day irrigation intervals, flow rate of 20 l s-1 ha-1 and 5-
h duration of delivery for each serviced farmer. In contrast, simulations under FDS 
reproduced the irrigation scheduling plans that farmers commonly follow when relying 
on groundwater pumping, which they perceive as flexible and unconstrained water 
supply.  
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Figure 5 presents results from simulated soil-water balance for vegetables, table-grapes, 
and citrus, under the RDS and FDS scenarios, showing that over-irrigation may occur 
under RDS at different times for all the three crops, whereas only vegetables and table-
grapes may incur water deficits along the second half of the irrigation season.  
 

  

  

  
 
Figure 5. Simulated soil water balance for I) vegetables; II) table-grapes; and III) citrus, 

under the RDS (sections a) and FDS (sections b). 
 

The figure also shows that if farmers irrigate following the FDS, they can be more 
efficient and avoid both water deficits and excessive watering. From the figure it can also 
be inferred that poor adequacy of irrigation deliveries occurs under the current RDS 
operational mode, which severely bounds irrigation scheduling by farmers. Such 
constraints of RDS, along with the associated risks of water deficits are main drivers to 
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farmers’ preference and decision to use groundwater rather than surface water supplied 
by the WUO’s distribution network.  
 
Simulations evidenced aspects that confirm what growers and WUO’s personnel reported 
during interviews, as well as the outcomes from the environmental risk assessment.  
 
Reproducing farmers’ decision-making on alternative irrigation supplies 

 
We developed a model to simulate farmers’ decisions about alternative irrigation sources, 
which we used for validating results from the risk assessment procedure and for 
appraising some viable risk management options. In details, we involved local 
stakeholders in a cognitive modelling exercise to develop the FCM, which is a graphical 
representation of their mental models and drivers to decisions (Axelrod, 1976). FCM is a 
conceptual model that includes fuzzy logic to define the strength of relationships between 
concepts as close as possible to the cognitive representation made by stakeholders, i.e. a 
“mirror” of the cause and effect relationships in the mind of decision makers (Montibeller 
et al., 2001). The analysis of FCMs allows identifying the causal concepts, or variables, 
and the causal connections, or links (Nadkarni and Shenoy, 2004). 
 
For doing so, in 2012 and 2013 we surveyed a representative sample of farmers and 
WUO’s distribution system personnel from the “Sinistra Bradano” service area with 
semi-structured interviews. Farmers were selected based on farm size, accessibility to the 
WUO-operated irrigation delivery system, access to groundwater, and crops grown. 
During interviews, we asked them to describe the main elements influencing their 
decisions about management of the available water supply under drought conditions.  
 
We analysed and coded the responses into a causal diagram showing connections among 
the variables, and accounting for the strength and polarity of those causal links (-1 and + 
1), and indicating the weight of each link with the linguistic statements “high”, “medium” 
and “low” (Giordano et al., 2007). Finally, we developed a fuzzy linguistic function to 
utilize these linguistic variables in mathematically sound manner (Zimmermann, 1987) 
and to simulate farmers’ behaviour and decision-making about alternative irrigation 
sources and about the decision to keep farming or fallow their agricultural lands. 
Additional details on the specific applications of the methodological steps used are 
available in Zaccaria et al. (2014). Figure 6 shows the FCM that graphically represents 
the models and drivers of irrigation decisions derived from the interviews, with three 
levels of thickness of the causal arcs on the map representing the strength of the 
connections (“high”, “medium” and “low”), while the “+” and “-“ signs represent 
positive and negative nature of the links.  
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Figure 6. Fuzzy Cognitive Map representing the farmers’ mental model for selecting 
alternative irrigation supplies  

 
Figure 6 shows that growers can alternatively decide to rely on water delivered by the 
WUO-operated distribution system or use groundwater from farm wells to irrigate their 
fields during the growing seasons. Another relevant decision concerns either continuing 
in the farming business or fallowing lands. The FCM shows that both groundwater 
withdrawals and climatic conditions have a direct impact on groundwater depth: if 
groundwater abstractions increase and drought occurs, the aquifer level is lowered and 
the salinity increased. The map also shows the main farmers’ objective of maximizing the 
income from farming activities, which depends on crops yield. If sufficient irrigation 
water is timely available and the overall irrigation costs are viable, growers will achieve 
profitable income and continue farming. Market conditions represent another important 
driver influencing the economic profitability of farming activities: favourable market 
encourages growers to maintain or increase the cropped acreage and production, whereas 
unfavourable conditions will encourage fallowing.  
 
For the “Sinistra Bradano” area, external drivers of the system are a) weather conditions 
(temperature and rainfall); b) WUO’s regulations related to water pricing, timing of 
irrigation season start, and the rotational intervals between irrigations; c) market 
conditions (market price of the agricultural products).  
 
Three different scenarios were simulated using an Excel application. First, the worst case 
scenario consisting of “strongly unfavourable” climatic conditions, “high” water pricing, 
“significantly delayed” irrigation season start, and “strongly unfavourable” market 
conditions. These conditions are shown in Figure 7, which describes the existing farming 
situation, as reported by several farmers and irrigation system operators during 
interviews. The analysis of this diagram allows drawing some important conclusions 
concerning the farmers’ behaviour under drought conditions: the negative market and the 
high water pricing may lead farmers to fallow lands, adversely impacting farm income. In 
some instances, the tendency to quit farming has the effect of reducing groundwater 
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abstractions. Therefore, under this scenario the impact on the groundwater use decreases, 
but a strong social conflict could arise.  
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Figure 7. Graphical representation of the worst-case scenario in the study area 
 
Figure 8 shows that under strongly favourable market conditions, growers will continue 
farming, but the WUO’s regulations about water pricing and timing of irrigation season 
encourage farmers to use groundwater as primary irrigation source in order to achieve 
profitability. This leads to increased pressure on groundwater resources.  
 
Figure 9 shows how better informed decisions and improved water delivery service by 
WUO (relatively low water pricing, shorter rotation delivery intervals, and timely 
irrigation season start), could positively impact farmers’ decisions. Improving WUO 
regulations to meet on-farm needs would lead growers to use water from the distribution 
systems as primary irrigation source, which in turn would also reduce land fallowing, 
decrease groundwater abstractions, and stabilize or even increase farmers’ income.  
 
In this regard, the FCM analyses allowed validating the results from the risk assessment, 
through better understanding of the impacts of farmers’ decisions to groundwater 
abstraction and quality, as well as the role played by the WUO’s water management 
policies on farmers’ behaviour. 
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Figure 8. Graphical representation of the system under favourable market conditions  
 

Overall, the existing situation characterized by high water price, delayed start of the 
irrigation season, and unsatisfactory rotational schedule of water distribution has resulted 
in an unsustainable use of groundwater. In addition, these conditions are encouraging 
farmers to fallow lands, which could lead to increasing social conflicts.  
 
