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About This Report 

The authors of this report examined greenhouse gas emissions in California’s Westlands 
Water District (Westlands). Westlands is interested in understanding its overall emissions 
portfolio and how that could shift with climate change. An accounting of its emissions will help 
it determine which existing practices in the district account for the most and least emissions, 
what additional practices could support further reductions in emissions, and any implications of 
these practices on irrigation demand. To ensure the report’s validity to the issues facing 
Westlands, this work has been informed through structured collaboration with Westlands staff 
and key interested parties. This report will be of interest to Westlands and other irrigation and 
agricultural districts in California, as well as various natural resources policymakers and 
decisionmakers. This report was sponsored by Westlands Water District. 

Community Health and Environmental Policy Program 
RAND Social and Economic Well-Being is a division of the RAND Corporation that seeks to 

actively improve the health and social and economic well-being of populations and communities 
throughout the world. This research was conducted in the Community Health and Environmental 
Policy Program within RAND Social and Economic Well-Being. The program focuses on such 
topics as infrastructure, science and technology, community design, community health 
promotion, migration and population dynamics, transportation, energy, and climate and the 
environment, as well as other policy concerns that are influenced by the natural and built 
environment, technology, and community organizations and institutions that affect well-being. 
For more information, email chep@rand.org. 
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Summary 

As countries around the world work to meet global decarbonization targets, a range of federal 
and state climate policies in the United States seeks to reduce greenhouse gas (GHG) emissions 
across economic sectors. A majority of these policies are focused on the energy and 
transportation sectors, yet existing studies note that agriculture is also a modest but important 
source of GHG emissions.  

The authors examined the GHG emissions of agriculture in Westlands Water District 
(Westlands), which is in California’s Central Valley. We developed a bottom-up carbon and 
nitrogen cycle model to estimate parcel-level emissions from 37 different crop types and five 
different land uses (e.g., solar energy generation, pasture). This model was coupled with a Water 
Use Model and an Energy Use Model. Together, this modeling framework allowed us to 
examine crop- to regional-level emissions from existing practices in Westlands, as well as how 
alternative practices, such as the expansion of solar energy generation in the district, could result 
in water trade-offs or affect cultivated acreage. 

Although similar models have been used in national or international contexts, a bottom-up 
analysis of the GHG emissions of agriculture has not yet been done in California. In this policy 
space, we addressed the following research questions for Westlands: 

• What existing crop production and related land use practices account for the most and 
least GHG emissions? 

• How do GHG emissions from crop production and related land uses change under 
climate change? 

• How would changes in crop production and related land use practices impact GHG 
emissions and key resource trade-offs, such as water use?  

We found that crop production and land use in Westlands will release about 1.2 metric tons 
of carbon dioxide equivalent (MtCO2eq) per acre per year, on average, from 2020 to 2050.1 
Almonds and pistachios, as well as fallowed land, are the major contributors to these emissions 
in Westlands because of the number of acres planted. However, when emission offsets due to 
solar generation from the more than 15,500 acres dedicated to solar energy in the district are 
factored in, this value drops to an average of 0.47 MtCO2eq per acre per year from 2020 to 2050. 
Although these are average values across our study horizon, annual emissions change over time. 
In the short term, Westlands will offset more emissions than it releases through solar generation 

 
1 These findings are subject to simplifying assumptions. We account for future climate change and future changes in 
the carbon intensity of California’s electricity grid. Other future sources of change are not included. 
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and will start contributing net emissions only in 2033. This transition happens as California’s 
grid becomes less carbon intensive over time,2 and the net offset from solar energy declines. 

Introducing or expanding alternative practices in Westlands, such as fertilizer or tillage 
choices, could reduce emissions further. We found that introducing no-tillage practices across all 
farms in the district would reduce net emissions from 0.47 MtCO2eq per acre per year to 0.12 
MtCO2eq per acre per year, a net emissions reduction of over 75 percent. Such a strategy might 
present trade-offs related to crop production, but this was beyond the scope of this report. An 
additional practice examined in this report was further expanding solar energy in the district by 
converting a portion of Westlands-owned land3 to solar generation in 2025. This alternative 
provides the largest reductions in emissions and shifts the year in which Westlands becomes a 
net positive emitter to 2043. Finally, by combining this alternative of additional land conversion 
to solar energy with no-tillage practices, any positive emissions after 2043 would be reduced 
without increasing water demands. 
  

 
2 This assumes that current California policies on decarbonization are realized. 
3 Except for those lands acquired by Westlands and permanently retired under the settlement in Sumner Peck Ranch, 
et al. v. Bureau of Reclamation, et al., CV-F-91-048 OWW (E.D. Cal.). 



 vi 

Contents 

About This Report .......................................................................................................................... iii	
Summary ........................................................................................................................................ iv	
Figures........................................................................................................................................... vii	
Tables ........................................................................................................................................... viii	
Chapter 1. Introduction ................................................................................................................... 1	

Research Questions and Approach ........................................................................................................... 3	
Westlands Water District .......................................................................................................................... 3	
Organization of This Report ..................................................................................................................... 4	

Chapter 2. Data and Methods .......................................................................................................... 5	
Considering Future Uncertainty ................................................................................................................ 6	
Experimental Design ................................................................................................................................. 7	
Land Use Model ...................................................................................................................................... 10	
Agricultural Data .................................................................................................................................... 15	
Water Use Model .................................................................................................................................... 25	
Energy Use Model .................................................................................................................................. 26	
Model Validation .................................................................................................................................... 29	
Modeling Alternative Practices .............................................................................................................. 30	

Chapter 3. Findings ....................................................................................................................... 31	
What Existing Agricultural Practices Account for the Most and Least GHG Emissions? ..................... 31	
How Do GHG Emissions from Agriculture Change Under Climate Change? ....................................... 35	
How Would Changes in Agricultural Practices Impact GHG Emissions and Key Resource  

Trade-Offs? ...................................................................................................................................... 36	
Chapter 4. Conclusions ................................................................................................................. 39	

Implications for Westlands ..................................................................................................................... 40	
Implications for Natural Resources Policy ............................................................................................. 40	

Appendix A. Agricultural Carbon and Nitrogen Cycles ............................................................... 42	
Appendix B. Data from UC Davis Cost Studies ........................................................................... 44	
Abbreviations ................................................................................................................................ 47	
Bibliography ................................................................................................................................. 49	

  



 vii 

Figures 

Figure 2.1. Model Schematic .......................................................................................................... 6	
Figure 2.2. Temperature and Precipitation Values for GCMs and Climate Scenarios ................. 10	
Figure 2.3. Simulated Carbon and Nitrogen Cycles ..................................................................... 13	
Figure 3.1. Average Annual Westlands Agricultural Resource Uses, 2020–2050 ....................... 32	
Figure 3.2. Westlands Net Emissions to 2050 .............................................................................. 33	
Figure 3.3. Average Annual Total Emissions by Crop (more than 5,000 MtCO2eq) .................. 34	
Figure 3.4. Average Annual Total Emissions by Crop (less than –2,500 MtCO2eq) .................. 34	
Figure 3.5. Average Annual Emissions per Acre by Crop Group ................................................ 35	
Figure 3.6. Annual Net Emissions by Climate Model .................................................................. 36	
Figure 3.7. Annual Net Emissions by Solar Land Use Scenario .................................................. 38	

 
  



 viii 

Tables 

Table 2.1. XLRM Matrix ................................................................................................................ 7	
Table 2.2. Experimental Design ...................................................................................................... 8	
Table 2.3. Agricultural Data for Major Crops .............................................................................. 16	
Table 2.4. Biomass Data for Major Crops .................................................................................... 21	
Table 2.5. Sacramento Valley Precipitation and Water Year Type .............................................. 25	
Table 2.6. Energy for Irrigation from Groundwater Wells ........................................................... 27	
Table 2.7. Model Validation of GWP Outputs ............................................................................. 29	
Table 3.1. Average Annual Net Emissions and Key Resource Trade-Offs for Alternative 

Practices ................................................................................................................................ 37	
Table B.1. Agricultural Data from UC Davis Cost Studies .......................................................... 44	

 
 



 

 1 

Chapter 1. Introduction 

As countries around the world work to meet global decarbonization targets, a range of federal 
and state climate policies in the United States seeks to reduce greenhouse gas (GHG) emissions 
across economic sectors. A majority of these policies are focused on the energy and 
transportation sectors, yet existing studies note that agriculture is also a modest but important 
source of GHG emissions. The U.S. Environmental Protection Agency (EPA) Inventory of U.S. 
Greenhouse Gas Emissions and Sinks estimates that the agricultural sector emitted 669.5 metric 
tons of carbon dioxide equivalent (MtCO2eq) in 2020, or about 11.2 percent of total U.S. 
emissions (EPA, 2022).4 California’s official emissions inventory estimates that agriculture 
accounts for 30 MtCO2eq, or about 8 percent of the state’s total emissions (California Air 
Resources Board, 2021a). Agricultural emissions primarily come from livestock (71 percent), 
crop growing and harvesting (21 percent), and the combustion of fossil fuels in the sector (7.9 
percent).  

