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Executive Summary 

STUDY OBJECTIVES, SCOPE, AND SUMMARY CONCLUSION 
This pilot study is a key initial step in the effort by the CV-SALT initiative through the actions of 
the Central Valley Salinity Coalition (CVSC) to address the issue of salt and nutrient 
management in the Central Valley.  The CVSC in coordination with the Regional Water Quality 
Control Board and State Water Resources Control Board seek guidance on approaches and tools 
that will facilitate the development of a Basin Plan amendment and accomplish better 
management of salts and nutrients.  Correspondingly, methods are needed to evaluate the sources 
of salt and nitrate loads and the potential long-term effects of those loads on surface and 
groundwater resources throughout the Central Valley. 

The objectives and outcomes of this pilot study are intended to provide the methodology and 
guidance that will be used by others in the development of salt and nutrient management plans 
throughout the Central Valley. The overall goals of the pilot study are to develop and document 
procedures and methodologies to fairly and equitably quantify the significant salt and nitrate 
sources in the Central Valley. Those procedures are to be pilot tested as part of the work in 
selected areas to evaluate their appropriateness for region-wide application. Specific objectives 
of the study include the following: 

1. Define salt and nutrient sources of significance for purposes of the study 
2. Provide the methods and manner of collection, characterization, and use of the salt and 

nutrient source data for the pilot areas 
3. Outline data that are currently available and the quality of the data 
4. Identify additional data that should be collected or developed 
5. Indicate how the methodology will account for total salt loading balance and 

accumulation and identify critical concentration discharges 
6. Ensure accurate accounting of all sources 
7. Identify how historic, current, and future source quantities will be determined or 

estimated to provide trend information  
8. Identify and quantify areas where nitrates are impacting beneficial uses of waters 
9. Select analytical tools and methods that will work for the pilot areas as well as other parts 

of the Central Valley 

This study report provides documentation of the following principal study tasks: 

• Preparatory Tasks  
o Define constituents of concern!
o Identify significant salt and nitrate sources 
o Select tools for analysis!
o Identify data needs for tools 
o Identify data sources 

• Primary Tasks 
o Select pilot study areas 
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o Collect, assess, and input of data into analysis tools 
o Perform preliminary analyses and data validation 
o Final analyses and study results 
o Conclusions and recommendations 

The report also provides detailed descriptions of the following: 

• Methods used for data collection and analysis 
• Tools used for data analysis 
• Pilot areas selected for study 

The study conclusions are listed at the end of this Executive Summary. The summary conclusion 
relative to CV-SALTS and project goals is as follows: 

The principal goals of this work were to identify and assemble input data sets for available 
models, and then to use the selected models to quantitatively relate salt and nitrate sources and 
sinks within representative pilot study areas. Modeling of this kind is extremely sensitive to land 
cover (e.g., the distribution of impervious surfaces, irrigation and fertilization rates, salt loading, 
and plant community properties among analyzed catchments). Available data sources were 
combined to provide a level of land cover detail that was greater than previously employed with 
the widely used WARMF platform. The input data and modeling products achieved the principal 
project goal and advanced the CV-SALTS work. Recommendations for further refinements of 
the study approach and additional approaches are based on the study results. 

OVERVIEW OF STUDY METHODS 

Preparatory Tasks  
Following are brief overviews of preparatory task activities. 

Define Constituents of Concern 

Total Dissolved Solids (TDS) (or Electrical Conductance (EC)) and nitrates and water quality 
related nitrogen species were identified as the first priority constituents of concern. Chloride was 
identified as a specific ion that could be used to demonstrate the methodology for determining 
the mass balance for a specific salinity ion. 

Identify Significant Salt and Nitrate Sources 

Salt and nitrate sources and sinks of potential significance are listed in Table ES-1. These 
sources are based on the standard input parameters for the WARMF model, which was 
developed to consider all potentially significant sources of chemical constituents to a watershed. 
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Table ES-1. Potentially Significant Salt and Nitrate Sources and Sinks  

Sources Sinks 

Surface water upstream inflow Surface water outflow 
Imported surface water Surface water diversions 
Irrigation Near-surface groundwater 
Fertilizer Deeper groundwater 
Stormwater discharges  Plant uptake 
Septic tank discharges Reaction decay  
Land application, including dairies Gaseous loss, volatilization 
Point Sources  

Municipal wastewater treatment plant 
discharges and facilities, including ponds 

 

Industrial discharges  
Livestock facilities  
Mineral weathering / reaction products  
Atmospheric deposition   
Groundwater extraction (dewatering) discharge  

Select Tools for Analysis 

The Watershed Analysis Risk Management Framework (WARMF) was selected as the primary 
tool to account for surface water flows, deep percolation to groundwater, and salinity and nitrate 
sources and sinks. The WARMF model complemented by other data (including recharge, 
pumpage, and the quality of the pumped groundwater, which are input into the WARMF model) 
creates a means to account for salt and nitrate sources associated with deeper groundwater. As 
related to WARMF and the salt and nitrate accounting described in this report, “deeper” 
groundwater refers to the portion of the aquifer system that underlies groundwater near the water 
table where there is still the potential for interaction with surface water. The groundwater data 
were developed from previous groundwater models developed for the pilot study areas and/or 
collected from well-organized groundwater databases. Groundwater models that were used in 
this study to provide input data to WARMF include the United States Geological Survey (USGS) 
MODFLOW model revised for the Modesto area, the Harter MODFLOW model developed for 
the Tule River area, and the USGS Central Valley Hydrologic Model (CVHM) for the portion 
overlying the Yolo County area.  

Identify Data Needs for Tools 

Data types and parameters that are required to run the WARMF model and supporting 
groundwater models for this study are listed in Table ES-2. Some types of data are site-specific 
and essential to running the WARMF model or other models or methods used to characterize salt 
and nitrate status in an area of interest. These essential data types are indicated with the label (N) 
for “necessary”. Fortunately, all of these data types are typically readily available for all regions 
of the Central Valley. While it is desirable to have complete sets of site-specific data for all 
parameters, some data types can typically be extrapolated or estimated from limited available 
data. These data types are labeled (N/E) for “necessary but can be estimated from other site-
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specific data”. Other data types can be estimated based on knowledge of standard or typical 
practices, if site-specific data are not available. These data types are labeled (E), for “typically 
estimated, with or without site-specific data”. Other process parameter rates listed typically have 
default values within models or values that can be adjusted by the model operator. These 
parameters are labeled “M”, for “model default provides estimate unless changed by model 
operator”. However, it is important to note that these data and parameter needs are not specific to 
the WARMF model, but are necessary to the understanding of any regional area for planning 
purposes and will apply to any conceptual model or tool to be used in the development of salt 
and nutrient management plan. 

Table ES-2. Summary of Data Needs 

Hydrologic Data Salt and Nitrate Data Process Parameters 
Surface water flows (N) Surface water quality (N) Plant uptake rates (E) 

Imported water flows (N) Groundwater quality (N/E) Atmospheric deposition (M)  
Water diversions (N)  Point source quality (N/E) Soil properties (N/E) 
Point source flows (N/E)  Land cover class loadings (of 

salt; E) 
Nitrification rate (M) 

Irrigation return flows (E)  Fertilizer rates (E) Denitrification rate (M) 
Meteorology/effective rainfall (N) Land application rates (E) Mineralization rate (M) 
Land cover classes (N)  Volatilization rate (M) 
ET rates (N)  Sorption rates (M) 
Irrigation rates (E)   Phytoplankton processes (M) 
Irrigation efficiency (E)   
Groundwater pumpage (N/E)   
Groundwater recharge  (N/E)   
Topography (N)   

Identify Data Sources 

Data needed to run the WARMF Model and supporting groundwater models are available from a 
variety of federal, state, local, and private sources. A summary of data sources and the status of 
the data provided in terms of type and availability are presented in Table E-3. 

Table ES-3. Data Source Status Summary 

Reference / Contact Data Type R
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Data Format 
Central Valley RWQCB Dairy location and size ! ! Digital 

CA Department of Water Resources (DWR) Land cover database  ! Web / GIS Files 

US Geological Survey (USGS) National land cover database  ! Web / GIS Files 

Dairy CARES Dairy production and practices ! " Verbal 

UC Cooperative Extension Dairy production and practices ! " Verbal 

Western United Dairymen Dairy production and practices ! " Verbal 
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Table ES-3. Data Source Status Summary 

Reference / Contact Data Type R
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1  

Pr
ov

id
ed

/ 
O

bt
ai

ne
d2 

Data Format 
County Agricultural Commissioners. Annual crop reports ! ! Web / PDF 

CA Dept. of Food and Agriculture Fertilizer sales reports ! " UCD Library; PDF 
or printed 

Central Valley RWQCB POTW/Industry WDR 
discharge data 

! " Digital 

SWRCB – California Integrated Water 
Quality System (CIWQS) 

POTW/Industry WDR 
Discharge data 

 " Web / PDF 

Hilmar SEP Report Land Discharge data ! " Web/ PDF 

Web H2O Hilmar SEP discharge data for 
POTW/Industry land 
dischargers 

! " PDF 

National Atmospheric Deposition Program 
(NADP) 

Rain concentrations  ! Web/digital 

Clean Air Status and Trend Network 
(CASTNET) 

Air concentrations  ! Web/digital 

DWR Hydrologic data Reservoir information  ! Web/digital 

DWR Water Quality Data Groundwater and Surface 
Water Quality data (WDL) 

! ! Web/digital 

EPA-STORET Surface water quality data  ! Web/digital 

California Data Exchange Center (CDEC) Surface flow and water quality 
data 

 " Web/digital 

Bay Delta and Tributary Project Surface water quality data  ! Web/digital 

U.S. Bureau of Reclamation  Diversion flow data  ! Web/digital 

California Irrigation Management Information 
System (CIMIS) 

Meteorology, Irrigation 
requirements 

 ! Web/digital 

Surface Water Ambient Monitoring Program 
(SWAMP) 

Surface water quality data  ! Web/digital 

USGS Hydrologic Data Surface flow data  ! Web/digital 

Local Irrigation and Water Districts Point source flow and 
discharge data 

 ! Web/digital 

U.S. EPA NPDES Database Rain concentrations  ! Web/digital 

SWRCB – (GAMA domestic and LLNL) Groundwater Quality Data ! " Web/digital 

NAWQA Surface water quality data  ! Web/digital 

CA Department of Public Health (CDPH) Groundwater quality data ! " Digital 

Integrated Groundwater Surface Water 
Model (IGSM) – Yolo County Area 

YCIGSM model documentation 
from Yolo County Flood 
Control 

! ! Digital 

USGS Central Valley Hydrologic Model 
(CVHM) 

CVHM model documentation, 
input/output files 

! ! Web/Digital/GIS 
Files 

USGS Water Quality Data Groundwater and Surface 
Water Quality data (NWIS) 

! " Web/Digital 
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Table ES-3. Data Source Status Summary 

Reference / Contact Data Type R
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Data Format 
Water Resources Information Database 
(WRID) – Yolo County  

Well construction, location, 
groundwater quality data 

! ! Database 

CA SWRCB – Geotracker  Groundwater quality data ! ! Web/Digital 

USGS Digital Elevation Models (DEM) Topographic data  ! Web/Digital 

Modesto Local MODFLOW Model Model documentation, 
input/output files 

! ! Web/Digital/GIS 
Files 

Harter Tule River Basin MODFLOW Model Model documentation, 
input/output files 

! ! Web/Digital/GIS 
Files 

Yolo County Flood Control District  Surface Water Quality Data ! ! Digital 
1. Data requested by personal contact. Other data sources accessed by web search 
2. ! = Complete data provided or obtained; " = Partial data provided or obtained; # = No data provided or obtained 

Primary Tasks  
Following are brief overviews of primary task activities. 

Select Pilot Study Areas 

Following extensive discussions with the CV-SALTS Technical Advisory Committee, the 
Committee recommended and approved three pilot areas for study: the Yolo, Modesto, and Tule 
River areas. The locations of these pilot areas are shown in Figure ES-1. The key criteria 
considered in selecting the pilot areas included: 

1. The major Central Valley hydrologic basins are represented (Sacramento River, San 
Joaquin River, and Tulare Lake)  

2. Advanced application status of the WARMF model for the area (previously applied, 
partially applied, or not currently applied but with relatively good input data availability) 

3. Range of land use classes (including various urban, industrial, commercial, and 
agricultural) represented  

4. Relatively advanced status of groundwater flow models applied  

5. Available groundwater quality data  
The three pilot areas selected represent a broad range of conditions meeting these criteria: 

 The Yolo study area represents the Sacramento River hydrologic basin; had previous 
application of the WARMF model to part of the area; contains a mix of urban and agricultural 
land uses; was included in the Central Valley Hydrologic Model (CVHM) which became 
available for use during the study; and had an extensive and well organized set of groundwater 
data.  
The Modesto study area represents the San Joaquin River hydrologic basin; had previous 
application of the WARMF model to the full area; contains a major urban area and a high 
concentration of dairy land use; had a complete groundwater flow model applied to the area; and 
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had less extensive groundwater quality data compared to the Yolo area, which required some 
estimation and extrapolation of data to provide inputs to WARMF for the full study area 
domain.  
The Tule River area represents the Tulare Lake hydrologic basin; had no previous application of 
the WARMF model to the area; contains primarily agricultural land uses with a significant 
number of dairies; had a complete groundwater flow model applied to the area; and had limited 
groundwater quality data, which required extensive estimation and extrapolation of data to 
provide inputs to WARMF for the full study area domain. 