The FCM analyses also indicate some possible risk mitigation measures. The existing 
risk of groundwater depletion cannot be effectively managed without significantly 
changing the WUO’s regulations and water management strategy, as the current water 
pricing and fixed rotational schedule is not acceptable to the majority of farmers. 
However, future investigations and data analysis are necessary to better define and 
appraise a set of detailed and cost-effective risk mitigation options with broader 
involvement of local stakeholders. 
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Figure 9. Graphical representation of the system under favourable market conditions, 
unfavourable climatic conditions and enhanced WUO’s policies 

 
CONCLUSIONS 

 
For the present study, we coupled information collected from farmers and WUO’s 
personnel with groundwater observations and simulation models to analyse the growers’ 
reliance on pumping groundwater and the long-term environmental impacts. Our analyses 
showed that the inclination of farmers to depend on groundwater is more influenced by 
the unreliable availability of irrigation delivery service than by groundwater salinity and 
cost of groundwater pumping. 
 
Reducing the risk of soil and aquifer degradation entails enhancing irrigation delivery 
service to farmers. However, further field investigations and data analysis are necessary 
to better define and prioritize cost-effectiveness and social acceptability of risk 
management measures.  
 
Overall, the present work showed that accurate assessment of environmental risks and 
effective communication between stakeholders are essential to developing informed and 
responsible water management decisions at project scale. 
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THE HISTORY OF WASTEWATER REUSE FOR AGRICULTURE IN THE U.S. 

 

William F. Ritter1 
 

ABSTRACT 

 

Land application of wastewater in the U.S. began in the 19th century. By the late 19th 
century it was considered the safest and best method for wastewater disposal. The first 
comprehensive reviews of wastewater treatment were published in the 1890s. The food 
processing industry started using land treatment systems in the 1940s and 1950s. A 1976 
report estimated there were about 3400 land treatment systems in the U.S. and from 10 to 
20 percent of all wastewater treatment plants used land application. With the passing of 
PL92-500 in 1972 there was a renewed interest in land treatment. EPA in 1977 issued a 
new policy that land treatment had to be considered for all projects funded by EPA. EPA 
published the first land treatment systems design manual in 1977 and numerous other 
publications on land treatment in the 1970s. They published the first land treatment 
guidelines in 1980.Muskegon Michigan land application system constructed in 1974 is 
the largest municipal land application system using cropland operating in the U.S. today. 
Dalton Utilities in Georgia operates the largest forest land application system in the U.S. 
 

SEWAGE FARMS IN THE 1800s 

 

Land application of wastewater in the U.S. began in the 19th century. By the late 19th 
century it was considered the safest and best method for wastewater disposal. George 
Rafter of the U.S. Geological Survey did the first comprehensive reviews of wastewater 
treatment in the U.S. from 1894 to 1899 (Rafter and Bayer, 1894; Rafter, 1897 and 
Rafter, 1899). Sewage utilization was important in the West because every drop of water 
was needed for crop production, especially during the summer months. Sewage irrigation 
was more easily accomplished in the West than the Eastern U.S. because of the need for 
irrigation to grow crops. 
 
In his 1899 report, Rafter (1899) briefly described all of the sewage treatment plants in 
operation or would begin operation in the next few years in the U.S. and Canada. The 
total number of plants was 143 for the U.S and Canada. About 120 of these plants were 
constructed in the last 10 to 12 years. The plants included irrigation, intermittent filtration 
or chemical precipitation and filtration plants. Most of the plants were land treatment 
systems. 
 
The first crop irrigation system in the U.S. was constructed in 1872 in Augusta, Maine, 
with a flow of 7000 gpd at the State Insane Asylum. It was used to irrigate hay and a 
vegetable garden. By the late 1880s, eight western cities and several eastern cities used 
land treatment.  The first large scale land treatment system was built in 1881 in Pullman, 
Illinois. The population was about 11,000 and the average daily flow was 1.85 mgd. The 
system utilized spray irrigation and used less than 140 acres (Jewel and Seabrook,1979). 
Around the turn of the century the system failed. 
                                                 
1 Ritter Engineering, 63 Paper Mill Road, Elkton, MD. Tel. 410-398-6899. E-mail writter@udel.edu 
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In Los Angeles sewage irrigation was originally carried out by a private company. Los 
Angeles first entered into a contract with the South Side Irrigation Company in 1883 and 
a second contract in 1895 for sewage flowing through the San Pedro street sewer for a 
total flow of 5.97 cfs. The South Side Irrigation Company applied sewage to about 2200 
acres of land devoted to vegetables for the Los Angles market. The estimated population 
in 1894 was 70,000. In the early 1890s Los Angeles constructed a new ocean outfall to 
the Pacific Ocean. Along the line, numerous valves were placed for sewage irrigation. In 
1895 and 1896 approximately 1550 acres were irrigated along the outfall sewer (Rafter, 
1899). 
 
Rafter (1897) pointed out in his review: 
 

1. In order to utilize sewage to the greatest advantage towns should construct 
intermittent sand filtration areas to treat the sewage when it is not used for 
agriculture. Farmers should only be required to take the sewage to meet crop 
water requirements. 

2. Sewage may be purified by irrigation during all seasons of the year at any place 
where the mean air temperature the coldest month is not lower than 20 to 25 deg 
F.  

3. Almost any of the ordinary crops can be successfully cultivated on a sewage farm. 
4. The most efficient purification can be obtained by land application. 
5. On properly managed sewage farms the sewage is not prejudicial to health. 

LAND APPLICATION FROM 1900 TO 1972 

 

The period from 1900 to 1920 was an ambivalent period for land treatment systems 
(Jewell and Seabrook, 1979). The was a shift to sewage disposal and it was thought other 
technologies were more desirable even though were not as efficient as purifying 
wastewater as land application. New wastewater treatment processes were taking the 
place of land application. The activated sludge process was developed in 1914. New 
wastewater treatment plants were being constructed using trickling filters and activated 
sludge. The new philosophy in wastewater management was towards partially treating 
wastewater and discharging it to water bodies instead of applying it to land.  
 
Hutchins (1939) reviewed sewage irrigation practices in the western states to see if it 
should be promoted. He reported 125 communities were using land application. From 
1934 to 1937 11 communities discontinued the use of sewage application to land due to 
poor soil characteristics, insufficient water volume to meet demand or insufficient land 
available. The most common treatment method of the 125 land treatment systems was the 
Imhoff tank, used alone or in conjunction with a filter. Pound and Crites (1973a) did a 
follow up study to the Hutchens survey. In 1973, 84 percent of the systems were still in 
operation. Most of the ones that ceased operation did so because of population growth 
and expansions around the land application sites.     
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There was pioneering work done in the 1960s at Pennsylvania State University starting in 
1962 which was designated as the “Living Filter”. Over the years it has become a model 
for the design and management of numerous land application systems. 
 