There is a vast body of literature on decarbonizing agriculture in general (Smith et al., 2008; 
Bustamante et al., 2014; Beach et al., 2015; Blandford and Hassapoyannes, 2018; and Ahmed et 
al., 2020, to name a few) and for various world 
regions (Biggarr et al., 2013; Panchasara et al., 2021; 
Sapkota et al., 2019; Aryal et al., 2020; Tongwane and 
Moeletsi, 2018). For crops, decarbonization strategies 
include (but are not limited to) soil and fertilizer 
management, irrigation practices, crop and breed 
choice, transition to zero-emissions on-farm 
equipment, and seeding and wetting practices (in the 
case of rice).  

Assessments of decarbonization pathways for 
California indicate that there is a variety of 
opportunities for decarbonization in agricultural 
operations and methods. Within California, literature 
points to farmland preservation, expansion of 

 
4 This estimate includes emissions from direct agricultural activities, such as soil management, rice cultivation, 
burning of agricultural residues, manure management, enteric fermentation, urea management, and liming, as well as 
emissions from the agriculture sector’s use of fossil fuels in on-farm equipment and its use of electricity. Separately, 
agriculture is responsible for emitting and sequestering carbon dioxide (CO2) when land is converted to and from 
cropland or grassland, and from carbon stocks stored in those lands, resulting in net emissions of approximately 12.1 
MTCO2eq. The net emissions are the sum of fluxes in four agricultural land use and land-use change categories 
found in EPA, 2022, Table 6-1: Cropland Remaining Cropland, Land Converted to Cropland, Grassland Remaining 
Grassland, and Land Converted to Grassland. 

Overview of Agriculture in California 
 
As a sector, agriculture is a $49 billion 
industry in California and provides about 
one-third of the vegetables and two-thirds 
of the fruits and nuts consumed in the 
United States (California Department of 
Food and Agriculture [CDFA], 2021). 
California’s agriculture accounts for 13.7 
percent of U.S. agricultural revenue, and 
agriculture makes up about one-quarter of 
California’s land area (CDFA, 2021). 
Statewide, agriculture also supports more 
than 1.2 million jobs (CDFA, 2021). 
California’s Central Valley, in particular, 
accounts for about 75 percent of the 
irrigated land in California and produces 
more than 250 crops, including cereal 
grains, vegetables, fruits, and nuts (USGS, 
2021). 
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perennial crops, and improving the efficiency of nitrogen fertilizer application as having the most 
promising mitigation potential (Culman et al., 2014). Other studies have highlighted increased 
carbon sequestration through soil management (soil organic carbon replenishment) and new crop 
strains that fix more carbon (Energy Futures Initiative, 2020). In some districts, land currently or 
previously used for agriculture has been and could be developed for renewable energy.  

The state of California formally supports many agricultural decarbonization practices. For 
instance, CDFA is advancing several mitigation practices through four key programs to address 
agriculture emissions: The Dairy Digester Research and Development Program and the 
Alternative Manure Management Program target livestock, while the Healthy Soils Program and 
the State Water Efficiency & Enhancement Program (SWEEP) target crop emissions (CDFA, 
undated-c). The Healthy Soils Program provides support for such practices as cover cropping, 
no-till and reduced-till, mulching, compost application, and conservation plantings (CDFA, 
undated-b). SWEEP provides support for more-precise irrigation, energy-efficient irrigation 
systems, and low-emissions energy for irrigation (CDFA, undated-d). The California Air 
Resource Board supports funding for zero-emissions and lower-emission on-farm equipment 
(California Climate Investments, undated-c). The California Department of Conservation’s 
Sustainable Agricultural Lands Conservation Program supports the preservation of agricultural 
lands at risk of conversion to higher-emitting uses through conservation easements and plans 
(California Department of Conservation, undated). 

California crop emissions have already declined over time, in part because of (1) a reduction 
in acres cultivated, resulting in a decrease in synthetic fertilizer use, and (2) an uptake of drip and 
sprinkler irrigation practices (California Air Resources Board, 2021a) that reduces soil GHG 
emissions in high temperatures, compared with flood irrigation (Andrews et al., 2022). 

There is, however, little literature on how specific emissions mitigation practices will 
perform in California regions, and still less on how the suite of mitigation options might be 
integrated into a coherent and effective mitigation strategy for specific regions. Culman et al., 
2014, note, “relatively few field studies conducted in California rigorously examine GHG 
emissions from changes in agricultural management activities and practices.”5 At the same time, 
there is a lack of in-depth modeling and analyses that present detailed accounting of agricultural 
GHG emissions at local to regional scales. Furthermore, options for decarbonizing agriculture 
can also introduce key trade-offs with respect to irrigation demand, local job creation, and 
agricultural production that must be weighed before emissions mitigation practices are 
implemented at scale. These trade-offs may also be impacted by climate change, as changes in 

 
5 Since the publication of Culman et al., 2014, a handful of other studies have been published on various mitigation 
strategies or emissions from agricultural systems, including Brodt et al., 2014, which focuses on emissions from 
California rice production; Deverel et al., 2017, which examined the impact of different water and land management 
practices, including different crop choices; Cameron et al., 2017, which focuses on emissions implications from land 
use changes; and Christensen et al., 2018, which examined community-supported agriculture. 



 

 3 

temperature and precipitation can shift the viability of certain crops, alter water availability, and 
potentially reduce the efficacy of certain practices. 

Research Questions and Approach 
The aim of this project is to estimate the GHG emissions of California’s Westlands Water 

District (Westlands) and the effects of key trade-offs, as well as to examine these trade-offs in 
the context of a range of emissions mitigation practices and under climate change.  

Specifically, we aim to address the following research questions: 
• What existing crop production and related land use practices account for the most and 

least GHG emissions? 
• How do GHG emissions from crop production and related land uses change under 

climate change? 
• How would changes in crop production and related land use practices impact GHG 

emissions and key resource trade-offs, such as water use?  
These questions are related to multiple sectors and systems—land use, agriculture, water, 

energy, and climate—and addressing them requires a cross-sectoral approach to policy and 
planning. Furthermore, prioritizing and implementing changes in agricultural practices must 
account for future uncertainty that would affect the trade-offs presented by existing and 
alternative practices. As such, this study (1) presents a cross-sectoral model to evaluate GHG 
emissions and key resource trade-offs for crop production in California and (2) performs an 
analysis to specifically address the questions outlined above, using Westlands as a case study. 

Westlands Water District 
Westlands serves as the primary focus and case study for this work. Westlands is an 

agricultural water district that manages water for irrigation and rural communities across 614,700 
acres in the San Joaquin Valley (SJV) of California’s Central Valley, making it the largest 
agricultural water district in California. Within the Westlands service area, more than 60 
different crops are grown that generate over $2 billion in revenue each year (Westlands, 2021). 
In 2020, almonds, tomatoes, and pistachios were the top three crops grown in the district by 
cultivated acreage (Westlands, 2021).  