Collect, Assess, and Input Data 

Much of the data needed to run the WARMF model were previously collected and input into the 
WARMF database for the pilot areas where the model had been previously applied (Yolo and 
Modesto). Data not already in the WARMF database were collected from the identified sources 
and input into the WARMF database. Land cover data were updated based on the most current 
data available from the DWR and NLCD land cover databases. The land cover classifications 
provided from these sources were augmented and refined extensively for purposes of this study 
to more accurately account for inputs from dairy operations and variations in irrigation and 
fertilization practices. Groundwater pumpage, recharge, and quality data needed for WARMF 
were developed from the groundwater models and other sources of quality data. 
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Figure ES-1. Pilot Areas General Location Map 
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Perform Preliminary Analyses and Data Validation 

The procedure for quality assurance / quality control (QA/QC) was adapted to each data source. 
To avoid discarding data that would improve the salt and nitrate budgets, it was assumed that 
data received from outside sources were generally valid. Results of preliminary salt and nitrate 
budget analyses were used to critically evaluate inputs, providing an additional measure of data 
QA/QC. 
As data were compiled from various sources, sources were cross checked against one another 
where appropriate. Consistency among sources provided another indication of data accuracy. 
The mass balance analyses for salt and nitrate are another mechanism to ensure data quality. The 
various sources and sinks need to balance so that the mass and its movement can be tracked. A 
serious imbalance in the mass balance is an indication of error in model assumptions or in the 
data. Imbalances were investigated to determine whether there were inaccuracies associated with 
the data. 

Estimation techniques were used as necessary to fill data gaps.  Sensitivity analyses were run to 
determine the amount of uncertainty introduced by the lack of data. Recommendations are 
provided regarding the filling of data gaps. 
Where specialized expertise was available, the team consulted with resource persons and 
incorporated recommendations regarding the correct characterization of conditions or land and 
water use.  

Refined Analysis and Pilot Study Output 
The WARMF model was run with the final validated data set to perform mass balance analyses, 
trend analyses, and sensitivity analyses. Groundwater models with particle tracking were run to 
show water quality effects due to salt and nitrate loading, groundwater recharge, and pumping. 

STUDY RESULTS 
Mass balance results for all three pilot areas are reported in Table ES-4 for TDS and in Table ES-
5 for nitrate. Table ES-5 also contains results for chloride mass balance for the Yolo area. Major 
source and sinks (greater than 10 percent) are indicated in italics. Results are also shown in 
graphical form in Figures ES-2 through ES-13 to provide a visual indication of the relative 
significance of sources and to allow comparison among pilot areas. Key conclusions regarding 
study results for mass balances of sources (inputs) and sinks (outputs) are presented in the 
Conclusions subsection. 
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Table ES- 4. Summary of Mass Balance Results for Pilot Areas – Total Dissolved Solids (lb/d) 

Process Yolo1 Modesto1 Tule River1 

SURFACE WATER    
Total Inputs 4,050,000 5,580,000 496,000 

Inflows from Upstream 1,710,000 4,510,000 259,000 
Imported Water 1,970,000 408,000 194,000 
Inflows from Near-surface Groundwater 241,000 486,000 41,200 
Point Sources 127,000 174,000 0 
Reaction Product 765 1,700 1,380 

Total Outputs 3,890,000 5,810,000 519,000 
Biological Uptake / Reaction Decay / Settling 165,000 2,350 4,250 
Diversion 668,000 1,310,000 319,000 
Outflow to Downstream 3,060,000 4,500,000 196,000 

NEAR-SURFACE GROUNDWATER2    
Total Inputs 1,720,000 2,330,000 2,450,000 

Atmospheric Deposition 197,000 423,000 119,000 
Irrigation 1,230,000 1,030,000 785,000 
Fertilizer / Land Application 221,000 807,000 1,160,000 
Point Sources 7,680 22,500 44,000 
Septic Systems 998 1,120 10,300 
Mineral Weathering / Reaction Product 61,700 49,200 333,000 

Total Outputs 1,670,000 2,050,000 1,890,000 
Net Plant Uptake / Reaction Decay 130,000 406,000 959,000 
Outflow to Surface Water 241,000 499,000 41,200 
Recharge to Deeper Groundwater 1,300,000 1,150,000 889,000 

Change in Storage 48,000 280,000 565,000 
DEEPER GROUNDWATER3    
Total Inputs 1,300,000 1,150,000 889,000 

Recharge from Near-surface Groundwater 1,300,000 1,150,000 889,000 
Stormwater Recharge Wells or “Rock Wells” 0 0 0 

Total Outputs 919,000 1,060,000 713,000 
Pumping for Irrigation 873,000 203,000 713,000 
Pumping for Municipal / Industrial Use 46,000 860,000 0 
Pumping for Groundwater Control 0 0 0 

Change in Storage 381,000 87,000 176,000 
1. Major sources and sinks (greater than 10 percent) are indicated in italics. 
2. Near-surface groundwater – defined as water down to the depth where it still interacts with surface water via lateral flow. 
3. Deeper groundwater (as related to WARMF mass balance results) -- defined as the portion of the aquifer system underlying the 

“near-surface groundwater.” “Deeper groundwater”, as used here, does not distinguish between different units of the aquifer 
system. 
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Table ES-5. Summary of Pilot Area Mass Balance Results – Nitrate and Chloride (Yolo only), lb/d 

Yolo1 Modesto1 Tule River1 

Process Nitrate-N Chloride Nitrate-N Nitrate-N 
SURFACE WATER     
Total Inputs 14,500 173,000 30,100 6,100 

Inflows from Upstream 3,720 90,300 19,100 3,130 
Imported Water 6,670 44,700 415 52 
Inflows from Near-surface Groundwater 2,730 9,920 8,600 2,760 
Point Sources 1,310 27,600 1,800 0 
Reaction Product 39 0 191 161 

Total Outputs 14,700 175,000 30,700 6,170 
Biological Uptake / Reaction Decay / Settling 30 0 429 0 
Diversion 2,510 39,500 5,950 2,710 
Outflow to Downstream 12,200 135,000 24,300 3,460 

NEAR-SURFACE GROUNDWATER2     
Total Inputs 45,700 94,100 85,300 205,000 

Atmospheric Deposition 1,290 3,960 584 2,550 
Irrigation 7,890 77,500 9,070 33,400 
Fertilizer / Land Application 28,800 9,960 71,900 109,000 
Point Sources 43 2,280 495 184 
Septic Systems4 0* 245 0* 0* 
Mineral Weathering / Reaction Product 7,650 200 3,320 60,200 

Total Outputs 40,300 89,400 71,000 133,000 
Net Plant Uptake / Reaction Decay 14,500 22 40,000 111,000 
Outflow to Surface Water 2,730 13,300 8,610 2,760 
Recharge to Deeper Groundwater 23,000 76,100 22,400 19,000 

Change in Storage 5,460 4,700 14,300 71,900 
DEEPER GROUNDWATER3     
Total Inputs 23,000 76,100 22,400 19,000 

Recharge from Near-surface Groundwater 23,000 76,100 22,400 19,000 
Stormwater Recharge Wells or “Rock Wells” 0 0 0, 0 

Total Outputs 9,920 89,100 19,800 34,600 
Pumping for Irrigation 9,440 84,000 3,100 34,600 
Pumping for Municipal / Industrial Use 481 5,100 16,700 0 
Pumping for Groundwater Control 0 0 0 0 

Change in Storage 13,100 -13,000 2,600 -15,600 
1. Major sources and sinks (greater than 10 percent) are indicated in italics. 
2. Near-surface groundwater – defined as water down to the depth where it still interacts with surface water via lateral flow. 
3. Deeper groundwater (as related to WARMF mass balance results) -- defined as the portion of the aquifer system underlying the 

“near-surface groundwater.” “Deeper groundwater”, as used here, does not distinguish between different units of the aquifer 
system. 

4. Septic Systems load nitrogen as ammonia-N: Yolo = 180 lbs/d; Modesto = 363 lbs/d; Tule River = 766 lbs/d 
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Figure ES - 2. Surface Water TDS Inputs for the Three Study Areas 

 

 
 

 

 

Figure ES - 3. Surface Water TDS Outputs for the Three Study Areas 
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Figure ES - 4. Near-surface Groundwater TDS Inputs for the Three Study Areas 

 

 
 

 

 
 

Figure ES - 5. Near-surface Groundwater TDS Outputs for the Three Study Areas 
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Figure ES - 6. Deeper Groundwater TDS Inputs for the Three Study Areas 

 
 

 
 

 
 

Figure ES - 7. Deeper Groundwater TDS Outputs for the Three Study Areas 



Salt and Nitrate Sources Pilot Implementation Study ES-15 February 2010 
Final Report 

  
 

Figure ES - 8. Surface Water Nitrate Inputs for the Three Study Areas 

 
 

 
 

 
 

Figure ES - 9. Surface Water Nitrate Outputs for the Three Study Areas 
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Figure ES - 10. Near-surface Groundwater Nitrate Inputs for the Three Study Areas 

 
 

 
 

 
 

Figure ES - 11. Near-surface Groundwater Nitrate Outputs for the Three Study Areas 
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Figure ES - 12. Deeper Groundwater Nitrate Inputs for the Three Study Areas 

 
 

 
 

 
 

Figure ES - 13. Deeper Groundwater Nitrate Outputs for the Three Study Areas 
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CONCLUSIONS 

Study Results 
Key conclusions derived from study results for mass balances of sources and sinks of TDS and 
nitrate are stated below. 

TDS 

1. The principal inputs of TDS to near-surface groundwater, and therefore likely to deeper 
groundwater, in all three pilots areas are irrigation and fertilizer/land application.   

2. Other sources contributing more than 10 percent TDS to near-surface groundwater include 
atmospheric deposition in the Yolo and Modesto areas and mineral weathering and reaction 
products in the Tule River area.  

3. TDS is accumulating in the near-surface and deeper groundwater in all three pilot areas. 

Nitrate 

1. Principal inputs of nitrate to near-surface groundwater in all three pilot areas are irrigation, 
fertilizer/land application.  

2. Other sources contributing more than 10 percent nitrate to near-surface groundwater include 
mineral weathering and reaction products in the Yolo and Tule River areas.  

3. Nitrate is accumulating in the near-surface groundwater in all three pilot areas and in the 
deeper groundwater in the Yolo and Modesto areas, but is depleting in the Tule River area as 
a whole. 

Project Objectives 
Study conclusions regarding achievement of project objectives are summarized in Table ES-6. 

Table ES- 6 . Conclusions Regarding Achievement of Project Objectives 

Project Objective Conclusion 

Objective 2: Provide the methods 
and manner of collection, 
characterization, and use of the 
salt and nutrient source data for 
the pilot areas. 

The study report identifies the types and sources of data that are 
needed to run the models employed to calculate TDS and nitrate 
(and chloride in one study) sources and sinks and an overall 
mass balance. The report further describes the methods used to 
collect and analyze the data and how the data are used in the 
models. 

Objective 3: Outline data that are 
currently available and the quality 
of the data 

The study report identifies the data sources used in the study and 
indicates limitations, including accessibility to data in useful 
formats and the general availability of the desired data. The 
report also indicates if site-specific data are necessary and 
essential to perform mass balance determinations or if the data 
can be estimated or extrapolated based on limited data or 
knowledge of typical practices. 

Objective 4: Identify additional data 
that should be collected or 
developed. 

The data collected during the study were adequate to run the 
models and perform the mass balance calculations. Additional 
data could improve the certainty and accuracy of the results.  
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Table ES- 6 . Conclusions Regarding Achievement of Project Objectives 

Project Objective Conclusion 
Objective 5: Indicate how the 

methodology will account for total 
salt loading balance and 
accumulation and identify critical 
concentration discharges.  

The methodology employed considers the input from all 
potentially significant sources of all constituents related to TDS 
and nitrate to water and land and accounts for changes in 
constituent concentrations as a result of physical, chemical, and 
biological processes that occur in the surface water and in the 
soil profile.  

Objective 6: Ensure accurate 
accounting of all sources 

The WARMF model tracks all constituents from all sources and 
creates input and output mass balances. 

Objective 7: Identify how historic, 
current, and future source 
quantities will be determined or 
estimated to provide trend 
information 

Specific trend analyses were not performed as part of this study, 
but the report describes how trend analyses can be performed 
and the type of information that these analyses can provide. 

Objective 8: Identify and quantify 
areas where nitrates are 
impacting beneficial uses of 
waters. 

Results from this study did not provide all data needed to make 
determinations of impacts to beneficial uses. This will be an area 
of scope development for future CV-Salts studies. 

Objective 9: Select analytical tools 
and methods that will work for the 
pilot areas as well as other parts 
of the Central Valley. 

The analytical tools and methods developed for this study would 
be applicable to all parts of the Central Valley. The primary data 
needed to run the mass balance calculation model are 
meteorologic, hydrologic, and land cover data that are readily 
available for all regions. The accuracy of the mass balance 
calculations will vary depending on the amount and accuracy of 
other input data, such as groundwater quality data and 
groundwater pumping and recharge volumes. Reasonable values 
for data that are missing or limited can be estimated. 

Summary  The principal goals of this work were to identify and assemble 
input data sets for available models, and then to use the models 
to quantitatively relate salt and nitrate sources and sinks within 
representative pilot study areas. Modeling of this kind is 
extremely sensitive to land cover (e.g., the distribution of 
impervious surfaces, irrigation and fertilization rates, salt loading, 
and plant communities among analyzed catchments). Available 
data sources were combined to provide a level of land cover 
detail greater than previously employed with the widely used 
WARMF platform. The input data and modeling products 
achieved the principal project goal and advance the CV-SALTS 
work. The recommendations discussed below for further 
refinements are based on the study results. 

 
General Conclusion 
The physical, chemical, and biological data needed as input to the tools used to quantitatively 
relate salt and nitrate sources and sinks were gathered and evaluated for each of the pilot study 
areas. Data quality and quantity advantages and limitations were identified. The WARMF output 
demonstrates its utility as an accounting method for tracking salts and nitrates on and beneath the 
land surface. The groundwater models in each of the study areas demonstrated how these tools 
provide complementary data to the WARMF model application and also provide insights 
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regarding the subsurface distribution of salts and nitrates in groundwater.  Based on the pilot 
study results, recommendations are provided for further refinements and additional approaches 
that could be useful during the development and/or implementation of salt and nitrate 
management plans, pending regional plan objectives. 