Land treatment facilities continued to be built between 1920 and 1940 but at a slow rate. 
The food processing industry stated using land treatment systems in the 1940s and 1950s. 
In 1964 it was estimated there were about 2200 land treatment systems in the U.S.  
California had the largest number of systems with 623 followed by Pennsylvania with 
258 and Wisconsin with 178. The different categories are summarized in Tables 1 and 2 
(Jewell and Seabrook, 1979). 
 
There were several other estimates of land treatment systems published in the 1970s. 
Thomas (1973) summarized the number of systems from 1940 to 1972. Starting in 1940 a 
periodic inventory of municipal wastewater facilities included facilities applying 
wastewater to land. In 1940 there were 304 municipal land application systems serving 
0.9 million population. By 1962 the number had increased to 408 and by 1972 to 571 
systems that served a population of 6.6 million. Thomas (1973) pointed out that a 
comprehensive survey conducted in 1965 listed 947 municipal facilities using land 
application compared to 571 facilities listed in the 1972 Inventory of Municipal Waste 
Facilities. The method of determining application to the land for the municipal waste 
facilities inventory may have been responsible for the difference. 
 
Numerical information on the discharge of industrial wastewater to the land is more 
difficult to obtain than information for municipal facilities. The 1965 survey summarized 
by Thomas (1973) listed approximately 1,300 industrial facilities that applied wastewater 
to the land for disposal. One or more of these industrial facilities were located in 44 
states, and 20 states reported 10 or more industrial facilities applying wastewater to the 
land. It seems that industrial utilization of the land for wastewater disposal began a 
relatively rapid growth in the late 1940's. Food processing is one segment of industry that 
has made effective use of land application. Information from several sources show that 
the number of canneries disposing of wastewater by land application increased in the 
1950s and 1960s and account for a major fraction of the 1,300 industrial facilities listed 
in the 1965 survey that also include the dairy industry and the meat packing industry. A 
combination of all food product industries accounted for 930 of the 1,300 industrial 
facilities listed in the survey. The seasonal operation of some facilities and the rural 
location of plants have contributed to the attractiveness of land application approaches.  
 
Another report estimated there were about 3400 land treatment systems (Table 3). It was 
estimated there were 1200 private individual systems. This report estimated that 10 to 20 
percent of all treatment systems in the U.S. were land treatment systems (Jewell and 
Seabrook, 1979). 
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Table 1. Number and Type of Land Treatment Systems Reported in 1964 
Type of Wastewater Number of Systems 

Domestic 914 
Food Products 846 

Petroleum 179 
Miscellaneous 

 
255 

 
 

Table 2.  Method of Application of Wastewater 
Method Or Place Applied Number Of Systems 

Surface Irrigation 546 
Sprinkler Irrigation 367 

Subsurface 702 
Miscellaneous 417 

 
 

Table 3. A 1976 Estimate of Land Application Systems (Jewell and Seabrook, 1979) 
Type Of Facility Number Of Systems 

Publicly Owned Facilities Financed by 
EPA PL84-660 

66 

Publicly Owned Facilities Financed by 
EPA PL92-500  

300 

Publicly Owned Facilities Financed by 
FHA PL89-240 

1600 

Private Systems for Privately owned 
Housing 

50 

Private Industrial Systems 1200 
 

 

LAND APPLICATION FROM 1972 TO 2018 

 
From the 1950’s to the early 1970’s a strong emphasis was placed on stream assimilation 
for wastewater discharges. During this period the main focus of wastewater treatment 
was to only prescribe the required partial treatment so streams based upon their 
assimilation capacity could still meet water quality standards when wastewater was 
discharged to them. 
 
Eutrophication became a problem in the 1960’s. The emphasis on phosphorus resulted in 
state laws banning or severely limiting the content of phosphorus in detergents. The issue 
set the stage for the passage of PL92-500 (later known as the Clean Water Act) which 
made major changes to the 1956 Federal Water Pollution Control Act. (Jewell and 
Seabrook, 1979). 
 
The goal of PL92-500 was to eliminate wastewater discharges, but it was to be 
accomplished with the best practical and economically feasible technology. During the 
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first four years following the passage of PL92-500 more than 2000 new wastewater 
facilities were built, but only 10 percent of these were land treatment. One of the 
problems when PL92-500 was passed in 1972 was environmental engineers has very little 
experience or training in land treatment systems, With no training in land treatment 
systems, they would consider other wastewater treatment processes. In 1974 EPA issued 
a special memorandum to the regions to avoid approving any new installation until the 
land treatment option had been sufficiently evaluated. In 1977 EPA issued a new policy 
that required land treatment processes to be evaluated for all projects (Jewell and 
Seabrook, 1979).  With the EPA new policy and the passage of the PL92-500 there was a 
renewed interest in land treatment. It was considered innovative technology and eligible 
for 85 percent Federal funding.   
 
During the early 1970’s there was a lack of knowledge in state regulatory agencies and 
engineering profession on land treatment processes. This placed an emphasis on outreach 
and technology transfer. There were a number of EPA reports in the 1970’s on land 
treatment (Pound and Crites, 1973a; Pound and Crites,1973b; Sullivan et al., 1973; EPA, 
1976; Crites and Uiga, 1977 and Jewell and Seaward, 1979). A number of conferences 
and workshops were held in the 1970’s (Sopper and Kardos, 1974 and Loehr, 1977). EPA 
contracted with Cornell University in 1975 to develop an educational course on land 
treatment that was released to the public in 1978 (Jewell and Seabrook, 1979). EPA 
issued the first design manual on land treatment in 1977 (EPA, 1977). It was revised in 
1981 (EPA,1981) and another revised version was released by EPA in 2006 (EPA, 2006). 
 
Overcash and Pal (1979) published the first textbook on land treatment systems in 1979. 
It was entitled “Design of Land Treatment Systems for Industrial Wastes: Theory and 
Practice”. Reid and Crites (1984) published the “Handbook of Land Treatment Systems 
for Industrial and Municipal Wastes” in 1984.  A revised edition of the 1984 book was 
published in 2000 (Crites et al., 2000). The agricultural engineering departments at 
Clemson, University of Minnesota and University of Delaware developed courses in land 
application in the 1970’s and 1980’s. The course at the University of Delaware was 
taught mostly every other year from 1978 to 2013. Starting in 1984 the “Handbook of 
Land Treatment Systems for Industrial and Municipal Wastes” was used as the textbook 
for the course. In 2000 the course was revised to include other topics besides land 
treatment and the title of the course was changed to “Natural Wastewater Treatment 
Systems”. The book “Small and Decentralized Wastewater Management Systems” by 
Crites and Tchobanoglous (1998) was used as the textbook.   The course at the University 
of Minnesota has been discontinued but the course at Clemson is still listed. 
The has not been a national conference or symposium entirely devoted to land treatment 
systems in the past 25 years. There are national conferences were papers on land 
treatment systems have been presented. The WateReuse Association has held an annual 
conference on water reuse since 1985. The American Society of Agricultural and 
Biological Engineers (ASABE) holds an annual conference where there have been 
sessions on land application. ASABE held four international conferences from 1990 to 
2003 on animal agriculture and food processing waste management The National Poultry 
Waste Management Symposium has been held every other year since the late 1980s. 
Papers on waste management in the poultry processing industry are presented each year.  
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Many poultry processing plants use land application systems for their wastewater 
treatment. 
 