Westlands’ primary mission is to support irrigated agriculture and other local water needs in 
the district. From early in its formation, Westlands has been a Central Valley Project (CVP) 
contractor and receives and manages allocated CVP water for growers in the district. Westlands’ 
CVP annual entitlement is 1.193 million acre-feet (MAF) of water, and the district has received 
allocations of anywhere from 0 to 100 percent of this entitlement since 1988 (Westlands, 2020). 
In addition to CVP allocations, Westlands also manages local groundwater resources. 
Groundwater in the district has an estimated safe yield of 305,000 acre-feet (AF). Annual 
irrigation demands for Westlands total 1.5 MAF if all irrigated acres in the district are planted. 
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Deficits between supply and demand have been made up for with conservation practices, 
additional groundwater pumping, and acquisition of additional supplies (Westlands, 2020). 

Westlands is interested in understanding its overall emissions portfolio and how that may 
shift with climate change; which existing practices in the district account for the most and least 
emissions; what additional practices may support further reductions in emissions; and any 
implications of these practices on irrigation demand. To ensure this study’s validity to the issues 
facing Westlands, this work has been informed through structured collaboration with Westlands 
staff and key interested parties.  

Organization of This Report 
This report details the project’s data, methods, and findings and is intended to make the 

project’s approach clear and transparent to those interpreting and applying its findings. Chapter 2 
describes data sources and the methods used to model agricultural GHG emissions and strategies 
to reduce emissions. Chapter 3 presents findings of our integrated model, and Chapter 4 offers 
conclusions and recommendations for California agriculture and water management based on our 
findings. 
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Chapter 2. Data and Methods 

This chapter describes the data and methods that underpin this work. Our methodological 
approach combines systems models of the land use, water use, and energy use with 
decisionmaking under deep uncertainty (DMDU) methods to (1) quantify GHG emissions from 
existing agricultural practices and land uses in Westlands, (2) test the performance of alternative 
practices that might reduce emissions, and (3) explore the effects of future climate uncertainty on 
GHG emissions and water use. Each model was developed by leveraging existing modeling 
frameworks that are documented in the literature. Data were acquired, when possible, from 
Westlands or from available documentation on crop production and crop characteristics from the 
region in or near Westlands. Where local data were not available, we extracted values from 
broader scientific literature prioritizing recent studies in similar climatic conditions. Data used in 
each model are described in the relevant section below. 

Figure 2.1 shows the primary flows and outputs (in green) between the three model 
components. The Land Use Model represents agricultural production in Westlands and quantifies 
GHG emissions based on the current average crop mix and existing or alternative management 
practices. The Energy Use Model calculates GHG emissions from any activities that generate an 
energy demand, including pumping for surface water or groundwater, vehicle use by Westlands, 
or farm equipment use, as well as any net negative emissions from solar generation in the 
district. The Water Use Model calculates the water available for irrigation based on water year 
type, as well as the actual water use based on crop type and crop water demand from the Land 
Use Model. Any deficits between water availability and water demand are an output of this 
model. The model components estimate emissions only from on-farm activities; they do not 
consider emissions from activities related to post-harvest processing and shipping. Finally, we 
used a simplified DMDU approach to characterize how each of these output variables and key 
decisionmaking trade-offs (e.g., water needs and emissions reductions) could change under 
climate change. The following sections provide more detail on each model. 
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Figure 2.1. Model Schematic 

 
Our work is most closely related to bottom-up assessments of GHG emissions and mitigation 

options at the multi-farm or regional (i.e., subnational) level, where GHG estimates consider the 
specific crops grown, agricultural activities, irrigation methods, and energy sources. Such work 
has been conducted for subnational agricultural regions around the world, in such works as 
Johnson et al., 2016; Dyer et al., 2017; Halverson et al., 2012; De Gryze, 2011; Necpalova, 2016; 
Weiler et al., 2017; Lemma et al., 2021; Sanz-Cobena et al., 2017; and Afroz et al., 2021. 

Considering Future Uncertainty 
Overarching the above modeling framework is uncertainty that impacts multiple aspects of 

this analysis. Although a range of uncertainties impacts agriculture in Westlands, we focused on 
future climate uncertainty and the impact that climate will have on Westlands activities and 
emissions. To do so, we leaned on principles in the field of DMDU (Marchau et al., 2019), which 
seeks to analyze problems under a wide range of future conditions—without making predictions 
of their likelihood—and then identifies strategies or outcomes that are robust to those 
uncertainties. DMDU has been applied to natural resources planning problems (Groves et al., 
2008; Groves et al., 2015; Groves et al., 2019; Molina-Prez et al., 2019) and has been used to 
explore GHG mitigation and global sustainability policies (Lempert et al., 2006; Lempert, 2019; 
Groves et al., 2020; Gonzales et al., 2021).  

We describe the design of our study using a structured decision framework to help 
stakeholders develop a shared understanding of the problem they are trying to solve, the 
information they need to do so, and the analysis that will get them that information. The four key 
elements of the analysis are summarized in a two-by-two matrix, called an XLRM matrix, which 
identifies the uncertain factors (Xs), the policy levers (Ls), the models or relationships (Rs) that 
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represent the system or systems of interest, and the performance metrics (Ms) that describe 
outcomes (see Table 2.1). This structure was first introduced by Lempert, Popper, and Bankes, 
2003. The experimental design for this study is presented in the next section.  

Table 2.1. XLRM Matrix 

(X) Uncertainties  (L) Policy Levers or Strategies  

• Uncertain factors that might affect the 
achievement of desired goals  

• Combinations of assumptions about uncertainties 
define a plausible future  

• Actions or decisions that can be taken by 
policymakers  

• Combinations of different levers define a strategy 
intended to help achieve desired goals  

(R) Models or Relationships  (M) Performance Metrics or Measures  

• How policy levers and uncertainties interact to 
affect future outcomes  

• Often represented by a mathematical model  

• Quantitative or qualitative metrics used to evaluate 
outcomes and the performance of strategies 
relative to goals  

 

Experimental Design 
Using the XLRM framework, we developed an experimental design in collaboration with 

Westlands staff and interested parties. We carried out a series of workshops to discuss key 
aspects of the XLRM framework and understand Westlands’ priorities. As an outcome of these 
workshops, we identified a number of alternative practices that might reduce GHG emissions 
from Westlands, as shown under “Policy Levers” in Table 2.2. We also identified a number of 
metrics relevant to Westlands to evaluate these options (see “Performance Metrics” in Table 
2.2). Future changes in climate are also critical to crop production and water management for 
Westlands. In this study, we treated climate as an uncertainty and examined a range of changes 
in future precipitation and temperature. As part of our analysis, we made a select set of 
uncertainties explicit and explored GHG outcomes in Westlands under a range of climate 
scenarios, without making predictions about which scenario (if any) will ultimately prevail. This 
enables stakeholders to understand which practices in Westlands are sensitive to climate 
assumptions and which are robust. Finally, we used three models, described in the following 
sections, to simulate the interaction between these experimental components. Modeling of each 
of the policy levers is described in the “Modeling Alternative Practices” section at the end of this 
chapter. 
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Table 2.2. Experimental Design 

(X) Uncertainties (L) Policy Levers or Strategies 

• Future total annual precipitation 
• Future average annual temperature 

Agricultural practices 
• Tillage 
• Fertilizer 

Energy options 
• Groundwater pump energy source 

Land use options  
• Solar 
• Restoration of native grassland 

(R) Models or Relationships (M) Performance Metrics or Measures 

• Land Use Model 
• Energy Use Model 
• Water Use Model 

• GHG emissions 
• Water use 
• Average cultivated acreage 

 
Based on the XLRM matrix shown in Table 2.2, our experimental design was formulated to 

quantify how the addition of these alternative practices (shown under the “Policy Levers or 
Strategies” section in the table) compares with baseline practices around crop production and 
land use in the district. Our analysis uses GHG emissions, water use, and average cultivated 
acreage to quantify any differences. Because climate change is a function of time, we forecasted 
GHG emissions to 2050 under a baseline and under each of the alternative practices. This 
forecast is not intended to be a precise accounting of the future but rather to enable an analysis of 
the trade-offs between the various alternative practices, as well as an understanding of how they 
perform under future climate change. Although most exogenous factors are not considered in this 
study, as described in more detail below, we did consider the changing carbon intensity of 
California’s electricity grid to understand how solar trade-offs may change over time. Although 
this is not treated as an uncertainty, it is a key assumption that drives changes in emissions 
offsets over time.6 