RECOMMENDATIONS  
Key recommendations regarding the topics of land cover and soils, surface water modeling, 
groundwater data, groundwater flow and quality modeling, and analysis tools are summarized 
below in order of priority. All recommendations are focused on refinements that could be made 
to improve access to certain data types and to improve the certainty and accuracy of results using 
the methodology employed in the study. None of these recommended actions would likely 
impact the basic results or conclusions derived from this study. 

Land Cover And Soils 
First Priority 

1. Refine handling of non-Dairy CAFO’s 
2. Refine land use classes for mixed or blended classes of crops (e.g. other row crops)  
3. Aggregate land use class with small percentages of total land use and loading where 

possible 
4. Refine nitrogen loading parameters for dairy solids to include forms of nitrogen 
5. Perform sensitivity analyses for soil classes and parameters and refine, if appropriate, 

using SSURGO mapping and parameters 
6. Compare estimated fertilizer application with fertilizer sales/use data 

Second Priority 

1. Refine land use classes for Urban Commercial and Industrial related to imperviousness  
2. Check land use class parameters against actual documented characteristics and practices  
3. Compare modeled plant N uptake with harvest data and harvest N content data 
4. Assess regional variations in gaseous N losses (volatilization, denitrification) in soils and 

aquifers 

Surface Water Modeling 
First Priority 

1. Perform post-WARMF analyses to quantify salt and nitrate loadings to near-surface 
groundwater by land use class to better identify land use classes with the highest potential 
to impact groundwaters. 

2. Perform a more extensive set of sensitivity analyses to better define the relative 
importance of major input and process parameters 

3. Establish a single point of contact on the Regional Water Quality Control Board staff 
who is responsible for processing requests for discharger data related to salt and nutrient 
planning efforts 

4. Expand CIWQS public access database to include basic discharge data: flow, effluent 
quality, location, land discharge area, if feasible 
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Second Priority 

1. Collect data on soil pore water in and immediately below the root zone 
2. Refine soil process parameters based on field study data 
3. Monitor flow and quality in drainage-dominated waterways 

Groundwater Data 
First Priority 

1. Identify construction data for CDPH wells to improve utility of historical water quality 
records 

2. Add monitoring locations (existing wells with known construction and/or new dedicated 
monitoring wells) as needed, particularly in under-sampled areas (including water level 
measurements) 

Second Priority 

1. Continue to expand and keep current the Yolo countywide database 
2. Develop central organized data repositories for the Modesto and Tule River areas (water 

levels, salt, nitrate, depth of screen) 
3. Improve (or create for Modesto and Tule River areas) zone/aquifer-specific monitoring. 
4. Develop refined estimates of separate pumpage volumes for agriculture and for 

Municipal/Industrial.  

Groundwater Flow and Quality Modeling 
First Priority 

1. Groundwater transport modeling could be refined to better account for local distribution 
of nitrogen, salt, and recharge inputs and flow field effects due to pumping 

2. WARMF output to groundwater should be disaggregated to the individual land unit scale, 
then used as input to groundwater model for more realistic simulation of the source 
distribution 

3. Consider performing sensitivity analyses and recalibrating the groundwater models as 
necessary.  Consider use of both head and groundwater age data 

4. Further validate WARMF mass loads estimated to reach groundwater   
Second Priority 

1. Consider whether a higher vertical resolution model may improve groundwater age 
estimates 

2. Collect depth-specific groundwater ages across a region for further validation 

3. The 95 percent confidence intervals for predictions should be analyzed and provided to 
indicate the range of uncertainty of the model results. 

Analysis Tools 
Recommendations regarding the use of other tools to model salt and nitrates on a regional basis 
are listed below: 
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1. Evaluate water, salt, and nitrate balances with whole-systems approach (current and 
future scenarios) 

2. Identify insights provided by and limitations of tools used to estimate future implications 
of mass loading 

3. Evaluate sensitivity of tools to inputs and assumptions 
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Section 1 – Introduction 

BACKGROUND  
The Salt and Nitrate Source Pilot Implementation Study is a key initial step in the effort by the 
CV-SALTS Program to help develop a Basin Plan amendment to address the issue of salt and 
nutrient management in the Central Valley. The CVSC in coordination with the Regional Water 
Quality Control Board and State Water Resources Board seek guidance on approaches and tools 
that will facilitate the development of a Basin Plan amendment and accomplish better 
management of salts and nutrients.  Correspondingly, methods are needed to evaluate the sources 
of salt and nitrate loads and the potential long-term effects of those loads on surface and 
groundwater resources throughout the Central Valley. 

STUDY OBJECTIVES  
The overall goals of the study are to develop and document procedures and methodologies to 
quantify, fairly and equitably, the significant salt and nitrate sources in the Central Valley and to 
pilot those procedures in selected areas to evaluate the appropriateness and region-wide 
applicability of the procedures. The methods developed in the study are intended to be a first step 
that can be used by others to help formulate a physical conceptualization (conceptual model) of a 
regional area, including land and water uses and point and non-point sources of salts and 
nutrients, for purposes of preparing a management plan. Specific objectives of the study include 
the following: 

1. Define salt and nutrient sources of significance for purposes of the study 
2. Provide the methods and manner of collection, characterization, and use of the salt and 

nutrient source data for the pilot areas 
3. Outline data that are currently available and the quality of the data 
4. Identify additional data that should be collected or developed 

5. Indicate how the methodology will account for total salt loading balance and 
accumulation and identify critical concentration discharges 

6. Ensure accurate accounting of all sources 
7. Identify how historic, current, and future source quantities will be determined or 

estimated to provide trend information  
8. Identify and quantify areas where nitrates are impacting beneficial uses of waters 

9. Select analytical tools and methods that will work for the pilot areas as well as other parts 
of the Central Valley 

SCOPE 
This study report provides documentation of the following principal study tasks: 

• Definition of constituents of concern!
• Identification of significant salt and nitrate sources 
• Selection of tools for analysis!
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• Identificiation of data needs for tools 
• Identification of data sources 
• Selection pilot areas 
• Collection and input of data into analysis tools 
• Preliminary analyses and data validation 
• Final analyses and study results 
• Recommendations  

 
The report also provides detailed descriptions of the following: 

• Methods used for data collection and analysis 
• Tools used for data analysis 
• Pilot areas selected for study 
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Section 2  – Study Methodology Overview 
The general methodology followed in conducting the pilot studies involved the performance of a 
sequence of preparatory tasks followed by a sequence of primary work tasks as described in the 
Work Plan prepared for this project (LWA, 2009) and as listed below. All of the tasks are 
described briefly in this Section to provide an overview of the study methodology.  
Preparatory tasks included the following: 

• Define constituents of concern!
• Identify significant salt and nitrate sources 
• Select tools for analysis!
• Identify data needs for tools 
• Identify data sources 

Primary work tasks included the following: 

• Select pilot areas 
• Collect, assess, and input data 
• Perform preliminary analyses and data validation 
• Perform refined analyses 
• Produce study ouput 

PREPARATORY TASKS 
Preparatory tasks were performed to define the focus and identify the tools and data needs for the 
primary work tasks. These tasks are not specific to the tools selected for this study, but are 
necessary first steps to define and understanding of any regional area for the purpose of salt and 
nutrient planning. 

Define constituents of concern 
Based on initial guidance provided by the CV-SALTS Technical Committee, Total Dissolved 
Solids (TDS) (or Electrical Conductance (EC)) and nitrates and water quality related nitrogen 
species were identified as the first priority constituents of concern. Thus the study focused on 
quantifying the sources of these first priority constituents. The Technical Committee also 
identified other specific ions that constitute TDS as second priority constituents of concern, 
which may be of interest in specific locations. Chloride was identified as a specific ion that could 
be used to demonstrate the methodology for determining the mass balance for a specific salinity 
ion. 

Identify Significant Salt and Nitrate Sources 
A list of potentially significant salt and nitrate sources and sinks is presented in Table 2-1. These 
sources are based on the standard input parameters for the WARMF model, which was 
developed to consider all potentially significant sources of chemical constituents to a watershed. 
Determination of loadings associated with these sources and sinks of salts and nitrate is the 
primary focus of this study.  
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Table 2-1. Potentially Significant Salt and Nitrate Sources and Sinks 

Sources Sinks 
Surface water upstream inflow Surface water outflow 
Imported surface water Surface water diversions 
Irrigation Near-surface groundwater 
Fertilizer Deeper groundwater 
Stormwater discharges  Plant uptake 
Septic tank discharges Reaction decay  
Land application, including dairies Gaseous loss, volatilization 
Point Sources  

Municipal wastewater treatment plant 
discharges and facilities, including ponds 

 

Industrial discharges  
Livestock facilities  
Mineral weathering / reaction products  
Atmospheric deposition   

Select Tools for Analysis 
The Watershed Analysis Risk Management Framework (WARMF) was selected as the primary 
tool to account for surface flows, deep percolation to groundwater, and salinity and nitrate 
sources and sinks. It also allows comprehensive mass balance computations for watershed 
elements above and below the land surface. Note that other tools, such as spreadsheet mass 
balance calculation models, could also be used to compute mass balances. Most of the data needs 
and data collection procedures described in this study for the WARMF model would also apply 
to other tools. WARMF was selected as the primary accounting tool because it is process and 
data driven, which allows analyses to take full account of what is known about the watersheds of 
interest, including observations of past conditions that allow for projections and simulations of 
future management scenarios. In addition, much of the data needed to define watersheds had 
already been collected in study areas where the WARMF model had been previously applied. 
WARMF maintains volume balances of water and a mass balance of chemical constituents to 
track pollutants through a watershed from their source. WARMF features a stand-alone, 
publically accessible, database that is used to manage the data required to run the model.  
Detailed descriptions of the WARMF model, its input data requirements, and its output products 
are presented in Attachment 1 of this report. 

The WARMF model complemented by other data (including recharge, pumpage, and the quality 
of the pumped groundwater, which are input into the WARMF model) creates a means to 
account for salt and nitrate sources associated with deeper groundwater. As related to WARMF 
and the salt and nitrate accounting described in this report, “deeper” groundwater refers to the 
portion of the aquifer system that underlies groundwater near the water table where there is still 
the potential for interaction with surface water. The groundwater data were developed from 
groundwater models that have been developed for the pilot study areas or collected from well-
organized groundwater databases. Groundwater models that were used in this study to provide 
input data to WARMF include the United States Geological Survey (USGS) MODFLOW model 
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revised for the Modesto area, the Harter MODFLOW model developed for the Tule River area, 
and the USGS Central Valley Hydrologic Model (CVHM) for the portion overlying the Yolo 
County area. Detailed features of the MODFLOW models and the CVHM are described in 
Attachment 2 of this report. 

Identify Data Needs for Tools 
A list of the data types and parameters values that are required to run the WARMF model and 
supporting groundwater models for this study are listed in Table 2-2. Additional descriptions of 
required data and parameters are provided in Attachment 1. Some types of data are site-specific 
and essential to running the WARMF model or other models or methods used to characterize salt 
and nitrate status in an area of interest. These essential data types are indicated with the label (N) 
for “necessary”. Fortunately, all of these data types are typically readily available for all regions 
of the Central Valley. While it is desirable to have complete sets of site-specific data for all 
parameters, some data types can typically be extrapolated or estimated from limited available 
data. These data types are labeled (N/E) for “necessary but can be estimated from other site-
specific data”. Other data types can be estimated based on knowledge of standard or typical 
practices, if site-specific data are not available. These data types are labeled (E), for “typically 
estimated, with or without site-specific data”. Other process parameter rates listed typically have 
default values within models or values that can be adjusted by the model operator. These 
parameters are labeled “M”, for “model default provides estimate unless changed by model 
operator”. However, it is important to note that these data and parameter needs are not specific to 
the WARMF model, but are necessary to the understanding of any regional area for planning 
purposes and will apply to any conceptual model or tool to be used in the development of salt 
and nutrient management plan. 

Identify Data Sources 
Sources from which the data and parameter values listed in Table 2-2 can be obtained include a 
variety of federal, state, local, and private sources. A list of data sources is presented in Table 2-
3. The sources corresponding to the various data needs are indicated by source number in Table 
2-2. A summary of data sources used during the pilot studies and the status of the data provided 
in terms of type and availability are presented in Attachment 10. 
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Table 2-2. Types of Data and Parameter Values Needed to Understand Regions for Planning Purposes* 

Hydrologic Data Salt and Nitrate Data Process Parameters 
Surface water flows (N) (6, 9, 15, 17, 27) Surface water quality (N) (7, 8, 9, 

10, 13, 26) 
Plant uptake rates† (E) (1, 12, 22, 
23) 

Imported water flows (N) (6, 9, 11, 15) Groundwater quality (N/E) (16, 17, 
18, 19, 20, 27, 28, 29, 30, 33) 

Atmospheric deposition (M) (4, 5) 

Water diversions (N) (6, 17) Point source quality(N/E)(14, 18, 29) Soil properties (3, 22) 
Point source flows  (N/E) (14, 18) Land cover class salt loadings† (E) 

(2, 32) 
Nitrification rate (M) (1) 

Irrigation return flows (E) (9, 16) Fertilizer rates† (E) (22, 23) Denitrification rate (M) (1) 

Meteorology/effective rainfall (N) (9, 12) Land application rates† (E) (14, 18, 
29) 

Mineralization rate (M) (1) 

Land cover classes†  (N) (2, 32)  Volatilization rate (M) (1) 

ET rates (N) (1, 12, 22)  Sorption rates (M)(1, 7, 8, 10, 13, 
26) 

Irrigation rates†  (E) (12, 22)  Phytoplankton processes (M) (1) 

Irrigation efficiency† (E) (22, 23)   

Groundwater pumpage (N/E) (17, 24, 25, 
33, 34) 

  

Groundwater recharge (N/E)(24, 25, 33, 34)   
Topography (N) (32)    
* Numbers following data type correspond to data sources listed in Table 2-3 
†  Parameters included in land cover classifications 
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Table 2-3. List of Data Sources 