WASTEWATER REUSE GUIDELINES AND REGULATIONS  

 

Hutchins (1939) reported that in California a permit from the State Department of Public 
Health must be obtained for sewage irrigation. The regulations prohibited the use of 
untreated sewage that contain human wastes for irrigating growing crops. Partial treated 
and undisinfected effluents could not be used on vegetables or low-growing fruits, but 
could be used on nursery stock, cotton, and such field crops as hay, grain, rice, alfalfa, 
sugarbeets, fodder corn, cow beets, and fodder carrots.  Arizona also required a permit 
from the Department of Health for sewage irrigation. 
 
For other states Hutchins (1939) reported the following: 
 

• Kansas did not have any regulations for sewage irrigation, but preferred sewage 
effluent be chlorinated if used for crop irrigation. 

• Oregon did not approve of using sewage on fruit and vegetables. 
• New Mexico did not have regulations, but it was believed that treated sewage 

should not be used to irrigate vegetables. 
• Utah had no regulations governing sewage irrigation. 
• Montana did not allow the sale of vegetables irrigated with sewage. 
• Texas Department of Health had only advisory capacity on sewage irrigation but 

was against using sewage on fruits and vegetables.  
  

Sullivan et al. (1973) mailed a survey to the State Health Departments and the State 
Water Pollution Control Agencies asking questions on land application of wastewater. 
The survey of State Health Departments addressed the question of the safety of 
wastewater effluent applied to land. The Water Pollution Control Agencies’ survey was a 
broader based environmental survey related to guidelines for design, construction and 
operation of land application systems. Only 30 State Health Departments and 27 State 
Water Pollution Control Agencies answered the survey. Only five states. Texas, 
Colorado, New Mexico, Arizona and Arkansas had regulations for land application. Only 
four of the states, Texas, New Mexico, Arizona and Arkansas stated what crops could be 
used for land application systems. 
 
The first EPA Guidelines for Wastewater Reuse was developed in 1980 as a research 
report (EPA, 1980a). The guidelines were updated in 1992 to support both project 
planners and state regulatory officials for developing regulatory requirements for 
wastewater reuse and were seeking EPA’s guidance in developing the regulations (EPA, 
1992). The guidelines were updated again in 2004 (EPA, 2004) and 2012 (EPA, 2012). 
 
The primary purpose of the 2004 and 2012 updates was to summarize wastewater reuse 
guidelines and regulations with supporting research and information. Twenty-three of the 
states have regulations for agricultural wastewater reuse and ten have guidelines (EPA, 
2012). The use of reclaimed water for irrigation is prohibited in some states. Some states 
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allow irrigation on food crops with wastewater if the crop is processed and not eaten raw. 
Florida, Nevada and Virginia require that reclaimed irrigation water does not come in 
contact with the crop to be eaten. In Florida drip irrigation, ridge and furrow and 
subsurface irrigation can be used on any type of crop. California does not stipulate the 
irrigation water cannot come in contact with the food crop but have more stringent 
standards that are at or near potable water quality. Depending upon the type of crop or 
type of irrigation, the states’ treatment requirements for food crops range from secondary 
treatment plus disinfection to oxidation, coagulation, filtration and higher level of 
disinfection.  
 
Wastewater reuse for non-food crops or for food crops intended for food crops that will 
be commercially processed have less stringent treatment and water quality requirements. 
Most states require secondary treatment and disinfection. In most cases where milking 
animals would graze on fodder crops irrigated with wastewater, there are additional 
waiting periods for grazing and a higher level of disinfection is required if a waiting 
period is not adhered to.    
 

CASE HISTORIES 

 

Lubbock, Texas  

 

Lubbock has one of the oldest land application sites that is still operating today. The site 
was started in 1925 when an average daily flow of 1.0 mgd was applied to 200 acres on a 
site operated by a farmer growing mostly cotton and some grasses. The average annual 
application was 5.6 ft. Over the years the flow gradually increased and more land was 
added to the site. By 1955 they were applying 8.0 mgd to 1800 acres. The average annual 
application was 5.0 ft. The wastewater was applied by furrow irrigation and the 
application rate was based upon land availability and crop appearance. In 1955 
wastewater was mostly applied to cotton with a double crop of wheat and small amounts 
of alfalfa or grasses. The high application rate and using furrow irrigation resulted in 
groundwater mounding beneath a portion of the land application site (LAS). A pumping 
program was developed in the early 1970s that utilized 27 wells to pump groundwater to 
a nearby lake system (Fedler, 2000). 
 
In 1986 the city of Lubbock purchased the land application site and additional land for 
growth. They also changed the furrow irrigation to center pivot irrigation. In 1986 the 
flow had increased to 12.0 mgd. The LAS consisted of 5200 acres with 2950 acres under 
31 center pivot systems. The average annual application rate was 4.6 ft. In 1999, the City 
purchased another 4000 acres of land with approximately 2400 acres under center pivot 
irrigation. Approximately 5.5 mgd of secondary treated effluent was applied to the site 
for an average annual application rate of 2.6 ft (Fedler, 2000). 
 
When the City took over the LAS, not only was there a groundwater mound present, but   
the groundwater had nitrate levels above the drinking water standard of 10 mg/l N. The 
City modified the old groundwater pumping program to recycle groundwater unto park, a 
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golf course and farm land to utilize the nitrogen. With the new design and a new 
management approach the nitrates were reduced in the groundwater. 
 