As a point of reference, we created a baseline scenario that assumed continuation of 
agricultural, energy, and land use practices that are most similar to current conditions in 
Westlands. The baseline scenario assumes no change in the mix of crop types and no expansion 
or reduction in land used for solar energy generation. To be able to isolate the relative 
contributions of alternative practices to emissions reductions or increases, we also held constant 
any other exogenous variables that are not explicitly described in this report. This includes such 
variables as policy changes and commodity prices. In practice, it is unlikely that all these factors 
will remain constant, and, as such, the baseline is not a prediction of the future. Rather, the 
baseline is intended to serve as a basis for comparison to understand how instituting the policy 
levers in Table 2.2 could impact emissions and other performance metrics. 

 
6 The assumptions made around future changes in the carbon intensity of California’s electricity grid are described 
in the “Energy Use Model” section later in this chapter. 
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Although we only considered climate as an uncertainty in this experimental design, 
agricultural practices are subject to a wide range of uncertainties; therefore, there are many 
uncertainties that we did not explore in this report. These include exogenous factors, such as 
policy changes and commodity prices, as well as farmer and district decisionmaking, including 
forms of behavioral change and adaptation not mentioned in Table 2.2. Farmers are making 
choices that affect many aspects of their practices in a complex environment. Commodity prices, 
for example, can be a driving factor in crop choices, and policies around solar energy generation 
can impact the feasibility of land conversion to solar. For other agricultural practices and 
behavior change, we attempted to make explicit our assumptions around on-farm practices 
critical to the emissions modeling. Many of the assumptions around agricultural practices, such 
as residue management, are described in the “Land Use Model” section later in this chapter.  

Climate Data 
To implement the experimental design, data on projections of future climate for both 

temperature and precipitation were needed, as these variables are key inputs for both the Land 
Use Model and the Water Use Model. Data on average annual temperature and average total 
precipitation were obtained from Cal-Adapt for four global climate models (GCMs): CanESM2, 
HadGEM2-ES, MIROC5, and CNRM-CM5 (California Energy Commission, 2021). Figure 2.2 
shows the average temperature and precipitation for each GCM and each future climate scenario, 
termed Representative Concentration Pathway (RCP),7 between 2030 and 2050.  

 
7 RCP 4.5 and RCP 8.5 are commonly used scenarios that represent two future emission trajectories. In RCP 4.5, 
current policies slow down emissions. In RCP 8.5, there is a sharp increase in future emissions.  
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Figure 2.2. Temperature and Precipitation Values for GCMs and Climate Scenarios 

 

Land Use Model 

Overview 

Emissions from soil and field management practices were estimated with a dynamic Land 
Use Model adapted from the Intergovernmental Panel on Climate Change (IPCC) Guidelines for 
National Greenhouse Gas Inventories (2019) and implemented in NetLogo 6.2.2.8 We adopted 
the IPCC approach for several reasons. First, the IPCC guidelines are widely used for national 
and state inventories (including California Air Resources Board, 2021, and EPA, 2022) and as a 
point of reference or default method in targeted studies (such as Verhoeven, 2017) and so are 
more directly comparable to other results. Second, the 2019 revision to the IPCC guidelines 
includes a convenient and well-documented method for approximating emissions for many 
combinations of crops and management practices. Estimating the complex dynamics of soil 
emissions (summarized in the following paragraphs) typically requires sophisticated models 
calibrated to a specific study area, coarse-grained projections that cannot capture many strategies 
of interest, or generalizations from prior experiments in comparable crops and conditions. 
Because of gaps in the literature and the impracticality of collecting field data for the scope of 

 
8 NetLogo is a modeling environment for programming agent-based models and is widely applied to both natural 
and human systems, including agricultural systems (Wilensky, 2022). 
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this analysis, the IPCC model was preferred because it was a consistent and scalable approach. 
Finally, IPCC guidelines permit different levels of detail to be used for each component and 
combined in the final results, which could be extended in future work.   

Using the IPCC guidelines, a Land Use Model was developed to estimate emissions from 
Westlands crops and land uses that, on average, make up at least 500 acres of cultivation. Based 
on a ten-year average of historical crop and fallowed land coverage provided by Westlands, the 
study area was modeled as a 50-by-50 grid of parcels,9 where each parcel represented about 225 
acres totaling 562,602 irrigated acres. The NetLogo agent–based model format allowed each 
parcel to vary independently in response to the global environment.10 On an annual basis from 
2020 to 2050, every parcel was dynamically assigned a management system, which included the 
parcel’s crop types (including fallowed or native grassland), fertilizer type, till system, and 
residue management. The initial distribution of crop types followed a ten-year historical average 
provided by Westlands. Of initially fallowed land, 73,125 acres were designated as district 
owned and partitioned into three subareas: 2,000 acres assumed to be regularly available for 
private cultivation, 35,550 acres to be allocated to one of several alternative uses (i.e., expansion 
of solar, rewilding of native grassland, or kept fallowed), and an equal area assumed to be 
permanently fallowed. All crop characteristics required to simulate the carbon and nitrogen cycle 
per IPCC guidelines, including assumptions related to crop yield, were either provided by 
Westlands or obtained from other sources. These were held constant across the simulation 
period, unless explicitly stated otherwise, and are described in the “Agricultural Data” section 
later in this chapter. 

A given model run specified a combination of strategies, including alternative uses of 
Westlands-owned parcels and farm management practices, such as tillage and fertilizer choices. 
Each combination of strategies was simulated under eight climate scenarios representing a broad 
range of precipitation and temperature trends from four different GCMs (as described in the 
“Climate Data” section). Within each model run, row crops were dynamically reallocated by the 
model based on available water (see the “Water Use Model” section). Net emissions were 
calculated in each period based on climate and management conditions through several 
submodels described below. 

Carbon and Nitrogen Cycle Model  
For each parcel of land in the NetLogo model, we employed a carbon and nitrogen cycle 

model to estimate carbon and nitrogen emissions from each relevant crop type or land use in 
Westlands. As described previously, this model is based on IPCC guidelines and draws on 

 
9 Each parcel was simulated independently and did not depend on its neighbors in any way, and the grid layout did 
not correspond to the geographic layout. 
10 In future work, this framework could be extended to model interactions between adjacent parcels or the diffusion 
of alternative practices. 
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agricultural data collected from Westlands and available literature to characterize the typical 
carbon and nitrogen content of crop residues, water demand, fertilizer requirements, and other 
key variables.  

The IPCC denotes three tiers of GHG inventory methods with increasing sophistication, 
which we adapted for this analysis. Tier 1 is the most basic approach and typically computes a 
simple sum of global average emission rates for broad land use categories (e.g., forest, cropland, 
settlements). Tier 3 encompasses bespoke methods that use direct field measurements or detailed 
simulations of soil dynamics for specific crops and geographies using locally calibrated 
parameters. As an intermediate approach for carbon emissions, the 2019 revision to the IPCC 
guidelines specifies Tier 2 as a simplified version of the CENTURY soil simulation model 
(Parton, 1996), requiring only local values for soil type, temperature, and precipitation.  