No. Data Source 

1. WARMF Model (default and calibrated values) 
2. DWR Land Use Survey 
3. NRCS Soil Survey 
4. National Atmospheric Deposition Program (NADP) 
5. Clean Air Status and Trend Network (CASTNET) 
6. DWR Hydrologic data 
7. DWR Water Quality Data 
8. EPA-STORET 
9. California Data Exchange Center (CDEC) 

10. Bay Delta and Tributary Project 
11. U.S. Bureau of Reclamation  
12. California Irrigation Management Information System (CIMIS) 
13. Surface Water Ambient Monitoring Program (SWAMP) 
14. Regional Water Quality Control Board Permit Database  
15. USGS Hydrologic Data 
16. Local Irrigation Districts 
17. Local Water Districts 
18. U.S. EPA NPDES Database 
19. SWRCB Groundwater Ambient Monitoring and Assessment Program (GAMA 

domestic and LLNL) 
20. NAQWA 
21. California Department of Public Health (CDPH) 
22. UC Cooperative Extension 
23. County Agriculture Commissioner’s Office 
24. Integrated Groundwater Surface Water Model (IGSM) – Yolo County Area 
25. USGS Central Valley Hydrologic Model (CVHM) 
26. USGS Water Quality Data 
27. Local Flood Control Districts  
28. Water Resources Information Database (WRID) – Yolo County  
29. Hilmar SEP Report and Database 
30. Geotracker (in addition to SWRCB data above) 
31. National Land Cover Database (NLCD) 
32. USGS Digital Elevation Models (DEM) 
33. Modesto Local MODFLOW Model 
34. Harter Tule River Basin MODFLOW Model 
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PRIMARY WORK TASKS 
Primary work tasks, which comprised the major portion of the effort committed to the project, 
included the following:  

• Select pilot areas 
• Collect, assess, and input data 
• Perform preliminary analyses and data validation!
• Perform refined analyses 
• Produce study ouput 

Select Pilot Study Areas 
The project team initially proposed three pilot study areas (Yolo, Modesto, and Merced) based 
primarily on the quantity and quality of available data for the areas and the domain of the 
analytical tools (WARMF and groundwater models). Following extensive discussions with the 
CV-SALTS Technical Advisory Committee, the Committee recommended and approved 
replacement of the Merced pilot study area with the Tule River groundwater subbasin, which is 
located in the Tulare Lake hydrologic basin of the Central Valley, to provide a more diverse 
array of pilot areas in terms of geographical location and hydrologic characteristics. 
Characteristics of the three pilot areas selected for study (Yolo, Modesto, and Tule River (Figure 
ES-1)) are described in detail in Attachment 3 of this report.  
The key criteria considered in selecting the pilot areas included: 

1. The major Central Valley hydrologic basins are represented (Sacramento River, San 
Joaquin River, and Tulare Lake)  

2. Advanced application status of the WARMF model for the area (previously applied, 
partially applied, or not currently applied but with relatively good input data availability) 

3. Range of land use classes (including various urban, industrial, commercial, and 
agricultural) represented  

4. Relatively advanced status of groundwater flow models applied  
5. Available groundwater quality data  

The three pilot areas selected represent a broad range of conditions meeting these criteria: 
The Yolo study area represents the Sacramento River hydrologic basin; had previous application 
of the WARMF model to part of the area; contains a mix of urban and agricultural land uses; was 
included in the Central Valley Hydrologic Model (CVHM) which became available for use 
during the study; and had an extensive and well organized set of groundwater data.  
The Modesto study area represents the San Joaquin River hydrologic basin; had previous 
application of the WARMF model to the full area; contains a major urban area and a high 
concentration of dairy land use; had a complete groundwater flow model applied to the area; and 
had less extensive groundwater quality data compared to the Yolo area, which required some 
estimation and extrapolation of data to provide inputs to WARMF for the full study area domain.  
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The Tule River area represents the Tulare Lake hydrologic basin; had no previous application of 
the WARMF model to the area; contains primarily agricultural land uses with a significant 
number of dairies; had a complete groundwater flow model applied to the area; and had limited 
groundwater quality data, which required extensive estimation and extrapolation of data to 
provide inputs to WARMF for the full study area domain.  

Collect, Assess, and Input Data 
Much of the data needed to run the WARM model were previously collected and input into the 
WARMF database for the pilot areas where the model had been previously applied (Yolo and 
Modesto). Data not already in the WARMF database were collected from the sources in Table 2-
3 and input into the WARMF database. Land cover data were updated based on the most current 
data available from the DWR and NLCD land cover databases. The land cover classifications 
provided from these sources were augmented and refined extensively for purposes of this study 
to more accurately account for inputs from dairy operations and variations in irrigation and 
fertilization practices. Key input parameters defined under land cover classifications include the 
following (see Table 2-2): 

• Applied water 
• Irrigation period 
• Applied nitrogen 
• Nitrogen form 
• Salt loading 
• Biomass offtake 
• Nitrogen uptake   
• Percent impervious land area 
• Percent irrigated land area 

Groundwater pumpage, recharge, and quality data needed for WARMF were developed from the 
groundwater models and other sources of quality data as indicated in Table 2-3. All data in the 
WARMF database are accessible to the public on line. Data collection, assessment, and input 
methods are described in detail in Section 3. Data sources used during the pilot studies and the 
status of the data provided in terms of type and availability are detailed in Attachment 10. 

Perform Preliminary Analyses and Data Validation 
Because the salt and nitrate budgets rely on the accuracy of the underlying data, it is important to 
know if the data are reliable. Each data source has its own procedure for quality assurance / 
quality control (QA/QC) of the data they provide. Because of the risk of discarding data that 
would make the salt and nitrate budgets stronger, the first assumption when creating the budgets 
is that the QA/QC procedures used for each source are sufficient to ensure acceptable data. The 
initial or preliminary analyses performed for the salt and nitrate budgets provide an additional 
measure of data QA/QC. 

As data are compiled from various sources, they were checked between sources. Consistency 
between sources is another indication of accurate data. The mass balance analyses for salt and 
nitrate are another mechanism to ensure data quality. The various sources and sinks need to 
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balance so that the mass and its movement can be tracked. A serious imbalance in the mass 
balance is an indication of error in model assumptions or in the data. Imbalances were 
investigated to determine whether there were inaccuracies associated with the data. 
Data gaps are those data needs listed in Table 2-2 for which insufficient data were found. 
Estimation techniques were used as necessary to fill data gaps.  Sensitivity analyses were run to 
determine the amount of uncertainty introduced by the lack of data. Data gaps are further 
discussed in Section 4 and recommendations are provided regarding the filling of data gaps. 

Refined Analysis and Pilot Study Output 
The WARMF model was run with the final validated data set to perform mass balance analyses, 
trend analyses and sensitivity analyses. The output from the refined analysis provided the study 
results that are reported in Section 4. A flow chart indicating the relationships among the various 
inputs to and outputs from the WARMF model and groundwater models is presented in Figure 2-
1. Note that the flow chart is not specific to the WARMF model, but would be generally 
applicable to any tool (e.g. spreadsheet model) used to calculate mass balances of salt and nitrate. 

Mass Balance Analyses Results 

The WARMF model was run to generate mass balance accountings of the significant sources of 
salts and nitrates listed in Table 2-1 for individual catchments within each pilot area. Results for 
each pilot area are summarized in Section 4. Results for individual catchments are report for the 
three pilot areas in Attachments 4, 5, and 6. A mass balance accounting was also performed for 
chloride for the Yolo pilot area to demonstrate the mass balance methodology for specific 
salinity ions. A diagram illustrating the elements included in the mass balance calculations is 
shown in Figure 2-2. Again, these elements and relationships among them are not specific to the 
WARMF model, but would be generally applicable to any tool (e.g. spreadsheet model) used to 
calculate mass balances of salt and nitrate. 

Trend Analyses Results 

Trend analysis was not a primary deliverable of the project, but the methods and tools that were 
used allowed preliminary consideration of trends in deeper groundwater quality.  Trends may 
occur due to factors such as changes from historical agricultural practices (including land and 
water uses). Knowledge of a trend is important for salinity and nitrate management since 
identification of groundwater quality trends and the factors related to those trends can guide 
adjustments needed to better accomplish salt and nitrate management.  Section 3 discusses how 
trend analyses can be performed and the information they provide.  Section 4 describes 
groundwater quality trend analyses performed in the study areas, which included analysis of 
observed data as well as simulations that preliminarily evaluated the distribution of salts and 
nitrates in groundwater. 

Sensitivity Analyses Results 

Sensitivity analyses were performed by running the WARMF model for mass balances with 
variable values for selected input data and comparing the output results. Significant differences 
in results indicate that the model is sensitive to the variable being tested. These sensitivity 
analyses identify the variables to which the process is the most sensitive in the three pilot study 
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areas and provide information on the accuracy of the elements of the mass balance given the 
uncertainties from model assumptions, lack of data, or future conditions. 

Groundwater Quality Results 

Groundwater quality data organized for the Yolo study area served two objectives. One objective 
was to provide source water quality for groundwater used as a source of municipal and/or 
agricultural supply for each WARMF catchment.  The other objective was to develop an 
understanding of current groundwater quality conditions and also long-term trends for each 
catchment where a sufficient historical record is available.  Section 3 discusses these actual 
observations and the approach used to compare WARMF output to observed groundwater quality 
trends in the Yolo area and to analyze the potential effects of salt and nitrate loading on future 
groundwater quality conditions.  Section 4 presents the results of the latter analyses. 

Groundwater quality in the Modesto and Tule River Study Areas was simulated using the 
MODFLOW and MODPATH models to evaluate groundwater origin, regional flow patterns, and 
to preliminarily evaluate solute/salt transport in the subsurface of the Modesto and Tule model 
areas.  Specifically, these models were applied to answer the following key questions: 1) What is 
the travel time of groundwater from recharge areas to where groundwater is produced within the 
aquifer system?,  2) What are the principal sources of groundwater recharge (i.e., precipitation, 
river seepage, or from the boundary fluxes)?, and  3) What is the distribution of salts and/or 
nitrates with time?  

 The Modesto and Tule River MODFLOW/MODPATH models were applied in coordination 
with WARMF output to provide a generalized regional scale analysis of salt and nitrate transport 
paths. A fully coupled groundwater flow and transport model would be a necessary tool for 
detailed analysis of salt and nitrate distribution and concentrations.  

The models are described in Attachment 2 and their application and the simulation results are 
described in detail in Section 4. 
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Figure 2-1. WARMF Model Input / Output Flowchart 
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Figure 2-2. Illustration of Mass Balance Calculation Elements 
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Section 3 – Data Collection and Analysis Methods 

The following principal tasks were performed for each pilot study area: 

• Data collection, assessment, and input 
• Preliminary data analyses and validation 
• Refined data analyses and study output 
• Development of methodology recommendations (see Section 5) 

Aspects of the methods under each task that are common to all three pilot study areas are described 
first followed by those aspects that are specific to the various pilot study areas. 

BASIC APPROACH  
The WARMF model, with input from groundwater models and land cover data, was used to 
develop mass balances of salt and nitrate sources and sinks for surface water and near-surface 
groundwater near the water table.  Additionally, mass balances were developed for relatively 
deeper groundwater using the WARMF model based on input from groundwater models where 
available.  
Some needed input data were either very limited or not available. For these cases, the data gaps are 
identified, the approaches used to address the data gaps in the analysis are described, and 
recommendations to fill data gaps or refine data input are suggested in Section 5. 

DATA COLLECTION, ASSESSMENT AND INPUT 
Principal data types needed for WARMF model input include land cover, irrigation rates, 
fertilization rates, soil characteristics and processes, point source flows and quality, surface water 
flows and quality, groundwater pumpage, deep percolation (recharge), groundwater quality, and 
return flows. The primary sources for the WARMF model input data are listed in Table 1-3 and 
described in detail in Attachment 1. The methods of data collection, data employed, and gaps in 
these data are discussed for the various data types.  
In general, data inputs developed as inputs or calibration values for modeling included the 
following: 

1. A legend identifying the list of land cover classes to be considered distinctly in the 
modeling 

2. A geographic layer delineating land cover classes in each of the study areas 
3. Management, growth, and uptake parameters characterizing each of the land cover classes 
4. Soil characteristics and processes 
5. Point source flows and quality 
6. Surface water flow and quality 
7. Groundwater pumpage 
8. Irrigation return flow quantity and management 
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Land Cover  
Land cover data were developed with the goal of representing 2002 conditions as closely as 
possible based on existing data, generally according to methods outlined in the Workplan. 
Specifics of these methods and the resulting land cover data are summarized in this section, along 
with substantial obstacles encountered and how these were dealt with.  
Certain parameters of land cover are known or strongly suspected to influence modeling results, 
including the following: 

• Proportion of land that is irrigated and the amount/timing of irrigation 
• Proportion of land that is pervious and impervious 
• Plant community (if any) on pervious surfaces  
• Biomass and nitrogen constituents removed by harvest 
• Salt and nitrogen application rates (in fertilizers and land applied wastes) 

A number of other parameters are determined in WARMF, taking account of land cover class and 
other factors. Some examples of these parameters include the following: 

• Salt and nitrogen applied in irrigation water 
• Groundwater quantity and quality pumped 
• Other water balance components (evapotranspiration, runoff, infiltration, percolation) 
• Soil processes (transport, transformation, immobilization, mineralization) 

Land cover classes were established to group lands that have similar characteristics with respect to 
the parameters listed above (to which salt and nitrate balance results should be most sensitive). 
Land conditions with important distinctions among these parameters (e.g., with greatly different 
percent impervious surface, or rates of irrigation) were placed into separate classes. CV-SALTS 
land cover classes are described in Table 3-1. Acreage for each class is tabulated by study area in 
Table 3-2. Also shown in Table 3-2 for comparison are the approximate land area of the entire 
Central Valley and estimated populations of each pilot area and entire Central Valley. 
Figures 3-1, 3-2, and 3-3, respectively show the land cover patterns for the Yolo, Modesto, and 
Tule River study areas, and Table 3-1 gives the total land area associated with each of the CV-
SALTS land cover classes shown on each of the maps. These figures and the accompanying table 
illustrate the distribution of predominant land cover classes. For example, predominantly urban, 
agricultural, and wild land areas are readily distinguishable from one another, and the locally 
predominant land cover classes within these broad groups can generally be discerned. 
Due to the large number of classes and fine (field-by-field) scale of the mapping, this WARMF 
analysis is supported by an unprecedented level of land cover characterization. However, it is 
impractical for the reader to discern among closely related classes, and certainly to see the field-
level detail of the data in figures at this scale. A sample area (Figure 3-4) is shown close-up to 
provide a better sense of the nature of the field- and catchment-level input data. Also, the land 
cover data will eventually be available along with other model inputs, and are best viewed in a GIS 
environment.   