Muskegon, Michigan 

 

The Muskegon County wastewater plant was built in 1974 as a land application 
demonstration project on 11,000 acres of sandy unproductive soil (EPA, 1980b). The 
County Commissioners started planning for the project in the later 1960s. The wastewater 
is collected in downtown Muskegon and pumped to the plant for treatment and storage. 
The first step is a complete mix aerated lagoon with a 1.5 days detention time. The 
wastewater then flows to an aerated settling lagoon where it is retained for three days to 
allow the solids to settle. Only enough aeration is provided to keep the system from going 
anaerobic. Each settling lagoon is used for two years before it requires cleaning. During 
the cleaning the wastewater is diverted to a second settling lagoon. After settling the 
wastewater is held in two storage lagoons until it is used for crop irrigation (Biegel et al, 
1998). Each storage lagoon is 850 acres with 5.1 billion gallons of storage capacity.  The 
wastewater is used to irrigate 5100 acres of cropland. Corn, soybeans and alfalfa are the 
crops grown. The cropland is drained with 200 miles of subsurface drains which returns 
clean water to the Muskegon River. The system provides excellent treatment with the 
discharge effluent quality typically having BOD < 2.0 mg/l, suspended solids < 10 mg/l, 
total phosphorus < 0.05 mg/l and dissolved oxygen > 5.5 mg/l. The plant has a design 
capacity of 43 mgd. 
 
The plant was expected to have a life of 40 years based upon the soil phosphorus sorption 
capacity. Hu el al. (2006) estimated the maximum phosphorus sorption capacity (based 
upon one day isotherm tests) has been increased by 2-4 times since 1973 and the 
maximum actual phosphorus sorption capacity of the Muskegon soils could be much 
higher than the one-day isotherm test. They concluded the life of the Muskegon system 
has been significantly extended by wastewater application. 
 

Tallahassee, Florida 

 

In 1965, the new southwest wastewater treatment plant was constructed. The City began 
development of a 850 acre site for spray irrigation with the potential of disposing of 11.0 
mgd. In 1966 the spray irrigation system began operation with an initial flow of 0.25 mgd 
that was increased to 1.0 mgd by the summer of 1969. 
 
In 1972 Overman (1979) began a three-year study on the site for EPA. For the study a 
crop rotation of coastal Bermuda grass and rye grass was used. Coastal Bermuda grass 
had a growing season from May until November and rye grass would have a growing 
season from November until May. Wastewater was applied at a rate of 3.0 in/wk. 
 
Until 1980 spray irrigation was limited to 120 acres southwest of the City. A new 1840 
acre spray irrigation site southeast of Tallahassee started operation in 1980. The site is 
operated by a farmer under contract to the City. Corn and sorghum are grown on the site.     
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The mass of nitrogen in the wastewater effluent and fertilizer is tracked by the City at 
both spray irrigation sites. Davis et al. (2010) estimated the nitrate loading to the 
southeast site peaked at 1.3 million lb/yr in 1986 when fertilizer application was highest. 
Since 1986 the load has decreased to about 705,000 lb/yr. The decline was due to a 
reduction and eventual elimination of fertilizer application. It is estimated the nitrate 
loading will decrease to about 200,000 lb/yr after improvements are made to the 
wastewater plant to reduce the effluent nitrate concentration to 3.0 mg/l in 2013. The 
nitrate loading to the southwest site was initially low in 1966 when wastewater 
application began and peaked at 300,000 lb/yr in 1980. The nitrate loading abruptly 
decreased after 1980 when wastewater was diverted to the southeast site and has been 
under 22,000 lb/yr.  
 
Pennsylvania State University 

 
Penn State’s “Living Filter” wastewater reuse system was started in 1963. The original 
1963 system was designed to handle only part of the University wastewater (0.5 mgd). 
(EPA, 1976). The wastewater received secondary treatment either with trickling filter or 
activated sludge. In 1983 the system was expanded to take all of the wastewater from the 
35,000 student University plus wastewater from half of the surrounding town of State 
College (Ferguson, 1983). Today the site consists of 600 acres of cropland and forest. It 
is probably the most documented system in the world.  
 
The effluent is applied at a rate of 2.0 in/wk. Wastewater is applied the year around. The 
system is unique in that it has no storage. The type of vegetative cover includes cropland 
(mostly corn and hay), hardwood forest, a pine plantation, a spruce plantation and 
gameland consisting of mixed fields and forests. In the winter wastewater is applied to 
forestland and reed canary grass. 
 
Water quality monitoring was started a year before the “Living Filter” system was put 
into operation. An intensive monitoring program has been maintained over the years for 
both research and quality control. There have been many research projects conducted 
over the years. The latest study has been on how land cover differences could influence 
estrogen transport through the soil profile and the persistence of hormones at a land 
application system after more then 25 years of wastewater application (Woodland et al., 
2014). 
 
Cheyenne, Wyoming 
 

The City of Cheyenne has discharged wastewater to a stream since the 1800s. In 1973 the 
wastewater flow was 7.0 mgd (Pound and Crites, 1973b). Wyoming Hereford Ranch 
(WHR) was started in 1881 and for years has used the stream for irrigation. It had water 
rights to 17 ft3/sec of flow. WHR constructed a reservoir about a mile downstream from 
the City wastewater treatment plant. The reservoir originally had about 100 ac-ft 
capacity. WHR used it to irrigate 1200 acres of grass and hay and 130 acres of alfalfa.by 
flood irrigation. They attempted to irrigate the entire area three time a year on April 1, 
June 1 and August 10. Each watering took approximately five weeks. (Sullivan et al., 
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1973). Cattle grazed on the irrigated area in the winter. WHR consisted of 60,000 acres 
and had 2700 head of cattle in the 1950s, 1960s and early1970s and was the third largest 
Hereford ranch in the U.S. In 1978 the ranch changed owners and the herd was greatly 
reduced in size and large tracts of land were sold. 
 
Seabrook Farms, New Jersey    
 

Seabrook Farms a large vegetable processing company located in Cumberland County, 
New Jersey, was started in the early 1900s. They recognized the problem of stream 
pollution from their operation in the late 1930s, but during the war little pollution control 
was attempted because of a shortage of construction materials. Only two lagoons were 
constructed in the 1940s and by 1946 were totally inadequate. During the next two years 
engineering studies were done, but no economical feasible pollution control solution was 
found. Seabrook asked Dr. C. Warren Thornthwaite and Associates to join their effort to 
investigate the disposal of wastewater by irrigation. After some experimental tests in a 
wooded area during the winter and spring of 1950, the Seabrook land application system 
was constructed to occupy an area adjacent to the experimental area. Initially 72 
sprinklers were installed (Henry et al., 1954). The sprinklers each covered a little over an 
acre and were designed to apply 8 in/day. Soils in the wooded site were sandy with low 
silt and clay content. Wastewater from the plant was screened and pumped to a canal 
which conveyed it 1.7 miles to the wooded disposal site. Two major pumping stations 
were located along the canal which removed wastewater from the canal to irrigate crops. 
During the first few years the plant shut down in the winter and the disposal area received 
no wastewater. In the winter of 1953 winter processing of potatoes made it necessary to 
operate the disposal system during the winter. 
 