This steady-state version calculates the long-run expected level of carbon content in soil 
given the amount and carbon content of crop residues, environmental conditions, and tillage 
practices. For each crop, we gathered estimates of the carbon, nitrogen, and lignin content of 
above- and below-ground dry mass, as well as any trimmings or deadfall, to calculate nutrient 
inputs each period (shown in Table 2.3). Soil carbon was divided between active, slow, and 
passive subpools to partially reflect biome dynamics. The active subpool represents rapid 
turnover of nutrients from microbial activity within months to years; the slow subpool models 
the longer pathway of nutrients contained in recalcitrant fibers and other less accessible forms 
(on the scale of decades); and the passive subpool reflects carbon “entombed” in microbial 
necromass and soil aggregates (which can persist for centuries or longer if undisturbed). At 
equilibrium, it is assumed that respiration of carbon to the atmosphere equals new carbon being 
added, but changes to any variables, such as a crop mix or tillage system, can result in a net loss 
(emissions) or gain (sequestration) in carbon stocks. Although nitrogen follows a parallel 
process, it is not included in the IPCC specification, and it was impractical to calibrate 
CENTURY directly for the number of crops in the study, so we used a simpler Tier 2 approach 
that accounts for differences in mass, composition, and fertilizer quantities. For details on the 
equations used, see Eggleston et al., 2006; Ogle et al., 2019; and Liang and Nobel, 2019.  

Figure 2.3 depicts the simulated nitrogen and carbon cycles calculated for every parcel in the 
50-by-50 grid each period. A full summary of agricultural carbon and nitrogen cycle dynamics is 
contained in Appendix A. Because of the importance of tree crops to Westlands, we 
implemented a life-cycle process to account for temporary above-ground carbon sequestration. In 
the model, trees and other perennial crops accumulate biomass following a growth curve in 
which mass is added more quickly in early years and slows by end of life, at which point the 
biomass is deposited and new growth begins. Some perennial crops deposit annual residues from 
trimmings. Field crops are assumed to turn over each year and so do not temporarily sequester 
carbon. Based on input from Westlands, we assumed that 100 percent of residues are kept on-
field and incorporated into the soil.  
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Figure 2.3. Simulated Carbon and Nitrogen Cycles 

 
 
After growth and harvest phases, a proportion of residue dry mass is added to the parcel’s 

carbon and nitrogen pools. Carbon is distributed between active, slow, and passive subpools 
based on the soil carbon levels from the last period, the lignin content of new residues, average 
annual temperature, and annual precipitation. The latter two variables are defined by projection 
from eight climate scenarios. We assumed that all parcels share a similar sand composition of 25 
percent, based on Natural Resources Conservation Service soil maps, and that climate conditions 
were uniform across the district each year (silt and clay composition were not utilized in the 
model calculations). The net change across all three pools results in a positive or negative carbon 
flux in units of carbon, which, following IPCC guidelines, was multiplied by !!

"#
 in final global 

warming potential (GWP) calculations to account for the molecular weight of CO2.  
Nitrogen emissions were calculated from three sources: fertilizer, crop residue, and changes 

in soil carbon that affect microbial activity. To estimate fertilizer emissions, we extracted values 
from the literature for the volume of nitrogen fertilizer typically applied to each crop, 
summarized in Table 2.3, again prioritizing studies in the Central Valley (see the “Agricultural 
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Data” section for details on methodology). As noted previously, a comprehensive analysis would 
simulate the life cycle of soil nitrogen in a manner similar to the one used for carbon, but this 
was outside the scope of our study. Instead, we applied an emissions factor (EF) to each source 
of nitrogen that expresses the percentage of each unit respired back as nitrous oxide (N2O). For 
fertilizer, the model includes values for direct emissions from on-field denitrification and indirect 
emissions from fertilizer that is lost to volatilization, where both direct and indirect EF vary by 
fertilizer type and application. Although some fertilizer EF estimates specific to California have 
been calculated (Verhoeven, 2017), we did not have complete information on the type and 
application methods used for most operations in the study area, so we applied the default IPCC 
value of 1 percent for direct emissions from both organic and synthetic fertilizer (that is, each 
100 pounds of fertilizer generated one pound of N2O). For indirect emissions, we used IPCC 
defaults of 1 percent EF for synthetic fertilizer and 0.5 percent for organic fertilizer. A composite 
EF of 1.57 percent was applied to the nitrogen mass of crop residues, following the most recent 
parameter reported by California Air Resources Board, 2021. Finally, net losses or gains in 
carbon can lead to the growth or die-off of bacteria and subsequent mineralization or 
immobilization of nitrogen (U.S. Department of Agriculture Natural Resources Conservation 
Service East National Technology Support Center, 2011). This is represented in the model by a 
net increase or decrease in N2O emissions with a gain or loss of soil carbon. The size of this 
effect is proportionate to the current carbon-to-nitrogen ratio. However, because we do not have 
parcel-level data on this parameter and do not directly track both carbon and nitrogen stocks, we 
assumed a default constant value of 10:1 per IPCC guidelines. As with carbon, nitrogen flux was 
multiplied by  !!

#$
  to account for the molecular weight of N2O.  

Crop Rotations 
All row crops in Westlands undergo some form of rotation to maintain soil health and 

improve crop yield. Because these vary by grower, year, and other conditions outside of our 
modeling framework, we applied a crop rotation scalar to emissions to account for reductions in 
emissions that were due to crop rotations. To determine the value of this scalar, we carried out a 
simplified modeling exercise to estimate emissions from a set of continuous individual crops 
(cotton, garlic, honeydew, onions, and tomatoes) and to estimate emissions from those same 
crops in rotation. We found that the weighted average of continuous row crops was 0.5 
MtCO2eq per acre and that those crops in rotation produced 0.388 MtCO2eq per acre, or a 22.5-
percent reduction. This value was validated with a literature review, which revealed that crops in 
rotation generally emit 25 to 32 percent less GHG emissions than crops that are not rotated 
(Behnke et al., 2018; Liu et al., 2016). This scalar was then applied to GHG emissions output 
from the model for all row crops. 



 

 15 

Agricultural Data 
As a key input to the carbon and nitrogen model, data on the life cycle characteristics of crop 

and noncrop land uses in Westlands were needed. These input values include crop 
characteristics, agricultural practices, and biomass data.  

In our data collection, we distinguished between major crops (crops that are grown on at 
least 500 acres of land), minor crops (crops that are grown on fewer than 500 acres), and 
noncrops (nonharvested land, including fallowed land and pasture). Livestock, which take up a 
small portion of Westlands land, were not included in this study. 

To the extent possible, agricultural input data for major crops were estimated based on 
available disaggregated and geographically specific data. For minor crops and noncrops, most 
agricultural data were estimated based on literature or similar major crops. Estimates and sources 
from which they were derived are included in Table 2.3.  

In peer-reviewed literature and authoritative cost studies specific to individual crops, it is 
uncommon for results, assumptions, and estimates to be explained at a level of detail ideal for 
this modeling exercise. In some cases, published data were only available in a few studies in 
regions not relevant to this work, or published data relevant to the region were dated. In these 
cases, we drew from sources that were more geographically representative (i.e., from the SJV) or 
sources concerning other regions with comparable climates and agricultural practices. In such 
cases, attempts were made to validate estimated data across multiple studies. For selected crops 
that represent a large proportion of Westlands acreage, we expended additional effort to ensure 
that the model estimates of GHG emissions aligned with available literature (see the “Model 
Validation” section).  

Although all the studies from which we derived data carry their own assumptions around data 
relevance (for example, crop yields vary with time, agricultural practices, etc.), we attempted to 
pull as many data from similar sources as possible. Unless explicitly described in the “Modeling 
Alternative Practices” section, these values are assumed constant across all future time periods.11 
Additional information on the University of California (UC) Davis cost studies, which we used 
for some of the data in Table 2.3, is contained in Appendix B.