Warm season forages are shown to have zero area. Land cover data that was used to develop CV-
SALTS land cover maps do not distinguish whether these crops are grown for grain or forage. 



Salt and Nitrate Sources Pilot Implementation Study  February 2010 
Final Report 

3-3 

Warm season cereal acreage was principally switched to dairy land application (assumed to be 
harvested as forage) where dairies are present, with the acreage being proportional to herd size (see 
later discussion). The remainder of the warm-season grass cropland has been classified as being 
grown for grain. As data become available to better define the split between these two classes in 
each catchment, warm-season grain acreage may be switched to grass forage acreage.  Nitrogen 
fertilization and removal in harvested crop are quite distinct between these two land cover classes. 
However, since the two quantities are similarly balanced in each case, and since the two classes are 
similarly irrigated, nitrate and salt balance results are not likely to be sensitive to this refinement. 

Land cover was based on available land cover data from the following data sources:  

• California Department of Water Resources (DWR) land cover data, containing about 167 
separate land cover designations 

• The National Land Cover Database (NLCD), containing about 15 separate land cover 
designations 

• Data reported to the Central Valley Regional Water Quality Control Board (RWQCB) 
under the Dairy General Waste Discharge Requirements (DWDRs), indicating location, 
herd size, facility size, lagoon size, and land application area  

Most land cover classes were consolidated from DWR classes. Where DWR classes were most 
sparsely mapped (generally in rangeland and wildlands), NLCD data were used. Classes retained 
from NLCD were Deciduous Forest, Evergreen Forest, Mixed Forest, Shrub/Scrub, 
Grassland/Herbaceous. Correspondence between DWR, NLCD, and CV-SALTS land cover 
classes is shown in Table 3-2.  

Table 3-1. Description of CV-SALTS Land Cover Classes 

Order CV Salts Land Cover Class Descriptive notes 
1 Paved areas  Areas that are mostly paved and impervious, like parking lots. 
2 Urban residential  Areas where most of the land is covered by houses or apartments. 
3 Urban landscape  Areas primarily landscaped, like golf courses, parks, etc. 
4 Urban commercial and 

industrial 
 Commercial and industrial areas, such as factories, warehouses, etc. 

5 Urban C&I, low imperveous 
surface 

Commercial and industrial areas with mostly pervious surfaces, such as 
mines or landfills. 

6 Barren land Other land that is mostly devoid of vegetation. 
7 Sewage treatment plant 

including ponds 
 Municipal sewage treatment plants 

8 Shrub/Scrub Mainly lands not mapped in detail by DWR, covered by shrub or scrub 
plant communities. 

9 Mixed Forest Mainly lands not mapped in detail by DWR, covered by mixed deciduous 
and evergreen forest. 

10 Deciduous Forest Mainly lands not mapped in detail by DWR, covered by deciduous forest. 
11 Evergreen Forest Mainly lands not mapped in detail by DWR, covered by evergreen forest. 
12 Perennial forages Mainly lands not mapped in detail by DWR, covered by perennial 

forages (e.g., alfalfa) in the current year. 
12 Marsh Lands with saturated soil or standing water and substantial vegetation. 
13 Fallow Agricultural lands not currently in production. 
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Table 3-1. Description of CV-SALTS Land Cover Classes 

Order CV Salts Land Cover Class Descriptive notes 
14 Rice Land farmed to rice in the current year. 
15 Vines Land farmed to grapes, kiwi, or hops. 
16 Cotton Land farmed to cotton in the current year. 
17 Orchard Land farmed to deciduous fruit trees. 
18 Flowers and nursery Land on which nursery plants or flowers are grown in the current year. 
19 Other CAFOs The land on which non-dairy livestock are housed and managed.  
20 Other row crops Row crops (as opposed to cereal, oilseed, forages, etc.) not otherwise 

specified are planted in the current year. 
20 Olives, citrus, and subtropicals Subtropical crops such as citrus and olives. 
22 Rotating dairy land app Land in multiple-cropped dairy forage production that receives dairy 

waste in other years, but not in the current year. 
23 Land constrained dairy land 

app 
Land in multiple-cropped dairy forage production that receives dairy 
waste in the current year. Assumed to be land that, due to relatively 
constrained land availability, received higher-than-agronomic rates of 
dairy waste in the current year. 

24 Unconstrained dairy land app Land in multiple-cropped dairy forage production that receives dairy 
waste in the current year. Assumed to be land that, due to relatively 
unconstrained land availability, received agronomic rates of dairy waste 
in the current year. 

25 Dairy production area The land on which dairy cattle are housed and managed. 
26 Lagoons Water bodies that are filled with dairy or other liquid effluent. 
27 Farmsteads Land area associated with farm homes, shops, equipment and other 

storage, etc. 
28 Grassland/Herbaceous Mainly lands not mapped in detail by DWR, covered by herbaceous 

plants and grasses in the current year. 
29 Warm season cereals and 

forages 
Land on which corn, sorghum, Sudangrass, and the like are grown in the 
current year, with the whole aboveground plant being harvested as 
forage. 

30 Warm season cereals, grain 
only 

Land on which corn or sorghum are grown in the current year and 
harvested for grain. 

31 Winter grains and safflower Land on which winter grains (e.g., wheat, barley) or safflower (also 
grown through the winter) are grown in the current year. 

33 Water Standing water surfaces (e.g., ponds, lakes, rivers). 
34 Native Classes Unsegregated Other non-cultivated, non-commercial, non-industrial, non-urban land. 
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Table 3-2. CV-Salts Land Cover Classes (acres) 

No. GIS name CV Salts Class Name(a) Modesto Tule River Yolo 
1 Paved areas Paved areas  570     428  
2 Urban residential Urban residential  41,516   20,270   14,968  
3 Urban landscape Urban landscape  4,864   7,977   9,412  

4 
Urban commercial and 
industrial 

Urban commercial and 
industrial 

 6,356   1,355   2,706  

5 
Urban C&I, low impervious 
surface 

Urban C&I, low impervious 
surface 

 8,246   3,136   5,610  

6 Barren land Barren land  2,161   1,143   3,563  

6 
Sewage treatment plant 
including ponds 

Sewage treatment plant 
including ponds 

 1,843   33   1,177  

7 Shrub/Scrub Shrub/Scrub  40   27,850   264,711  
8 Mixed Forest Mixed Forest  1   687   32,963  
9 Deciduous Forest Deciduous Forest  8,446   11,773   5,048  
10 Evergreen Forest Evergreen Forest  1   33,122   30,939  
11 Marsh Marsh  9,252   969   6,442  
12 Fallow Fallow  2,952   2,424   8,754  
13 Rice Rice  1,685     14,302  
14 Vines Vines  16,743   51,182   2,943  
15 Cotton Cotton  -     83,446   1,342  
16 Orchard Orchard 162,030  32,435   21,001  
17 Flowers and nursery Flowers and nursery  1,808   157   318  
18 Other CAFOs Other CAFOs  2,643   1,124   138  
19 Olives, citrus, and subtropicals Olives, citrus, and subtropicals  3   63,294   185  
20 Other row crops Other row crops  6,617   7,719   51,081  
21 Rotating dairy land app Rotating dairy land app  23,038   21,244   184  
22 Constrained dairy land app Constrained dairy land app  34,205   31,856   277  
23 Unconstrained dairy land app Unconstrained dairy land app  33,876   31,808   276  
24 Dairy Production Facility Dairy production area  10,440   10,005   107  
25 Dairy Lagoon Lagoon  684   658   7  
26 Farmsteads Farmsteads  18,673   3,339   3,665  
27 Grassland/Herbaceous Grassland/Herbaceous  53,356   220,009   101,900  
28 Perennial forages Perennial forages  42,672   36,740   27,414  

29 
Warm season cereals and 
forages 

Warm season cereals, grain 
only 

 37,945   92,004   40,279  

30 
Warm season cereals, grain 
only 

Warm season cereals and 
forages 

0  0  0  

31 Winter grains and safflower Winter grains and safflower  3,610   67,979   60,168  
32 Water Water  11,925   5,345   8,472  

  Total Pilot Area Land Area 548,201  871,083   720,778  
  Central Valley Land Area 26,880,000   
  Total Pilot Area Population 523,000 178,000 165,000 
  Central Valley Population 6,500,000   

a.  After finalization of the GIS, minor refinements to the classes were made. During report finalization, the GIS and model name sets 
will be made consistent. 

b.  Much of the land originally in this class was re-classified as dairy land application. It was recognized that much of the remaining 
land in this class might be harvested for grain rather than forage, which affects the nitrogen balance. In this draft, we re-classified 
land marked in the GIS for forage production to land producing grain 
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Figure 3-1. CV-SALTS Land Cover Input to WARMF for the Yolo Study Area 
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Figure 3-2. CV-SALTS Land Cover Input to WARMF for the Modesto Study Area 
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Figure 3-3. CV-SALTS Land Cover Input to WARMF for the Tule River Study Area 
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Figure 3-4. Sample Area Showing Land Cover Classes Arrayed In Several WARMF Catchments 
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Table 3-3. Correspondence between CV-SALTS and DWR and NLCD Land Cover Classes 

OID Source Group Class Subclass 

Class 
Subclass 

ID Subclass Name CV-SALTS Class 
1 DWR II F 1 F1 Cotton Cotton 
2 DWR II F 2 F2 Safflower Winter grains and 

safflower 
3 DWR II F 3 F3 Flax Other row crops 
4 DWR II F 4 F4 Hops Vines 
5 DWR II P 5 P5 Induced high water table Marsh 
6 DWR II F 5 F5 Sugar beets Other row crops 
7 DWR II F 6 F6 Corn (field & sweet) Warm season cereals 

and forages 
8 DWR II F 7 F7 Grain sorghum Warm season cereals 

and forages 
9 DWR II F 8 F8 Sudan Warm season cereals 

and forages 
10 DWR II F 9 F9 Castor beans Other row crops 
11 DWR II F 10 F10 Beans (dry) Other row crops 
12 DWR II F 11 F11 Miscellaneous field Other row crops 
13 DWR II F 12 F12 Sunflowers Other row crops 
14 DWR II G 1 G1 Barley Winter grains and 

safflower 
15 DWR II G 2 G2 Wheat Winter grains and 

safflower 
16 DWR II G 3 G3 Oats Winter grains and 

safflower 
17 DWR II G 6 G6 Miscellaneous and mixed 

grain and hay 
Winter grains and 
safflower 

18 DWR II P 1 P1 Alfalfa & alfalfa mixtures Perennial forages 
19 DWR II P 2 P2 Clover native pasture Perennial forages 
20 DWR II P 3 P3 Mixed pasture Perennial forages 
21 DWR II P 4 P4 Native pasture  Perennial forages 
22 DWR II P 6 P6 Misc. grasses (normally 

grown for seed) 
Perennial forages 

23 DWR II P 7 P7 Turf farms Perennial forages 
24 DWR II R  R RICE Rice 
25 DWR II D 1 D1 Apples Orchard 
26 DWR II D 2 D2 Apricots Orchard 
27 DWR II D 3 D3 Cherries Orchard 
28 DWR II D 5 D5 Peaches and nectarines Orchard 
29 DWR II D 6 D6 Pears Orchard 
30 DWR II D 7 D7 Plums Orchard 
31 DWR II D 8 D8 Prunes Orchard 
32 DWR II D 9 D9 Figs Orchard 
33 DWR II D 10 D10 Miscellaneous deciduous Orchard 
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Table 3-3. Continued 

OID Source Group Class Subclass 

Class 
Subclass 

ID Subclass Name CV-SALTS Class 
34 DWR II D 12 D12 Almonds Orchard 
35 DWR II D 13 D13 Walnuts Orchard 
36 DWR II D 14 D14 Pistachios Orchard 
37 DWR II V 1 V1 Table grapes Vines 
38 DWR II V 2 V2 Wine grapes Vines 
39 DWR II V 3 V3 Raisin grapes Vines 
40 DWR II C 1 C1 Grapefruit Olives, citrus, and 

subtropicals 
41 DWR II C 2 C2 Lemons Olives, citrus, and 

subtropicals 
42 DWR II C 3 C3 Oranges Olives, citrus, and 

subtropicals 
43 DWR II C 4 C4 Dates Olives, citrus, and 

subtropicals 
44 DWR II C 5 C5 Avocados Olives, citrus, and 

subtropicals 
45 DWR II C 6 C6 Olives Olives, citrus, and 

subtropicals 
46 DWR II C 7 C7 Miscellaneous 

subtropical fruits 
Olives, citrus, and 
subtropicals 

47 DWR II C 8 C8 Kiwis Vines 
48 DWR II C 9 C9 Jojoba Other row crops 
49 DWR II C 10 C10 Eucalyptus Deciduous Forest 
50 DWR II T 1 T1 Artichokes Other row crops 
51 DWR II T 2 T2 Asparagus Other row crops 
52 DWR II T 3 T3 Beans (green) Other row crops 
53 DWR II T 4 T4 Cole crops (when 

breakdown is not 
needed)  