The wastewater flow was highly variable ranging from a few hundred thousand gallons in 
the winter to 16 mgd during the height of the packing season. BOD ranged from 200 mg/l 
to around 2000 mg/l depending upon the product being processed. Nitrates were < 1.0 
mg/l in the wastewater. Annual application of wastewater was 1.25 billion gallons 
distributed over 320 acres. Sanitary waste was treated separately, so the land applied 
wastewater contained no sanitary waste. The system operated successfully from 1950 
until the plant was closed in 1976. Henry et al. (1954) reported the average daily BOD 
loadings in 1950, 1951 and 1953 were 276, 220 and 117 lb/ac. Nitrate concentrations in 
the groundwater test wells average 5.70. 1.50 and 2.20 mg/l in 1950, 1951 and 1953, 
respectively. Sullivan et al (1973) concluded that after 23 years the system was providing 
high quality purification. 
 
Dalton, Georgia 

 

Dalton Utilities developed a land application system (LAS) in 1984. The site consisted of 
9600 acres and is the largest forested LAS in the U.S. The site contains loblolly and 
longleaf pines, black oak, ash, box elder, eastern swamp cottonwood, American elm and 
sweet gum. Nearly 19,000 spray heads irrigate the forest. There are 76 spray fields. 
Impact style spray heads are mounted on 3 ft risers and each delivers wastewater over a 
60 ft diameter. The original LAS underwent a major redesign and expansion in 1999 



 History of Wastewater Reuse gor Agriculture in the U.S. 187 

 

(Dalton Utilities, 2018). Trees are selectively harvested and replanted in-house to 
maintain the integrity of the system. The topography ranges from flat to relatively steep. 
Soil depths vary from 1.75 ft to 4.0 ft (Crites and Reed, 2002). 
 
Dalton Utilities operates four wastewater treatment plants. Two of the plants are activated 
sludge plants and two are membrane filter plants. Average flow ranges from 20 to 25 
mgd. They have the capacity to treat 40 mgd on average and 66 mgd on any single day. 
The majority of the wastewater flow is from the carpet industry. Dalton is known as the 
carpet capital of the world. Maximum flow from the carpet industry occurs on week days. 
To level out flow to the LAS a 170 acre reservoir was built to store effluent. 
 
Public access to the LAS is restricted except for tours, birdwatchers and special hunts for 
deer, turkeys and ducks. In 2001 a quota deer hunt was started to control the deer 
population and in 2004 a turkey hunt was added. In 2011 a youth duck hunt was started. 
 

SUMMARY AND CONCLUSIONS 

 

• Land application of wastewater in the U.S. began in the 19th century. By the 
late 19th century it was considered the safest and best method for wastewater 
disposal. The first comprehensive reviews of wastewater treatment were 
published in the 1890s. 

• The food processing industry started using land treatment systems in the 1940s 
and 1950s. In 1964 it was estimated there were 2200 land treatment systems in 
the U.S. A 1976 report estimated there were about 3400 land treatment systems 
in the U.S. and from 10 to 20 percent of all wastewater treatment plants used 
land application. 

• With the passing of PL92-500 in 1972 there was a renewed interest in land 
treatment. EPA in 1977 issued a new policy that land treatment had to be 
considered for all projects funded by EPA. EPA published the first land 
treatment systems design manual in 1977 and numerous other publications on 
land treatment in the 1970s. 

• Muskegon Michigan land application system constructed in 1974 is the largest 
municipal land application system using cropland operating in the U.S. today. 
Dalton Utilities in Georgia operates the largest forest land application system 
in the U.S. 
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W. Martin Roche, P.E.1 

 

ABSTRACT 

 

In 2003 I presented the paper “Use of Municipal Wastewater for Irrigation in California: 
Past, Present, and Future” at the USCID Conference in Phoenix, AZ.  This paper will be 
an update 15 years later. 
 
The paper will document the reuse of municipal wastewater in California, with an 
emphasis on irrigation reuse.  In the past, irrigation reuse was limited by public health 
concerns, public acceptance, and advanced treatment and reliability requirements for use 
on food crops.  The cost of advanced treatment and conveyance facilities has also been a 
limiting factor, often being higher than alternative supplies, especially those which are 
subsidized. 
 
The paper will next document the current reuse of municipal wastewater, and reuse 
projects that are currently in the implementation and planning stages.  Current reuse will 
be contrasted to the amount of reuse that was predicted in the earlier paper.  Involvement 
of agencies and entities at the Federal, state and local level and funding sources will also 
be discussed. 
 
Finally, the potential for the future reuse of municipal wastewater will be discussed.  
Although the total acreage and water demand for irrigation in California has peaked and 
is on a slight decline, the overall water demand for all combined uses will continue to 
increase.  Development of new storage facilities will be limited by high costs and 
environmental concerns.  Along with conservation and other innovative schemes, reuse 
of municipal wastewater can play an ever-increasing role in meeting California’s future 
needs for irrigation water. 
 

INTRODUCTION 

 

Irrigation water use in California totaled 33,780,000 acre-feet in 2010, which was 43% of 
the developed water supply.  Although this use is expected to decrease slightly by 2020 
due to urbanization and efficiency of water application, total water demand will increase, 
putting increased pressure on irrigation supplies.  Reuse of municipal wastewater has 
been taking place for many years, and increased almost five fold from 155,000 acre-feet 
in 1995 to 724,000 acre-feet in 2015.  (In the earlier paper, reuse was predicted to 
increase to about 600,000 acre-feet per year by 2020).  Over half of this wastewater is 
used for irrigation.  There is a potential for wastewater reuse to double by the year 2030.  
While much of the potential is for uses other than irrigation, this reuse can meet some of 
the needs that could otherwise cause the reallocation of irrigation water supplies. 
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Wastewater reuse develops new water supplies only when the wastewater would be 
discharged to either the Pacific Ocean or to a salt sink. In the Central Valley (Sacramento 
River, San Joaquin River, and Tulare Lake Basins) wastewater discharges are to stream 
and groundwater basins, and no new water supply is developed.  There are however, 
benefits from reuse, including maintaining water quality in streams and providing 
nutrients in the wastewater to crops. 
 
Reuse of municipal wastewater has been most significant in developing new water 
supplies in the coastal areas of the North Coast, San Francisco Bay, Central Coast, and 
South Coast hydrologic regions.   
 

DRIVERS INCENTIVES AND IMPEDIMENTS 

 

Drivers 

Drivers for increased wastewater reuse for irrigation include overdraft of groundwater, 
high salinity and other water quality problems with other local supplies, seawater 
intrusion high cost of treatment for discharge to rivers and construction of ocean outfalls, 
and high cost of imported water. 
 