 
11 Although we assumed that the values in Table 2.3 were constant in time, they are subject to variability based on 
climate conditions, farmer practices, market conditions, and specifics of crop varieties, among other factors. 
Assuming that these values are constant is a simplifying assumption that was made because of the scope of this work 
and available data. 
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Table 2.3. Agricultural Data for Major Crops 

Acreage Category 
Lifespanᵃ 

(years) 

Annual 
Irrigation 
Monthsᵃ 

Annual 
Irrigationᵇ 

(AF) 

Equipment 
Emissionsᵃ 
(lbs./acre) 

Annual Fertilizerᵃ 
(lbs. 

nitrogen/acre) 
Yieldᶜ 

(lbs./acre) 
Crops 

      

Almonds 23 7 3.5 789 250 2,480 

Processing tomatoes 1 4 1.9 1,329 125 104,000 
Provided by 
Westlands 

Pistachios 40 7 3.1 472 175 3,250 
Provided by 
Westlands 

Pima cotton 1 5 2.2 2,897 180 1,750 

Wheat 1 5 1.5 132 250 7,000 
Provided by 
Westlands 

Wine grapes 25 6 2.1 679 60 24,260 

Garlic 1 5 1.6 444 260 18,000 
Provided by 
Westlands 

Cantaloupes 1 4 1.3 3,403 130 34,520 

Grains (hay) 1 3 2.5 209 80 6,950 

Garbanzo beans 1 6 0.9 666 75 2,000 
(U.S. Department of 
Agriculture National 
Agricultural Statistics 

Service, 2022) 

Onions (fresh) 1 7 3.3 1,384 75 38,000 

Sweet corn 1 3 2.5 603 240 19,160 

Onions (dehydrated) 1 6 3.3 1,203 260 38,000 
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Acreage Category 
Lifespanᵃ 

(years) 

Annual 
Irrigation 
Monthsᵃ 

Annual 
Irrigationᵇ 

(AF) 

Equipment 
Emissionsᵃ 
(lbs./acre) 

Annual Fertilizerᵃ 
(lbs. 

nitrogen/acre) 
Yieldᶜ 

(lbs./acre) 
Lettuce (spring) 1 5 0.6 3,247  220 33,780 

Lettuce (fall) 1 3 0.7 3,247 220 39,080 

Barley 1 3 1.1 306 135 2,260 
(U.S. Department of 
Agriculture National 
Agricultural Statistics 

Service, 2022) 

Alfalfa (hay) 4 7 3.9 209 22 13,740 

Acala cotton 1 5 2.2 2,897 180 1,650 
(U.S. Department of 
Agriculture National 
Agricultural Statistics 

Service, 2022) 

Fresh tomatoes 1 4 1.6 3,987 160 26,820 

Honeydews 1 4 1.3 5,090 130 34,180 

Pomegranates 25 6 3.2 1,456 100 24,300 

Watermelons 1 5 1.8 5,090 240 49,960 

Oranges 15 7 3.2 1,456 80 33,020 

Alfalfa (seed) 4 7 2.8 209 22 320 

Tangerines 15 7 3.2 1,456 80 29,140 

Hemp 1 4 
(Garcia-Tejero 

et al., 2014) 

2.5 2,016 100 
(Garcia-Tejero et 

al., 2014) 

15,000 
(Garcia-Tejero et al., 

2014) 

Parsley 1 2 1.8 4,542 150 
(Csizinszky, 2000; 

Mirdad, 2011) 

20,000 
(Csizinszky, 2000; 

Mirdad, 2011) 
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Acreage Category 
Lifespanᵃ 

(years) 

Annual 
Irrigation 
Monthsᵃ 

Annual 
Irrigationᵇ 

(AF) 

Equipment 
Emissionsᵃ 
(lbs./acre) 

Annual Fertilizerᵃ 
(lbs. 

nitrogen/acre) 
Yieldᶜ 

(lbs./acre) 
Broccoli 1 4 1.8 5,148 170 16,000 

(U.S. Department of 
Agriculture National 
Agricultural Statistics 

Service, 2022) 

Peaches 18 5 3.2 1,456 107 21,970 

Raisin grapes 30 7 2.1 714 45 17,920 

Table grapes 25 7 2.1 944 50 21,980 

Oats 1 2 2.5 306 125 2,400 
(U.S. Department of 
Agriculture National 
Agricultural Statistics 

Service, 2022) 

Cherries 25 6 3.2 1,612 60 4,080 

Misc. seed crops 1 6 2.5 231 63 1,235 

Apricots 20 8 3.2 129 75 9,660 

Safflower 1 4 2.0 253 105 2,150 
(U.S. Department of 
Agriculture National 
Agricultural Statistics 

Service, 2022) 

Lemons 40 7 3.2 1,456 130 24,640 

Noncrops 
    

 
 

Fallowed 1 0 0.0 67 0 0 

Nonbearing trees and 
vines 

25 7 3.2 471 117 0 

Solar 1 0 0.0 See “Energy 
Use Model” 

section 

0 0 
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Acreage Category 
Lifespanᵃ 

(years) 

Annual 
Irrigation 
Monthsᵃ 

Annual 
Irrigationᵇ 

(AF) 

Equipment 
Emissionsᵃ 
(lbs./acre) 

Annual Fertilizerᵃ 
(lbs. 

nitrogen/acre) 
Yieldᶜ 

(lbs./acre) 
Pasture 1 7 2.5 145 40 0 

Perennial grassland 1 0 0.0 0 0 0 

NOTE: Data for minor crops (i.e., crops that were cultivated, on average over ten previous years, on less than 500 acres) are estimated based on data from similar 
crops and UC Davis Cost Studies, 2022. These crops are as follows: asparagus, walnuts, peppers, carrots, nectarines, plums, field corn, sorghum, beans (for 
drying), blueberries, spinach, prunes, apples, cabbage, pluots, squash, grapefruit, jojoba beans, green peas, flowers, and green beans. Crops are ordered by 
cultivated acreage. 
a Unless specified otherwise, estimates are derived from UC Davis Cost Studies, 2022. 
b Data provided by Westlands. 
c Unless specified otherwise, estimates are derived from Fresno County Department of Agriculture, 2020.  
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Lifespan 
Regardless of intrayear practices, all annual crops are assumed to have a lifespan of one year. 

For orchards, vineyards, and alfalfa, lifespan estimates were obtained from UC Davis Cost 
Studies, 2022, relevant to the studied region. Absent explicit mention of crop productive 
lifespan, estimates based on orchard lifespan or similar crops were preferred over other sources 
(due to a significant variation in agricultural practices outside of the studied region). 

Irrigation and Fertilizer Usage 
Except where specified in Table 2.3, estimates for annual months of irrigation and for 

nitrogen mass of annual fertilizer were derived from UC Davis Cost Studies, 2022. All estimates 
for irrigation volume were provided by Westlands.  

Yield 
Crop yields vary significantly across geographies because of climate and practices. To ensure 

that yield estimates were recent, geographically appropriate, and authoritatively sourced, we used 
the following hierarchy for yield estimates: 

1. yield reported by Westlands (Cartwright, 2022) 
2. recent yield figures from Fresno County Department of Agriculture, 2020 
3. California-specific yield from U.S. Department of Agriculture National Agricultural 

Statistics Service, 2022 
4. estimates or measurements from academic journals. 

Biomass 
To the extent possible, ratios from Guzmán et al., 2014, and Kyle et al., 2011, were used to 

estimate the above-ground residue biomass and below-ground biomass based on estimated yield. 
Exceptions are noted in Table 2.4. For annual crops and for certain land use categories, above-
ground residue refers to the total above-ground dry mass. For perennial crops and for nonbearing 
trees and vines, above-ground residue refers to pruned above-ground dry mass. Estimates of 
permanent perennial above-ground biomass (that is, average biomass that remains unpruned 
throughout a perennial plant’s life cycle) were informed by other literature (see Table 2.4) and by 
our residue estimates. All biomass estimates are for dry biomass. 