Other row crops 

54 DWR II T 6 T6 Carrots Other row crops 
55 DWR II T 7 T7 Celery Other row crops 
56 DWR II T 8 T8 Lettuce (all types) Other row crops 
57 DWR II T 9 T9 Melons, squash, and 

cucumbers (all types)  
Other row crops 

58 DWR II T 10 T10 Onions and garlic Other row crops 
59 DWR II T 11 T11 Peas Other row crops 
60 DWR II T 12 T12 Potatoes Other row crops 
61 DWR II T 13 T13 Sweet potatoes Other row crops 
62 DWR II T 14 T14 Spinach Other row crops 
63 DWR II T 15 T15 Tomatoes Other row crops 
64 DWR II T 16 T16 Flowers, nursery & 

Christmas tree farms 
Flowers and nursery 

65 DWR II T 17 T17 Mixed (four or more) Other row crops 



Salt and Nitrate Sources Pilot Implementation Study  February 2010 
Final Report 

3-12 

Table 3-3. Continued 

OID Source Group Class Subclass 

Class 
Subclass 

ID Subclass Name CV-SALTS Class 
66 DWR II T 18 T18 Miscellaneous truck Other row crops 
67 DWR II T 19 T19 Bush berries Vines 
68 DWR II T 20 T20 Strawberries Other row crops 
69 DWR II T 21 T21 Peppers (chili, bell, etc.) Other row crops 
70 DWR II T 22 T22 Broccoli Other row crops 
71 DWR II T 23 T23 Cabbage Other row crops 
72 DWR II T 24 T24 Cauliflower Other row crops 
73 DWR II T 25 T25 Brussels sprouts Other row crops 
74 DWR II I 1 I1 Land not cropped the 

current or previous crop 
season, but cropped 
within the past three 
years 

Fallow 

75 DWR II I 2 I2 New lands being 
prepared for crop 
production 

Fallow 

76 DWR III S 1 S1 Farmsteads Farmsteads 
77 DWR III S 2 S2 Livestock feed lots  Other CAFOs 
78 DWR III S 3 S3 Dairies Farmsteads 
79 DWR III S 4 S4 Poultry farms Other CAFOs 
80 DWR IV U  U URBAN Urban residential 
81 DWR IV UC 1 UC1 Offices, retailers, etc Urban commercial and 

industrial 
82 DWR IV UC 2 UC2 Hotels Urban commercial and 

industrial 
83 DWR IV UC 3 UC3 Motels Urban commercial and 

industrial 
84 DWR IV UC 4 UC4 Recreation vehicle 

parking, camp sites 
Urban commercial and 
industrial 

85 DWR IV UC 5 UC5 Institutions (hospitals, 
prisons, reformatories, 
asylums, etc. , having a 
reasonably constant 24-
hour resident population) 

Urban commercial and 
industrial 

86 DWR IV UC 6 UC6 Schools (yards to be 
mapped separately if 
large enough) 

Urban commercial and 
industrial 

87 DWR IV UC 7 UC7 Municipal auditoriums, 
theaters, churches, 
buildings and stands 
associated with race 
tracks, football stadiums, 
baseball parks, rodeo 
arenas, amusement 
parks, etc 

Urban commercial and 
industrial 
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Table 3-3. Continued 

OID Source Group Class Subclass 

Class 
Subclass 

ID Subclass Name CV-SALTS Class 
88 DWR IV UC 8 UC8 Miscellaneous high water 

use (to be used to 
indicate a high water use 
condition not covered by 
the above categories) 

Urban landscape 

89 DWR IV UC  UC COMMERCIAL Urban commercial and 
industrial 

90 DWR IV UI 1 UI1 Manufacturing, 
assembling, and general 
processing 

Urban commercial and 
industrial 

91 DWR IV UI 2 UI2 Extractive industries (oil 
fields, rock quarries, 
gravel pits, rock and 
gravel processing plants, 
etc.) 

Urban C&I, low 
impervious surface 

92 DWR IV UI 3 UI3 Storage and distribution 
(warehouses, 
substations, railroad 
marshalling yards, tank 
farms, etc.) 

Urban commercial and 
industrial 

93 DWR IV UI 6 UI6 Saw mills Urban C&I, low 
impervious surface 

94 DWR IV UI 7 UI7 Oil refineries Urban commercial and 
industrial 

95 DWR IV UI 8 UI8 Paper mills Urban commercial and 
industrial 

96 DWR IV UI 9 UI9 Meat packing plants Urban commercial and 
industrial 

97 DWR IV UI 10 UI10 Steel and aluminum mills Urban commercial and 
industrial 

98 DWR IV UI 11 UI11 Fruit and vegetable 
canneries and general 
food processing 

Urban commercial and 
industrial 

99 DWR IV UI 12 UI12 Miscellaneous high water 
use (to be used to 
indicate a high water use 
condition not covered by 
other categories) 

Urban landscape 

100 DWR IV UI 13 UI13 Sewage treatment plant 
including ponds 

Sewage treatment plant 
including ponds 

101 DWR IV UI 14 UI14 Waste accumulation sites 
(public dumps, sewage 
sludge sites, landfill and 
hazardous waste sites, 
etc.) 

Urban C&I, low 
impervious surface 

102 DWR IV UI 15 UI15 Wind farms, solar 
collector farms, etc 

Urban C&I, low 
impervious surface 

103 DWR IV UI  UI INDUSTRIAL Urban commercial and 
industrial 
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Table 3-3. Continued 

OID Source Group Class Subclass 

Class 
Subclass 

ID Subclass Name CV-SALTS Class 
104 DWR IV UL 1 UL1 Lawn area - irrigated Urban landscape 
105 DWR IV UL 2 UL2 Golf course - irrigated Urban landscape 
106 DWR IV UL 3 UL3 Ornamental landscape 

(excluding lawns) - 
irrigated 

Urban landscape 

107 DWR IV UL 4 UL4 Cemeteries - irrigated Urban landscape 
108 DWR IV UL 5 UL5 Cemeteries - not irrigated Grassland/Herbaceous 
109 DWR IV UL  UL URBAN LANDSCAPE Urban landscape 
110 DWR IV UR 1 UR1 Single family dwellings 

with lot sizes greater than 
1 acre up to 5 acres 
(ranchettes, etc.) 

Farmsteads 

111 DWR IV UR 2 UR2 Single family dwellings 
with a density of 1 
unit/acre up to 8+ 
units/acre 

Farmsteads 

112 DWR IV UR 3 UR3 Multiple family 
(apartments, condos, 
townhouses, barracks, 
bungalows, duplexes, 
etc.) 

Urban residential 

113 DWR IV UR 4 UR4 Trailer courts Urban residential 
114 DWR IV UR  UR Urban residential Urban residential 
115 DWR IV UV 1 UV1 Unpaved areas (vacant 

lots, graveled surfaces, 
play yards, developable 
open lands within urban 
areas, etc.) 

Urban C&I, low 
impervious surface 

116 DWR IV UV 3 UV3 Railroad right of way Urban C&I, low 
impervious surface 

117 DWR IV UV 4 UV4 Paved areas (parking 
lots, paved roads, oiled 
surfaces, flood control 
channels, tennis court 
areas, auto sales lots, 
etc.) 

Paved areas 

118 DWR IV UV 6 UV6 Airport runways Paved areas 
119 DWR IV UV  UV Vacant Urban C&I, low 

impervious surface 
120 DWR V NB 1 NB1 Dry stream channels  Shrub/Scrub 
121 DWR V NB 2 NB2 Mine Tailing  Barren land 
122 DWR V NB 3 NB3 Barren land Barren land 
123 DWR V NB 4 NB4 Salt flats Barren land 
124 DWR V NB 5 NB5 Sand dunes Barren land 
125 DWR V NB  NB Barren and wasteland Barren land 
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Table 3-3. Continued 

OID Source Group Class Subclass 

Class 
Subclass 

ID Subclass Name CV-SALTS Class 
126 DWR V NC  NC Native classes 

unsegregated 
Native classes 
unsegregated 

127 DWR V NR 1 NR1 Marsh lands, tules and 
sedges 

Marsh 

128 DWR V NR 2 NR2 Natural high water table 
meadow 

Marsh 

129 DWR V NR 3 NR3 Trees, shrubs or other 
larger stream side or 
watercourse vegetation 

Deciduous forest 

130 DWR V NR 4 NR4 Seasonal duck marsh, 
dry or only partially wet 
during summer 

Marsh 

131 DWR V NR 5 NR5 Permanent duck marsh, 
flooded during summer 

Marsh 

132 DWR V NR  NR Riparian vegetation Deciduous forest 
133 DWR V NV 1 NV1 Grass land  Grassland/herbaceous 
134 DWR V NV 2 NV2 Light brush Shrub/Scrub 
135 DWR V NV 3 NV3 Medium brush Shrub/scrub 
136 DWR V NV 4 NV4 Heavy brush Shrub/scrub 
137 DWR V NV 5 NV5 Brush and timber Mixed forest 
138 DWR V NV 6 NV6 Forest Mixed forest 
139 DWR V NV 7 NV7 Oak grass land Grassland/herbaceous 
140 DWR V NV  NV Native vegetation Grassland/herbaceous 
141 DWR V NW  NW Water surface Water 
142 DWR VI NS  NS Not surveyed Native classes 

unsegregated 
143 DWR IV UR 1 UR11 Single family dwellings 

with lot sizes greater than 
1 acre up to 5 acres 
(ranchettes, etc.) with 0% 
to 25% area irrigated 

Farmsteads 

144 DWR IV UR 2 UR21 Single family dwellings 
with a density of 1 
unit/acre up to 8+ 
units/acre with  0% to 
25% area irrigated 

Urban residential 

145 DWR IV UR 3 UR31 Multiple family 
(apartments, condos, 
townhouses, barracks, 
bungalows, duplexes, 
etc.) with  0% to 25% 
area irrigated 

Urban residential 

146 DWR IV UR 4 UR41 Trailer courts with  0% to 
25% area irrigated 

Urban residential 
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Figure 4-75. Particle Path-line Distribution. (Background is the distribution of recharge [meter per 
day]. a) at 100 feet below ground, b) at 300 feet below ground, c) at 500 feet below ground.) 

a) 

b) 

c) 
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Groundwater flow lines to the 100 ft. depth are significantly shorter than those to the 300 ft. and 
500 ft. depths. Within Lower Tule ID, Porterville ID, and Delano-Earlimart ID, and also in the 
northeastern portion of the study area, flowpaths are generally very short (less than 5 km, e.g., 
figure 4-76) indicating the dominance of local groundwater flow systems. Longer travel paths are 
observed for districts with limited recharge, but significant pumping (e.g., Pixley ID, Figure 4-
77). The longest travel paths are associated with groundwater regions that have neither 
significant recharge nor significant pumping (the southwestern corner of the project area). These 
latter flowpaths are associated with very little groundwater flow, although they visually dominate 
the map. Much of the groundwater flow is associated with a local recharge and pumping pattern 
(short travel paths) rather than travel across large sections of the project area so prominently 
displayed in Figure 4-77. 

 

 

Figure 4-76. Particle Path-line Distribution at 300 feet Below Ground for Lower Tule ID (outlined by 
the cyan line). Background is the recharge [meter per day] to the study area. 
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Figure 4-77. Particle Path-line Distribution at 300 feet Below Ground for Pixley ID (outlined by the 
cyan line). Background is the recharge [meter per day] to the study area. 

Groundwater Age Analysis 

The resulting groundwater age distribution at 100 ft., 300 ft., and 500 ft. depths further illustrates 
the degree to which local groundwater flow systems dominate the region (Figure 4-78 through 4-
80). Youngest groundwater is found in areas with the highest recharge. For example, along the 
stream channels, shallower groundwater is typically less than a decade old, and deeper 
groundwater is less than a few decades old. These areas would be anticipated to be the most 
susceptible regions to effects from surface water containing elevated salts and/or nitrates. Other 
areas with relatively young groundwater age are the irrigation districts with the highest recharge 
rates. The groundwater age in these areas, even at the 300 ft. depth is from less than 50 years to 
less than 100 years old. At the 500 ft. depth, significant groundwater less than 100 years old is 
still found. These areas are the most susceptible to nitrate effects from agricultural sources. The 
oldest groundwater, from a hundred years to several centuries, is found in regions with very little 
groundwater pumping and also very little recharge. These regions include the unincorporated and 
unfarmed regions in the southwestern corner of the study area and the minimally farmed areas in 
the southeast part of the study area along the older alluvial terraces. These areas are less 
susceptible to nitrate impacts due to the large distances to the sources. 
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Figure 4-78. Age [years] Distribution at 100 feet Below Ground 

 

 

Figure 4-79. Age [years] Distribution at 300 feet Below Ground 
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Figure 4-80. Age [years] Distribution at 500 feet Below Ground 

Particle Tracking Analysis 

The trend analysis is based on the WARMF-generated average nitrate-N concentrations in 
recharge water (Figure 4-81), which vary from less than 2 mg/L to over 30 mg/L. The least 
nitrate loading occurs in the southwestern and southeastern regions of the study areas due to their 
limited agricultural activities and the large amount of land with natural steppe vegetation. 
According to the WARMF simulation results, much of the northern and central parts of study 
area generates nitrate concentrations in recharge water in excess of the drinking water MCL (10 
mg/L). 

Assuming that these source concentrations are typical for the second half of the 20th century, and 
using the MODPATH tool to predict resulting groundwater nitrate concentrations in shallower 
groundwater (100 ft. depth and 300 ft. depths, Figure 4-82 and Figure 4-83), the prediction 
shows the areas most affected by elevated nitrate concentrations are the Lower Tule ID, 
Porterville ID, Saucelito ID, and Delano-Earlimart ID. These predictions stem from the relatively 
young groundwater age at these depths in these districts. On the other hand, in the Pixley ID, 
WARMF generates similar levels of nitrate in recharge. However, due to the lower recharge 
rates, the longer flowpaths for groundwater pumped in this district, and the associated older 
groundwater age, these nitrate loadings have not affected deeper groundwater in the Pixley ID 
area to the same extent as the other areas. 
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Figure 4-81. Average Nitrate-nitrogen Concentrations in Recharge Water 
 in the Catchment as Simulated by WARMF. 