Incentives 

Incentives for reuse include grant and bond funding from state and federal programs, and 
scarcity of other water supplies.  The Integrated Regional Water Management (IRWM) 
Grant Program is used by communities to implement water supply and management 
projects which include water recycling projects and is administrated by the State 
Department of Water Resources (DWR).  There are two programs administrated by the 
State Water Resources Control Board (SWRCB).  The Water Recycling Funding 
Program provides low-interest financing and grants to local agencies and water recycling 
is a key objective of the program.  The Clean Water State Revolving Fund is funded by 
the Federal Clean Water Act and State Bonds and provides low-interest financing for 
wastewater collection, treatment, disposal, and recycling projects.  Title XVI is a federal 
program administrated by the U.S. Bureau of Reclamation (Reclamation) under the 
Sustain and Manage America’s Resource for Tomorrow (WaterSMART) Act. The 
program provides grants for water reclamation and reuse projects throughout the western 
United States, including several projects in California.  Reclamation also provides funds 
for desalination and storage projects under the Water Infrastructure Improvements for the 
Nation Act (WIIN). 
 

Impediments 

Impediments to greater reuse include safety perceptions, concern about soil and crop 
health, potential impact on sale of crops, senior water rights for alternative supplies, 
permits needed for reuse, farmer resistance, and salinity and other water quality factors 
unsuitable for some crops.  
 
While one of the largest obstacles to wastewater reuse has been the high cost of tertiary 
treatment and of constructing pumping, storage, and distribution facilities, this is 
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changing.  In large part, the change is a result of public attitude regarding dams and 
reservoirs and other traditional such water facilities, which have become more expensive 
and are perceived as having undesirable environmental impacts.  As a result of this 
change, wastewater reuse, and other alternative supplies are becoming more attractive 
and competitive.  Continued education to change public attitudes will also help to 
increase wastewater reuse. 
 

PAST REUSE  

 

Reuse of wastewater in California, USA has been practiced for over 100 years.  The 
number of sites where it has occurred has grown from 35 in 1910 to over 210 by 2015. 
The total amount recycled has increased from 175,000 acre-feet in 1970 to just over 
500,000 acre-feet in 2000 and 714,000 acre-feet in 2015.   
 

PRESENT REUSE 

 

Amount of Recycled Water Use 

 
Recycled water use in California totaled 714,000 acre-feet (rounded to 1,000 acre-feet) in 
2015 and is broken down by type of use in Table 1.  Total and agricultural recycled water 
use in 2015 in California’s seven hydrologic regions is tabulated in Table 2.  Figure 1 
shows several reuse projects and their locations in the hydrologic regions. 
 
Agricultural, landscape, and golf course irrigation make up over 56% of recycled water 
use, and groundwater recharge and seawater intrusion use can contribute to irrigation 
water supplies. 

 
Table 1.  Recycled Water Use in California in 2015 

 
Type of Use Acre-Feet Used Percent of Total 

Agricultural Irrigation 220,000 30.8% 

Landscape Irrigation 126,000 17.6% 

Golf Course Irrigation 56,000 7.9% 

Groundwater Recharge 115,000 16.1% 

Seawater Intrusion Barrier 54,000 7.5% 

Recreational Impoundment 28,000 3.9% 

Wetlands, Wildlife Habitat  24,000 3.4% 

Industrial Reuse 70,000 9.8% 

Geothermal Energy Production 15,000 2.1% 

Commercial Use 4,000 0.6% 

Other 2,000 0.3% 

Total Recycled Water Use 714,000 100% 
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Table 2.  Recycled Municipal Water in 2015 by Region 
 

Region Total Beneficial Use  
in Acre-Feet 

Agricultural Use 
In Acre-Feet  

North Coast  22,600 6,700 

San Francisco Bay  50,700 4,900 

Central Coast 29,300 20,000 

South Coast  450,500 61,400 

Central Valley 136, 900 117,600 

Lahontan 11,900 8,900 

Colorado River 11,800 0 

Total 713,700 219,500 

 

 

Figure 1. California’s Hydrologic Regions with Wastewater Reuse Projects (from the 
California Water Plan Update, Bulletin 160-98, Figure ES1-2) 

 
Required Level of Treatment 

 

The level of treatment required depends on the crops that are irrigated.  Undisinfected 
secondary treated recycled water may be used on orchards and vineyards with no contact 
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between the edible portion and the water, non-food bearing trees, fodder and fiber crops, 
pasture corps, seed crops, food crops which undergo commercial pathogen destroying 
processes, and ornamental nursery stock and sod farms.  Disinfected secondary 23 (total 
coliform count) treated recycled water may be used on ornamental nursery stock and sod 
farms with unrestricted public access and pasture for milk animals for human 
consumption.  Disinfected secondary 2.2 (total coliform count) treated recycled water 
may be used on surface irrigated food crops where the above ground edible portion does 
not contact the edible portion.  Disinfected tertiary recycled water may be used on food 
crops where the water contacts the edible portion of the crop, including all root crops. 
 
Escondido Project 

 

The City of Escondido was faced with a cost of $0.5 billion for an ocean outfall for 
wastewater disposal.  The area also has a limited water supply.  The project includes 
tertiary treatment and disinfection of the wastewater.  The recycled water is used to 
irrigate avocados which are salt sensitive, requiring that some of the wastewater undergo 
reverse osmosis.  Cost of the project is about one half of the cost of the ocean outfall 
alternative, and the irrigation area is in close proximity to the wastewater treatment plant. 
 
Modesto Project 

 

The City of Modesto was faced with the high cost of removing nitrogen from wastewater 
for discharge to the nearby San Joaquin River.  The project includes a pipeline to the 
Federal Delta-Mendota Canal, where it is blended with Central Valley Project water for 
delivery to the Del Puerto Water District.  Crops grown include nuts, stone fruit, and 
citrus. 
 

Monterey County Project 

 

The Monterey County Water Recycling Project is a $75 million joint effort of the 
Monterey Regional Water Pollution Control Agency and the Monterey County Water 
Resources Agency.  The project, located in the Central Coast hydrologic region, provides 
reclaimed wastewater for agricultural irrigation.  The project ultimately will supply 
19,500 acre-feet per year to 12,000 acres of agricultural land.  The reclaimed water 
supplements groundwater, which has been seriously over drafted for many years, and has 
increased in salinity due to seawater intrusion.  Operation of the project began in 1997 
after almost 20 years of planning, which included 11 years of technical studies to 
determine the reliability of wastewater treatment and the safety of using the reclaimed 
water on food crops.  Treatment of the wastewater includes tertiary filtration and chlorine 
disinfection.  Crops grown include cauliflower, broccoli, lettuce, celery, artichokes, and 
strawberries. 
 
Oxnard Project 

 

The Oxnard Project was driven by the need to reduce dependency on imported water and 
the lower salinity of recycled water compared to local groundwater.  The treatment train 
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includes reverse osmosis of some of the wastewater.  Crops irrigated include lettuce, 
broccoli, and strawberries. 
  