We obtained above-ground and below-ground carbon content estimates for studied plants 
from Ma et al., 2018, and Liang and Noble, 2019. Various sources were used to obtain above-
ground, below-ground, and crop nitrogen content estimates (see Table 2.4). Lignin content 
estimates were also obtained from various sources. In the model, these obtained values were 
multiplied by dry biomass estimates to estimate carbon and nitrogen content in plants and their 
harvests. 
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Table 2.4. Biomass Data for Major Crops 

Land Use 
Category 

Residueᵃ 
(lbs./acre) 

Above-
Ground 
Biomass 

(perennial)ᵇ 
(lbs./acre) 

Below-Ground 
Biomassᵃ 
(lbs./acre) 

Above-
Ground 
Carbon 

Contentᶜ 
(%) 

Below-
Ground 
Carbon 

Contentᶜ 
(%) 

Crop Nitrogen 
Contentᵈ 

(%) 

Above-Ground 
Nitrogen 
Contentᵈ 

(%) 

Below-Ground 
Nitrogen 
Contentᵈ 

(%) 

Lignin 
Contentᵉ 

(%) 
Crops 

         

Almonds 3,902 39,015 842 47.5% 46.6% 17.6% 7.7% 23.8% 27.0% 

Processing 
tomatoes 

12,979 0 2,720 43.0% 38.2% 2.2% 0.5% 0.5% 15.1% 

Pistachios 3,900 27,302 1,073 47.5% 46.6% 2.8% 13.2% 13.1% 27.0% 

Pima cotton 2,575 0 705 50.0% 50.0% 3.8% 1.9% 1.9% 14.4% 

Wheat 8,254 0 2,881 48.5% 48.5% 1.8% 0.4% 0.9% 
(Liang and Noble, 

2019) 

5.3% 

Wine grapes 8,358 41,788 2,313 46.0% 46.0% 0.4% 0.3% 0.7% 28.0% 

Garlic 0 0 802 43.0% 42.5% 2.5% 
(Boyhan, Kelley, 
and Granberry, 

2017) 

2.5% 
(Boyhan, Kelley, 
and Granberry, 

2017) 

2.5% 
(Boyhan, Kelley, 
and Granberry, 

2017) 

15.1% 

Cantaloupes 2,278 0 813 43.0% 38.2% 2.7% 5.9% 5.9% 15.1% 

Grains (hay) 6,254 0 6,755 42.0% 38.0% 2.8% 
(Geissler, 2016) 

1.5% 
(Liang and Noble, 

2019) 

1.2% 
(Liang and Noble, 

2019) 

5.7% 

Garbanzo 
beans 

3,037 0 936 43.0% 38.2% 3.8% 
(Geissler, 2016) 

0.8% 
(Liang and Noble, 

2019) 

0.8% 
(Liang and Noble, 

2019) 

7.5% 

Onions (fresh) 4,636 0 1,043 43.0% 38.2% 3.2% 
(Geissler, 2016) 

0.5% 0.5% 15.1% 

Sweet corn 15,867 0 5,829 47.1% 47.1% 0.8% 
(Liang and Noble, 

2019) 

0.6% 
(Liang and Noble, 

2019) 

0.7% 
(Liang and Noble, 

2019) 

11.0% 
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Land Use 
Category 

Residueᵃ 
(lbs./acre) 

Above-
Ground 
Biomass 

(perennial)ᵇ 
(lbs./acre) 

Below-Ground 
Biomassᵃ 
(lbs./acre) 

Above-
Ground 
Carbon 

Contentᶜ 
(%) 

Below-
Ground 
Carbon 

Contentᶜ 
(%) 

Crop Nitrogen 
Contentᵈ 

(%) 

Above-Ground 
Nitrogen 
Contentᵈ 

(%) 

Below-Ground 
Nitrogen 
Contentᵈ 

(%) 

Lignin 
Contentᵉ 

(%) 
Onions 
(dehydrated) 

4,636 0 1,043 43.0% 38.2% 3.2% 
(Geissler, 2016) 

0.5% 0.5% 15.1% 

Lettuce 
(spring) 

15,867 0 479 43.0% 38.2% 3.9% 2.5% 2.5% 11.2% 

Lettuce (fall) 4,636 0 555 43.0% 38.2% 3.9% 2.5% 2.5% 11.2% 

Barley 2,343 0 2,172 45.7% 45.7% 1.9% 0.5% 1.4% 
(Liang and Noble, 

2019) 

4.6% 

Alfalfa (hay) 12,366 6,183 10,442 43.0% 38.2% 2.5% 
(University of 

Arizona, 2022) 

2.7% 
(Liang and Noble, 

2019) 

1.9% 
(Liang and Noble, 

2019) 

7.2% 

Acala cotton 2,428 0 783 43.0% 38.2% 6.1% 2.5% 2.5% 14.4% 

Fresh 
tomatoes 

3,347 0 701 43.0% 38.2% 2.2% 0.5% 0.5% 15.1% 

Honeydews 2,256 0 728 43.0% 38.2% 1.9% 3.5% 3.5% 15.1% 

Pomegranates 8,500 
(Maity, Babu, 
and Sankar, 

2019) 

17,000 
(Maity, Babu, 
and Sankar, 

2019) 

3,300 
(Maity, Babu, 
and Sankar, 

2019) 

47.5% 46.6% 3.8% 
(Geissler, 2016) 

0.7% 
(Maity, Babu, and 

Sankar, 2019) 

0.8% 
(Maity, Babu, and 

Sankar, 2019) 

27.0% 

Watermelons 999 0 577 43.0% 38.2% 1.6% 
(University of 

Arizona, 2022) 

1.2% 
(University of 

Arizona, 2022) 

1.2% 
(University of 

Arizona, 2022) 

15.1% 

Oranges 3,536 28,291 1,130 47.5% 46.6% 1.2% 4.1% 6.9% 27.0% 

Alfalfa (seed) 12,366 6,183 10,442 43.0% 38.2% 2.5% 
(University of 

Arizona, 2022) 

2.7% 
(Liang and Noble, 

2019) 

1.9% 
(Liang and Noble, 

2019) 

5.6% 

Tangerines 3,121 24,967 997 47.5% 46.6% 1.2% 4.1% 6.9% 27.0% 

Hemp 3,413 0 3,074 43.0% 38.2% 1.3% 
(Seleiman et al., 

2013) 

1.3% 
(Seleiman et al., 

2013) 

1.2% 
(Seleiman et al., 

2013) 

5.6% 
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Land Use 
Category 

Residueᵃ 
(lbs./acre) 

Above-
Ground 
Biomass 

(perennial)ᵇ 
(lbs./acre) 

Below-Ground 
Biomassᵃ 
(lbs./acre) 

Above-
Ground 
Carbon 

Contentᶜ 
(%) 

Below-
Ground 
Carbon 

Contentᶜ 
(%) 

Crop Nitrogen 
Contentᵈ 

(%) 

Above-Ground 
Nitrogen 
Contentᵈ 

(%) 

Below-Ground 
Nitrogen 
Contentᵈ 

(%) 

Lignin 
Contentᵉ 

(%) 
Parsley 384 0 418 43.0% 38.2% 2.8% 

(Mirdad, 2011) 
2.8% 

(Mirdad, 2011) 
2.8% 

(Mirdad, 2011) 
15.1% 

Broccoli 3,542 0 764 43.0% 38.2% 5.8% 5.9% 
(Smith et al., 

2016) 

5.9% 
(Smith et al., 

2016) 

24.4% 

Peaches 3,790 22,739 1,254 47.5% 46.6% 0.9% 2.6% 1.6% 27.0% 

Raisin grapes 6,173 30,867 1,708 46.0% 46.0% 0.4% 0.4% 1.2% 28.0% 

Table grapes 7,572 37,861 2,095 46.0% 46.0% 0.4% 0.4% 1.1% 28.0% 

Oats 3,113 0 2,077 43.0% 38.2% 3.0% 
(University of 

Arizona, 2022) 

0.7% 
(Liang and Noble, 

2019) 

0.8% 
(Liang and Noble, 

2019) 

4.7% 

Cherries 1,448 8,690 378 47.5% 46.6% 0.9% 
(San-Martino et 

al., 2010) 

0.4% 
(San-Martino et 

al., 2010) 