 

 

Figure 4-82. Predicted Resulting Groundwater Nitrate Concentrations 
 in Shallower Groundwater at 100 ft Depth. 
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Figure 4-83. Predicted Resulting Groundwater Nitrate Concentrations 
 in Shallower Groundwater at 300’ Depth. 

 

Unfortunately, only a limited number of nitrate water quality data are available in this study area, 
mostly from the northern portion and in the urban sectors along Highway 99 and the Tule River 
(Porterville). A direct comparison of the predicted results with measured groundwater quality is 
therefore difficult (Figure 4-81 through 4-83).  

Limitations to Tule River Applications 

The selected toolbox for the trend analysis, the MODFLOW/ MODPATH model, is an excellent 
tool to highlight regional groundwater flow patterns, the role of local groundwater flow (short 
travel paths from source to groundwater well intake screens), and groundwater age-distribution 
in the study area. 
Below is a list of some of the most important limitations: 

1. Sparse data are the main limitation for both the flow and transport models. Incorporating 
better distributed head and nitrate data would improve the model calibration. For 
example, there is high spatial variability of the nitrate concentrations. More data would 
allow refinement of the input provided to WARMF. Ongoing collection of nitrate data 
would provide information on nitrate concentration trends. The 100 ft. to 500 ft. depths, 
for which the travel path and age analysis was implemented, is contained within the 
uppermost layer of the 3-layer MODFLOW model. MODPATH uses the lateral flow 
rates computed in MODFLOW at the 1,000 m scale, and the vertical flow rates of the 
MODFLOW model (recharge rate at the top of the layer, leakage to very deep 
groundwater at the bottom of the layer) to interpolate and compute a three-dimensional 
travel path. Therefore, the vertical flow patterns are resolved at a relatively coarse scale 
that neglects all inhomogeneities within the aquifer system. 
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2. The spatial resolution of the recharge volumes and constituent concentrations is currently 
by sub-watershed, not by individual land units. While quite appropriate for computing 
stream water quality, this assemblage is an arbitrary spatial averaging procedure with 
respect to groundwater loading. Alternative future approaches would be to provide land 
unit by land unit output from WARMF, or average the output for areas within irrigation 
districts that represent major cropping patterns. 

3. The trend analysis is limited to assuming a constant loading rate over the past fifty years. 
This ignores, for example, the decrease in fertilizer use that has occurred in the citrus 
industry. It is possible, that much higher nitrate loading rates occurred during the 1960s 
to early 1990s than predicted by the WARMF model under current (much improved) 
nutrient management conditions. Therefore, it is conceivable that actual nitrate 
concentrations in the citrus belt along the northeastern project area boundary are 
significantly higher than predicted. 

4. Multiple conceptual models were used to calibrate the hydraulic conductivity distribution 
in the flow model. Figure 4-74 shows the calibration of the pilot-point method based 
conceptual model, which has a much higher spread of hydraulic conductivity across the 
study area, than the specific yield based conceptual model calibration (see Attachment 3). 
The significant differences in hydraulic conductivity may lead to significant differences 
in groundwater travel time. A sensitivity analysis was implemented, then the travel 
pathline and groundwater age simulations were repeated for the specific yield based 
calibration of the groundwater model. At the regional scale of analysis, neither the travel 
paths nor the groundwater age were particularly sensitive to the choice of conceptual 
flow model (Attachment 3).). 

5. The spatial resolution of the MODFLOW model is 1,000 m. Hence, MODFLOW cells 
receiving river recharge also receive diffuse recharge. In the trend analysis, the combined 
recharge is effectively assigned a single nitrate recharge concentration, provided by 
WARMF for the diffuse recharge from agricultural lands. This does not account for 
recharge of stream water that typically has very low nitrate concentrations. As a result, 
the model shows relatively higher nitrate concentrations near the streams, whereas the 
actual groundwater pumped from near streams typically is very low in nitrate due to the 
high water quality of the stream water recharge. At the current lateral and vertical model 
resolution, this limitation in the model prediction cannot be overcome. 
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Section 5 –  
Conclusions, Discussion, and Recommendations 

CONCLUSIONS 
Study conclusions regarding achievement of project objectives and results of the mass balance 
analyses are summarized below followed by a general conclusion. 

Achievement of Project Objectives 
Conclusions regarding achievement of project objectives are summarized in Table 5-1. 

Table 5-1. Conclusions Regarding Achievement of Project Objectives 

Project Objective Conclusion 

Objective 2: Provide the methods 
and manner of collection, 
characterization, and use of the 
salt and nutrient source data for 
the pilot areas. 

The study report identifies the types and sources of data that are 
needed to run the models employed to calculate mass balances 
loadings from identified salt and nitrate sources. The report 
further describes the methods used to collect and analyze the 
data and how the data are used in the models. 

Objective 3: Outline data that are 
currently available and the quality 
of the data 

The study report identifies the data sources used in the study and 
indicates limitations, including accessibility to data in useful 
formats and the general availability of the desired data. The 
report also indicates if site-specific data are necessary and 
essential to perform mass balance determinations or if the data 
can be estimated or extrapolated based on limited data or 
knowledge of typical practices. 

Objective 4: Identify additional data 
that will need to be collected or 
developed. 

The data collected during the study were adequate to run the 
models and perform the mass balance calculations. Additional 
data could improve the certainty and accuracy of the results.  

Objective 5: Indicate how the 
methodology will account for total 
salt loading balance and 
accumulation and identify critical 
concentration discharges.  

The methodology employed considers the input from all 
potentially significant sources of all constituents related to TDS 
and nitrate to water and land and accounts for changes in 
constituent concentrations as a result of physical, chemical, and 
biological processes that occur in the surface water and in the 
soil profile.  

Objective 6: Ensure accurate 
accounting of all sources 

The WARMF model tracks all constituents from all sources and 
creates input and output mass balances. 

Objective 7: Identify how historic, 
current, and future source 
quantities will be determined or 
estimated to provide trend 
information 

Specific trend analyses were not performed as part of this study, 
but the report describes how trend analyses can be performed 
and the type of information that these analyses can provide. 

Objective 8: Identify and quantify 
areas where nitrates are 
impacting beneficial uses of 
waters. 

Results from this study did not provide all data needed to make 
determinations of impacts to beneficial uses. This will be an area 
of scope development for future CV-Salts studies. 
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Table 5-1. Continued 

Project Objective Conclusion 
Objective 9: Select analytical tools 

and methods that will work for the 
pilot areas as well as other parts 
of the Central Valley. 

The analytical tools and methods developed for this study would 
be applicable to all parts of the Central Valley. The primary data 
needed to run the mass balance calculation model are 
meteorologic, hydrologic, and land cover data that are readily 
available for all regions. The accuracy of the mass balance 
calculations will vary depending on the amount and accuracy of 
other input data, such as groundwater quality data and 
groundwater pumping and recharge volumes. Reasonable values 
for data that are missing or limited can be estimated. 

Summary  The principal goals of this work were to identify and assemble 
input data sets for available models, and then to use the models 
to quantitatively relate salt and nitrate sources and sinks within 
representative pilot study areas. Modeling of this kind is 
extremely sensitive to land cover (e.g., the distribution of 
impervious surfaces, irrigation and fertilization rates, salt loading, 
and plant communities among analyzed catchments). Available 
data sources were combined to provide a level of land cover 
detail greater than previously employed with the widely used 
WARMF platform. The input data and modeling products 
achieved the principal project goal and advance the CV-SALTS 
work. The recommendations discussed below for further 
refinements are based on the study results. 

 

Results of Mass Balance Analyses 
Key conclusions derived from study results for mass balances of sources and sinks of TDS and 
nitrate are stated below. 

TDS 

1. The principal inputs of TDS to near-surface groundwater, and therefore likely to deeper 
groundwater, in all three pilots areas are irrigation and fertilizer/land application.   

2. Other sources contributing more than 10 percent TDS to near-surface groundwater 
include atmospheric deposition in the Yolo and Modesto areas and mineral weathering 
and reaction products in the Tule River area.  

3. TDS is accumulating in the near-surface and deeper groundwater in all three pilot areas. 
(Recall that “deeper” in the WARMF context means the portion of the aquifer system that 
underlies near-surface groundwater, which is the depth where there is still an interaction 
between surface water and groundwater.) 

Nitrate 

1. Principal inputs of nitrate to near-surface groundwater in all three pilots areas are 
irrigation, fertilizer/land application.  

2. Other sources contributing more than 10 percent nitrate to near-surface groundwater 
include mineral weathering and reaction products in the Yolo and Tule River areas.  
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3. Nitrate is accumulating in the near-surface groundwater in all three pilot areas and in the 
deeper groundwater in the Yolo and Modesto areas, but is depleting in the Tule River 
area as a whole. 

General Conclusion 
The physical, chemical, and biological data needed as input to the tools used to quantitatively 
relate salt and nitrate sources and sinks were gathered and evaluated for each of the pilot study 
areas. Data quality and quantity advantages and limitations were identified. The WARMF output 
demonstrates its utility as an accounting method for tracking salts and nitrates on and beneath the 
land surface. The groundwater models in each of the study areas demonstrated how these tools 
provide complementary data to the WARMF model application and also provide insights 
regarding the subsurface distribution of salts and nitrates in groundwater.  Based on the pilot 
study results, recommendations are provided for further refinements and additional approaches 
that could be useful during the development and/or implementation of salt and nitrate 
management plans, pending regional plan objectives. 

DISCUSSION AND RECOMMENDATIONS  
Key recommendations regarding the topics of land cover and soils, surface water modeling, 
groundwater data, groundwater flow and quality modeling, and analysis tools are summarized 
below in order of priority. All recommendations are focused on refinements that could be made 
to improve access to certain data types and to improve the certainty and accuracy of results using 
the methodology employed in the study. None of these recommended actions would likely 
impact the basic results or conclusion derived from this study. 
Specific recommendations are categorized as first or second priority. First priority 
recommendations are those strongly suggested for implementation when applying the 
methodologies to other areas. Second priority recommendations are those suggested for 
implementation as resources allow. Specific recommendations are preceded by discussions that 
support or explain the recommendations. 

Land Cover and Soils 

Discussion 

Some aggregation of land uses with similar types can be done in areas where the land uses 
represent small percentages of the total land use and total mass loading. 

Several CV-SALTS land cover classes were composed of more than one land cover type. For 
example, “Other row crops” is comprised of everything from cauliflower to beans to tomatoes. 
Parameters for these mixed classes could be estimated in greater detail with weighted averages 
from acreage and production data in Agricultural Commissioners annual crop reports, and 
combined with documented percent moisture and percent nitrogen data for the portion of the 
crop removed from the field. This will produce more accurate average parameter values for these 
blended classes. This method was piloted for “Orchard” crops based on Stanislaus County 
reports. Reports from Tulare and Yolo Counties were also consulted to confirm some land cover 
class parameters. 
Waste loads from non-dairy CAFO’s were not quantified, since data for the locations in which 
these applications would be made has not been documented to the same extent as dairy herd 
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locations. The working assumption is that dairy solids and other manures are either exported or 
applied to cropland at agronomic rates. Where this assumption is violated, mapping should be 
refined as data on these sites become available. 
Soil classes and parameters could be refined if sensitivity analyses suggest that this effort would 
be justified. Data mentioned in Section 2, available digitally from NRCS, are a comprehensive 
resource. 

Some of the land cover classes capture a diversity of more specific land cover types, and 
variability within any specific type. For example, “Urban C&I, low impervious surface” was 
split from “Urban commercial and industrial” in recognition that the subsurface hydrology below 
a gravel pit (with limited impervious surfaces) would differ greatly from a large commercial 
building surrounded by paved parking and work area (with mostly impervious surface). 
However, these refined classes still contain substantial variability in terms of the pervious 
surfaces and their nature. The nature and significance of this variability might be further 
investigated, and the broad estimates of parameters (such as “% impervious surfaces”) could be 
further confirmed for each class. 
Land cover class parameters could be further checked against documented actual characteristics 
and practices for a study area. For example, as a first approximation, landscaped areas have been 
characterized with similar parameters to “Perennial forages”, which is reasonably appropriate for 
properly irrigated grass that is not over-fertilized, and where clippings are removed. However, 
this will not represent every landscaped situation, and assumed parameters could be checked 
against actual conditions and practices on landscaped areas in a study area. 
Fertilizer tonnage data are available from CDFA and could theoretically be compared against 
fertilizer and amendment application tonnages predicted by WARMF based on land cover class 
parameters. This effort awaits availability of these data in a database or spreadsheet format. Only 
CDFA data on gypsum sales were used in this study.  

Recommendations 

Specific recommendation related to land cover and soils are listed below: 

First Priority  

1. Refine handling of non-Dairy CAFO’s 

2. Refine land use classes for mixed or blended classes of crops (e.g. other row crops)  
3. Aggregate land use class with small percentages of total land use and loading where 

possible 
4. Refine nitrogen loading parameters for dairy solids to include forms of nitrogen 

5. Perform sensitivity analyses for soil classes and parameters and refine, if appropriate, 
using SSURGO mapping and parameters 

6. Compare estimated fertilizer application with fertilizer sales/use data 

Second Priority 

1. Refine land use classes for Urban Commercial and Industrial related to imperviousness  



Salt and Nitrate Sources Pilot Implementation Study  February 2010 
Final Report 

5-5 

2. Check land use class parameters against actual documented characteristics and practices  
3. Compare modeled plant N uptake with harvest data and harvest N content data 

4. Assess regional variations in gaseous N losses (volatilization, denitrification) in soils and 
aquifers 

Surface Water Modeling and Point Source data 

Discussion 

Surface water modeling provides a means to balance the input and output masses to account for 
the transport and transformations of salt and nitrate as they pass through the linked surface water 
and near-surface groundwater systems. Understanding the processes that occur in the near-
surface groundwater is key to performing mass balance calculations for both surface water and 
deeper groundwater.  As salts, nitrates, and other constituents are transported between various 
watershed compartments, numerous other processes, including evaporation, chemical reactions, 
and uptake, affect their fate and disposition. However, these processes are difficult to directly 
measure, particularly on a watershed scale. Often, surface water measurements are used to infer 
the effect of near-surface groundwater processes. 