In the 1970’s the Bureau of Reclamation conducted a feasibility investigation titled the 
Ventura County Water Management Project.  The major feature of the project was reuse 
of municipal wastewater for irrigation.  Wastewater discharges from municipal treatment 
plants in Ventura County and adjacent areas in Los Angeles County totaled almost 
45,000 acre-feet per year in 1974 and were projected to grow to over 130,000 acre-feet 
per year by 2000.  Much of the municipal water supply in the area is imported water from 
the California State Water Project, and the resulting municipal wastewater has a lower 
salinity level than most of the local surface and groundwater used for irrigation.  Most 
urban areas and treatment plants are at a higher elevation than agricultural areas, 
eliminating or minimizing the need for pumping the treated wastewater to reuse areas.   
 
Water supply and quality problems included groundwater overdraft of 60,000 to 65,000 
acre-feet per year, seawater intrusion into underground aquifers, degradation of 
groundwater quality, water shortage in some areas, and rising groundwater in one area. 
Public acceptance of reuse for unrestricted irrigation was not high in the 1970’s. There 
were no restrictions on over drafting the groundwater basin, and there were no economic 
or other incentives for developing the project.  No local water supply agency pursued the 
project.  In 1991, the United Water Conservation District completed a diversion 
improvement project that increased local water supplies by 20,000 acre-feet per year for 
groundwater recharge and irrigation.  As a result, to date, large-scale municipal 
wastewater reuse for irrigation has not developed in Ventura County. 
 
To date, the Oxnard Project is the only water reuse project that has been implemented in 
Ventura County.  The potential for widespread reuse of municipal wastewater for 
irrigation in the county still remains. 
 
Santa Rosa Reclamation System 

 
The City of Santa Rosa Reclamation System began over 40 years ago in the North Coast 
hydrologic region.  About 98% of the City’s tertiary-treated wastewater is recycled to 
irrigate about 6,400 acres of agricultural land and public and private urban landscaping, 
and for the Geysers Recharge Project to generate electricity. 
  
South Bay Water Recycling Program 

 
The South Bay Water Recycling Program is a $250 million project that and includes five 
pumping plants, three reservoirs with a combined capacity of about 30 acre-feet, and 140 
miles of distribution pipeline.  The program serves over 750 customers with about 15,000 
acre-feet of tertiary treated reclaimed water for landscape and golf course irrigation, for 
industrial use for cooling towers and for toilet flushing in dual-plumbed commercial and 
municipal buildings.  The program, located in the San Francisco Bay hydrologic region, 
is funded by three cities and five sanitary agencies whose wastewater is treated by the 
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Water Pollution Control Plant, and by the Santa Clara Valley Water District and by the 
U.S. Bureau of Reclamation. 
 
The program has set goals of using an additional 25,000 acre-feet per year of recycled 
water by 2025 and 35,000 acre-feet per year by 2035.  Thus, the water reuse total of 
50,000 acre-feet per year would supply about ten percent of the countywide (Santa Clara 
County) water demand. 
 

West Basin Water Recycling Project 

 

The West Basin Water Recycling Project is a $600 million project in the South Coast 
hydrologic region that will ultimately recycle 100,000 acre-feet of water per year in the 
greater Los Angeles area.  Presently about 45,000 acre-feet per year had been developed.   
Wastewater is treated at the Edward C. Little Water Recycling Facility to produce five 
different qualities for five different reuses: 

• Tertiary treated water for industrial and irrigation uses 
• Nitrified water for industrial cooling tower use 
• Softened reverse osmosis water for groundwater recharge 
• Pure reverse osmosis water for refinery low-pressure boiler feed water 
• Ultra-pure reverse osmosis water for refinery high-pressure boiler feed water 

 
San Diego County Water Recycling Project 

 

A number of water and wastewater agencies in the San Diego County area of the South 
Coast hydrologic region have implemented water recycling projects.  Currently about 
30,000 acre-feet per year are reused, with a goal to increase to 45,000 acre-feet per year 
by 2020.  The recycled water is used to fill lakes, ponds, and ornamental fountains, to 
irrigate parks, campgrounds, golf courses, freeway medians, greenbelts, athletic fields, 
food crops and nursery stock, and to control dust on construction projects.  The recycled 
water projects are a long-term effort to decrease the region’s reliance on imported water.  
Costs for the projects are within the range of estimated costs for developing new 
imported or other local water supplies. 
 

FUTURE REUSE  

 

The California Department of Water Resources has projected that wastewater reuse will 
reach 1,000,000 acre-feet per year by 2020 and 1,300,000 acre-feet per year by 2030.  In 
contrast, the State Water Resources Control Board has set a more optimistic goal of 
1,525,000 acre-feet per year by 2020 and 2,525,000 acre-feet per year by 2030. 
 
Total irrigation water demand in California is estimated by the California Department of 
Water Resources to decrease about 6.7% to 31,500,000 acre-feet per year from 1995 to 
2020.  The total water demand for all uses however, will increase by 2,900,000 acre-feet 
per year over the same period, mainly for increased municipal and industrial (M and I) 
uses.  As existing irrigation supplies are converted to M and I supplies, the need for 
replacement irrigation water is estimated to be from about 1,200,000 to about 3,000,000 
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acre feet per year for the same period.  Additional wastewater reuse is an important 
option for developing new irrigation supplies, as well as meeting demands for other uses 
that could otherwise require conversion of irrigation supplies.  In addition to agricultural 
irrigation, other uses for reclaimed municipal wastewater include landscape irrigation, 
groundwater recharge, stream and wetlands enhancement, various industrial processes, 
recreational lakes, fountains and decorative ponds, toilet flushing, and as a barrier from 
sea water intrusion to protect groundwater supplies.  Municipal wastewater reuse also 
provides a local, relatively drought-resistant supply. 
 
Potential for developing “new” water supplies (water that would otherwise be lost from 
the system, such as by discharge to the ocean) with reclaimed wastewater is greatest in 
the San Francisco Bay, Central Coast, and South Coast hydrologic regions.  The Central 
Coast is the only region with major potential for developing reclaimed water as an 
additional water supply for irrigation, however the large potential for other reuses, 
particularly in the San Francisco Bay and the South Coast regions, will ease the pressure 
on water supplies in general, including irrigation supplies. 
 

CONCLUSION 

 

Municipal wastewater reuse is playing an ever-increasing role in meeting water needs in 
California, including irrigation water needs.  While the contribution to total water supply 
is relatively small, currently about 2%, in coastal regions reuse provides an important 
source of new water, providing irrigation water to the local area and decreasing the need 
to import water, which reduces the pressure on irrigation water supplies throughout the 
state.  In inland regions of the state, wastewater reuse does not add to the total water 
supply, however, benefits result from maintaining water quality in streams and in adding 
nutrients to crops. 
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