Measurements of soil pore water concentrations, including salt, ammonia, nitrate, and dissolved 
oxygen in and immediately below the root zone, would be helpful to better constraint the 
modeling and more accurately account for soil processes. Studies of soil chemical 
transformations such as nitrification, denitrification, and sulfate reduction would produce better 
inputs of reaction rates for modeling. In spite of the difficulties in quantifying soil processes, 
however, the mass balance calculations performed during the pilot studies show the importance 
of performing a complete analysis of interrelated processes to determine salt, nitrate, and other 
constituent loads exfiltrating to surface water and recharging deeper groundwater. 

In addition to collecting data directly from near-surface groundwater, flow monitoring in 
drainage-dominated waterways would also help constrain modeling and reduce uncertainty in 
calculations of load from near-surface groundwater to surface water. 
Data for point source land discharges, such as POTWs, CAFO’s, and food processing industries, 
are generally available from a variety of RWQCB and SWRCB databases and records. However, 
only some of the necessary basic data (flow, effluent quality, location, land discharge area) are 
currently readily accessible from online sources. Consequently, some data must be obtained 
through requests to a variety of Board staff. Because responsiveness of staff is variable, it would 
be helpful to establish a single point of contact on the RWQCB staff who is responsible for 
processing data requests for salt and nutrient planning efforts. 

Recommendations 

Specific recommendation related to surface water modeling and point source data are listed 
below: 

First Priority 

1. Perform post-WARMF analyses to quantify salt and nitrate loadings to near-surface 
groundwater by land use class to better identify land use classes with the highest potential 
to impact groundwater. 
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2. Perform a more extensive set of sensitivity analyses to better define the relative 
importance of major input and process parameters 

3. Establish a single point of contact on the RWQCB staff who is responsible for processing 
requests for discharger data related to salt an nutrient planning efforts 

4. Expand CIWQS public access database or develop a separate database to include basic 
discharge data: flow, effluent quality, location, land discharge area, if feasible 

Second Priority 

1. Collect data on soil pore water in and immediately below the root zone 
2. Refine soil process parameters based on field study data 

3. Monitor flow and quality in drainage-dominated waterways 

Groundwater Quality Data 

Discussion 

Groundwater quality data for each of the pilot study areas served two objectives. One objective 
was to provide source water quality for groundwater used as a source of municipal and/or 
agricultural supply for each WARMF catchment.  The other objective was to develop an 
understanding of current shallow groundwater quality conditions and also long-term trends for 
each catchment where a sufficient historical record is available.  The latter data were also 
coordinated with the spreadsheet model application (Yolo area) and the MODPATH applications 
(Modesto and Tule River areas). 

The Yolo study area was selected at the outset partly because of the prior AB 303 project 
conducted to collect and organize groundwater data in a countywide database and to assess 
current groundwater conditions and trends and identify factors related to future groundwater 
management. As a result of the prior work, a substantial portion of the groundwater quality data 
can be queried with regard to well completion information. However, the AB 303 project  
identified additional data needs and provided recommendations to facilitate integrated regional 
water management and planning for sustainable supplies that support urban, agricultural, 
environmental, and other beneficial uses.   

For the Modesto and Tule River areas, groundwater data collection efforts as described in 
Section 3 similarly found that the data available for those areas were often not accompanied by 
well construction information so assumptions were made regarding the aquifer zone represented 
by the available data. In the Modesto and Tule River areas, it is also likely that additional data 
may be available but were not publicly accessible from state or federal web sites.     
Long-term, systematic monitoring programs provide essential groundwater quality data that 
allow improved evaluation of water resources conditions and are critical to providing a 
foundation for salt and nutrient management efforts.  Established groundwater and surface water 
monitoring networks (with monitoring facilities categorized to differentiate various units of the 
aquifer system) result in the data necessary to distinguish trends from short-term fluctuations, 
anticipate unintended consequences due to historical land uses, and design salt and nutrient 
management tools and strategies.   
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Several findings and recommendations for the prior AB 303 Yolo County project remain 
pertinent to this study. Based on the prior work and current study, overall findings for the Yolo 
area include: 

• Trend of increasing EC and nitrates, especially in the shallow zone. 

• Community water systems currently have acceptable quality; however, trends show 
nitrate and salt concentrations are increasing in some locations, especially in the shallow 
zone. 

• Long-term systematic monitoring and data evaluation are needed to identify future trends 
and changes.   

• About 90 of the 232 countywide groundwater quality monitoring wells lack construction 
information. 

The breadth, completeness, and organization of groundwater quality data for each of the study 
areas influenced the values input to WARMF and also their utility in the spreadsheet mixing and 
groundwater modeling applications with MODPATH.  Recognizing that there are some 
uncertainties due to various factors (including lack of well completion information, limited 
historical record, lack of monitoring data either aerially or vertically), the data help to determine 
groundwater quality conditions and trends in the analysis area that may be occurring due to 
historical land uses and/or practices.  Transport time within the unsaturated zone is not accounted 
for, so a lag in the observed effect of legacy loading on future groundwater conditions also needs 
to be considered. The groundwater quality data also establish a preliminary basis for 
consideration of the assimilative capacity of the aquifer system relative to basin water quality 
objectives. Refinement of the groundwater quality data (e.g., improved understanding of the part 
of the aquifer system represented by the data and the factors contributing to trends) would 
contribute to a higher confidence in the assimilative capacity based on the influence of land use 
and sources of salt and nutrient loading on specific units of the aquifer system.    
As described in Section 3, the tools used in this study allowed mass loading estimates based on 
current land use conditions.  A refined analysis could include land use information for historical 
periods, where available.  The latter may assist identification of the types of source loading 
which has occurred and how that loading may have changed. Whether or not historical land uses 
are analyzed in more detail, current estimates provide a useful baseline with which to compare 
future land uses and their corresponding potential influence on groundwater quality.   
In addition to establishing groundwater quality conditions and trends and also the basis for a 
preliminary determination of assimilative capacity, available shallow groundwater quality data 
provide a useful tool for evaluating the fate and transport mechanisms of salts and nutrients.  

Recommendations 

Specific recommendations related to groundwater data are listed below: 

First Priority 

1. Identify construction data for CDPH wells to improve the utility of historical water 
quality records 
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2. Add monitoring locations (existing wells with known construction and/or new dedicated 
monitoring wells) as needed, particularly in under-sampled areas (including water level 
measurements) 

Second Priority 

1. Continue to expand and keep current the Yolo countywide database 

2. Develop central organized data repositories for the Modesto and Tule areas (water levels, 
salt, nitrate, depth of screen) 

3. Improve (or create for Modesto and Tule areas) zone/aquifer-specific monitoring.  
4. Develop refined estimates of separate pumpage volumes for agriculture and for 

Municipal/Industrial 

Groundwater Flow Modeling 

Discussion 

As described in previous sections of this report, groundwater models were used in this study to 
provide input data to WARMF.  The groundwater flow models, including the USGS 
MODFLOW model revised for the Modesto area, the Harter MODFLOW model developed for 
the Tule River area, and the USGS CVHM for the Yolo County area, all include the public 
domain MODFLOW platform. MODFLOW uses specified input to construct and solve equations 
for groundwater flow in the aquifer system.  These models are used to develop water budget 
estimates from local to Central Valley-wide scales by numerically modeling the surface water 
and groundwater flow, including irrigated agriculture water demands and processes. 
The specificity and accuracy of the input data affect the output, even when the flow models are 
calibrated.  The models can be more sensitive to some inputs than others. For purposes of this 
study, pumpage and recharge data output from the flow models were provided as inputs to 
WARMF.  It is widely recognized that much of the private groundwater pumping for irrigation in 
the Central Valley is unmetered.  Therefore, using the CVHM as an example, pumpage is 
estimated using CVHM’s Farm Process (Faunt et al., 2009).  The FMP simulates the demand 
components representing crop irrigation requirements, on-farm inefficiency losses, and the 
supply components representing surface-water deliveries and supplemental groundwater 
pumpage.  Tailwater for reuse is another typically unmetered irrigation water source.  Improved 
knowledge of how much groundwater is pumped or tailwater is reused would likely improve 
subsequent analyses that involve the mass loads associated with these supply sources.     

Other water budget components are also affected by the physical and numerical 
conceptualization of the flow system.  For instance, water budget components utilized from the 
CVHM model for purposes of the Yolo groundwater quality spreadsheet mixing model of the 
shallow groundwater system included (in addition to pumpage and WARMF mass and volume 
recharge outputs) horizontal subsurface inflows and outflows, vertical subsurface inflows and 
outflows, and leakage to or from streams.  Understanding well completions and the zones from 
which water may be preferentially withdrawn from wells completed in multiple zones influences 
the resultant flow budget components.  For example, as described in Section 4, the subsurface 
outflow from YAU 1 (agricultural area) appeared to be overestimated compared to actual 
groundwater flow observations.  This may stem from excess simulated outflow from an upper 
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layer of the aquifer system (Layer 2). For purposes of the spreadsheet mixing model, adjustments 
were made to improve the balance between inflow and outflow components.  These adjustments 
were non-unique, however, and improved understanding of the actual flow distribution and its 
representation with the CVHM MNW package would refine the water budget components.     

Recharge is another calculated parameter that relies on many assumptions.  For example, in the 
CVHM FMP, net recharge is based on several assumptions (Faunt et al, 2009) one of which is 
that recharge is simulated without delay and represents an instantaneous source pulse into 
groundwater flow. For purposes of all the pilot study model applications, this assumption holds.  
Therefore, the time delay associated with the transport of the recharge mass and volume to 
groundwater are ignored.  Similarly, once WARMF recharge outputs are simulated, further 
transformation or impedance of constituents comprising the mass loading is ignored.  Direct 
recharge measurements to cross check assumptions could improve the numerical model output. 

Recommendations 

Specific recommendations related to groundwater flow modeling are listed below: 
First Priority 

1. Consider performing sensitivity analyses and recalibrating the groundwater model(s) as 
necessary.   

Second Priority 

1. Consider whether a higher vertical resolution model may improve simulation results 

Groundwater Quality Modeling 
As mentioned above, this study used tools that integrated the WARMF output with groundwater 
modeling approaches (spreadsheet mixing model and MODPATH) to evaluate the transport of 
salt and nutrients for current land and water use scenarios. The results of these efforts are limited 
by the accuracy and availability of groundwater quality data. For example, the Yolo Area 
spreadsheet mixing model relies on an adequate representation of the starting mass and volume 
in the main analysis unit (e.g., YAUs 1, 2, and 3) and also a reasonable approximation of the 
groundwater source quality.  This model also relies on the representation of the quality of the 
subsurface inflow to the analysis unit.  The mass associated with the subsurface inflow and the 
WARMF recharge vary in proportion to the mass associated with the analysis unit.  For example, 
for one quarter of a wet year, the WARMF recharge includes a mass of about 6.4 percent of the 
TDS mass contained in the overall unit, while subsurface inflow includes a TDS mass equal to 
about 4.4 percent of the TDS mass of the overall analysis unit. While these two inflow masses 
are relatively small compared to the mass in the overall unit, these could vary significantly for 
other study areas and/or for other land uses or pre-existing groundwater quality conditions.  For 
purposes of the Yolo area analysis, the horizontal inflow quality (Section 4) was assumed to 
remain constant for the 10-year simulation period.  The sensitivity of the spreadsheet model to 
dynamic rather than constant groundwater quality conditions in adjacent units could be tested in 
a future scenario. Improved groundwater quality data would likely play the greatest role in 
improving the understanding of linkages between watershed or land surface processes and the 
fate and transport of salts and nutrients in the aquifer system.    
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In addition to improved groundwater quality data, expanded efforts to consider future land or 
water uses and/or more detailed model sensitivity analysis could significantly improve 
knowledge of the hydrological system dynamics. Sensitivity analysis would improve 
understanding of the most important parameters and the role they play. Furthermore, sensitivity 
analysis would guide the design of new data collection efforts (such as in sensitive areas, as 
highlighted by the coupled flow and transport models).  

Recommendations 

Specific recommendations related to groundwater quality modeling are listed below: 
First Priority 

1. Consider performing sensitivity analyses and recalibrating the groundwater models as 
necessary.  Consider use of both head and groundwater age data 

2. Groundwater transport modeling could be refined to better account for local distribution 
of nitrogen, salt, and recharge inputs and flow field effects due to pumping 

3. WARMF output to groundwater should be disaggregated to the individual land unit scale, 
then used as input to groundwater model for more realistic simulation of the source 
distribution 

4. Further validate WARMF mass loads estimated to reach groundwater   
Second Priority 

1. Consider whether a higher vertical resolution model may improve groundwater age 
estimates 

2. Collect depth-specific groundwater ages across a region for further validation 

3. The 95 percent confidence intervals for predictions should be analyzed and provided to 
indicate the range of uncertainty of the model results. 

Analysis Tools 

Discussion 

Not only is it important to know what mass loading may occur as a result of future land uses and 
sources of salts and nutrients, it is important to evaluate the water, salt, and nutrient balance with 
a whole-systems approach for current and future scenarios.  As described in Sections 3 and 4, 
this Study used tools that integrated the WARMF output with groundwater modeling approaches 
to evaluate the transport of salt and nutrients for current land and water use scenarios.  These 
approaches could be expanded upon to consider the effects of future scenarios with changed land 
or water uses.  I s certainly possible to use other analysis tool besides the WARMF model; 
however, analyses using a whole-systems approach are recommended to improve the 
understanding and management of salt and nutrient loading on a sustainable basis. 

Recommendations 

Specific recommendations regarding the use of other tools to model salt and nitrates on a 
regional basis are listed below: 
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First Priority 

1. Evaluate water, salt, and nitrate balances with whole-systems approach (current and 
future scenarios) 

2. Identify insights provided by and limitations of tools used to estimate future implications 
of mass loading 

3. Evaluate sensitivity of tools to inputs and assumptions 
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