0.9% 
(San-Martino et 

al., 2010) 

15.1% 

Misc. seed 
crops 

9,989 0 5,939 42.0% 38.0% 0.8% 
(Liang and Noble, 

2019) 

0.8% 
(Liang and Noble, 

2019) 

0.8% 
(Liang and Noble, 

2019) 

5.6% 

Apricots 2,812 16,872 691 47.5% 46.6% 1.0% 1.6% 1.3% 27.0% 

Safflower 7,612 0 1,436 43.0% 38.2% 3.1% 0.8% 
(La Bella et al., 

2019) 

0.5% 
(La Bella et al., 

2019) 

14.0% 

Lemons 3,105 24,837 913 49.0% 49.0% 1.1% 3.1% 5.6% 27.0% 

Noncrops  
 

 
      

Fallowed 486 0 213 44.9% 42.1% 2.7% 2.3% 3.0% 16.3% 

Nonbearing 
trees and vines 

3,790 26,533 1,175 47.5% 46.6% 0.0% 4.2% 6.7% 27.5% 

Solar 0 0 0 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Pasture 1,380 0 1,104 43.0% 38.2% 2.6% 1.4% 1.3% 5.6% 
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Land Use 
Category 

Residueᵃ 
(lbs./acre) 

Above-
Ground 
Biomass 

(perennial)ᵇ 
(lbs./acre) 

Below-Ground 
Biomassᵃ 
(lbs./acre) 

Above-
Ground 
Carbon 

Contentᶜ 
(%) 

Below-
Ground 
Carbon 

Contentᶜ 
(%) 

Crop Nitrogen 
Contentᵈ 

(%) 

Above-Ground 
Nitrogen 
Contentᵈ 

(%) 

Below-Ground 
Nitrogen 
Contentᵈ 

(%) 

Lignin 
Contentᵉ 

(%) 
Perennial 
grassland 

1,427 0 5,442 47.5% 46.0% 0.0% 
(Liang and Noble, 

2019) 

1.5% 
(Liang and Noble, 

2019) 

1.2% 
(Liang and Noble, 

2019) 

4.9% 

NOTE: Data for minor crops (i.e., crops that were cultivated, on average over ten previous years, on less than 500 acres) are estimated based on data from similar 
crops and from the default source for each category. These crops are as follows: asparagus, walnuts, peppers, carrots, nectarines, plums, field corn, sorghum, 
beans (for drying), blueberries, spinach, prunes, apples, cabbage, pluots, squash, grapefruit, jojoba beans, green peas, flowers, and green beans. Crops are 
ordered by cultivated acreage. 
a Unless specified otherwise, estimates are derived from Guzmán et al., 2014; Kyle et al., 2011; and yield estimates (see Table 2.3).  
b Unless specified otherwise, estimates are composites of measurements from Bilandzija et al., 2012; Muhammad et al., 2020; Scandellari et al., 2016; Morgan et 
al., 2006; and Juhos and Tőkei, 2013.  
c Estimates are derived from Liang and Nobel, 2019, and Ma et al., 2018.  
d Unless specified otherwise, estimates are derived from CDFA, 2022.  
e Unless specified otherwise, estimates are composites of measurements from De Neve and Hofman, 1996; Elissetche et al., 2020; Liang and Nobel, 2019; Lo et 
al., 2021; and Ververis et al., 2004.  



 

 25 

Water Use Model 
The Water Use Model was developed specifically for this study using empirical relationships 

and rules derived from historical data and management practices. It is intended to capture (1) the 
crop water demand and resulting energy use from pumping for irrigation and (2) fluctuations in 
water available for irrigation and, thus, the irrigated acreage of Westlands. To do so, the model 
first calculates crop water demand by multiplying the acres per crop by the per-acre crop water 
demand for each crop. These values were obtained with the other agricultural data described 
above.  

In parallel, the model calculates the annual CVP entitlement allocation to Westlands based on 
a series of rules derived from historical allocations of the CVP and based on the California 
Department of Water Resources historical Sacramento Water Supply Index (SWSI) (California 
State Water Resources Control Board, 2016; California Department of Water Resources, 2022). 
Annual CVP allocations are a key water resource utilized for irrigation.12 The California 
Department of Water Resources classification index relates measured unimpaired runoff to water 
year type (e.g., wet, dry), and water year type has a role in determining CVP allocations. By 
combining the historical water year type classification with CVP allocations, we were able to 
develop a model that predicts future CVP allocations based on future water year types. 
Specifically, we estimated the following CVP allocations to Westlands based on water year type: 
wet: 100 percent allocation; above normal: 75 percent allocation; below normal: 50 percent 
allocation; dry: 25 percent allocation; and critical: 0 percent allocation. Note that these 
allocations are based on author estimations of historical allocations under SWSI water years; 
they were not provided by Westlands. Table 2.5 shows the Sacramento Valley total annual 
precipitation thresholds for each water year type. 

Table 2.5. Sacramento Valley Precipitation and Water Year Type 

SWSI Water Year Type 
Sacramento Valley Precipitation 

Threshold (inches) 
Wet 25.23  

Above normal 20.35  

Below normal 14.74  

Dry 10.45  

Critical Less than 10.45  

 
Once annual CVP allocations are determined, the model then determines the remaining water 

resources available for irrigation, including groundwater and other surface water supplies based 

 
12 A full CVP allocation for Westlands corresponds to 1,150,000 AF. 
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on historical surface water availability and groundwater availability data from Westlands. The 
model does not consider management criteria, such as local year-to-year storage, but it does 
exhaust surface water resources before turning to groundwater. Next, the model takes annual 
total water supply and subtracts annual total water demand to determine whether there is a 
surplus or a deficit for each year. If the model calculates a deficit, then the model estimates how 
much acreage would be needed to be taken out of production given the lack of available water 
resources.  

In addition to reporting the annual water supply and demand, the Water Use Model passes 
key information to the other two models. The amount of groundwater and surface water used in a 
given year is passed to the Energy Use Model to calculate emissions from pumping. The amount 
of acreage removed from production, if any, is passed to the Land Use Model, and the model 
then reduces the acreage in production evenly across all crop types to account for any water 
deficit.  

Energy Use Model 

Westlands Vehicles 
Westlands estimates that its vehicles are driven 1,100,000 miles annually (600,000 miles 

from cars and 500,000 miles from light trucks). Per U.S. Department of Energy Alternative Fuels 
Data Center, 2020, this translates to approximately 1,000,000 lbs. of CO2 emissions annually 
(464,600 lbs. from cars and 535,400 lbs. from light trucks). 

Energy for Irrigation 
Based on data for 2018 through 2020 provided by Westlands (Gutierrez, 2021), the 

electricity consumed for surface water pumping in Westlands was calculated to be 9.7 megawatt-
hours (MWh)/AF. Electricity for surface water pumping is assumed to be generated from non–
fossil fuel sources. Applying California energy data from U.S. Energy Information 
Administration, 2021, we estimated that non–fossil fuels emit 9.7 lbs CO2/AF. Based on the 
same data sources, groundwater pumping emissions are estimated as shown in Table 2.6. 
Irrigation energy estimates are assumed to be reflective of a typical year. Adjustments based on 
water year type are accounted for in the model by shifting the relative consumptions of surface 
water and groundwater. 
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Table 2.6. Energy for Irrigation from Groundwater Wells 

Subject to 
GWMP 

Percentage 
of Wells Energy Source 

Percentage 
of Wells 

Emissions 
(lbs. CO2/AF) 

Yes 33% California grid 22% 457 

Renewable electricity 11% 14.3 

No 67% California grid 59% 457 

Diesel 8% 1,660 

Scenarios 

Current state 504 

All wells subject to GWMP on RPS 407 

All groundwater wells on RPS 14.3 
NOTE: GWMP is Westlands’ Groundwater Management Program; RPS is California’s 100 percent Renewables 
Portfolio Standard. 

 
In the simulation, at the start of each period, the total water demand for all crops is calculated 

and compared with the combined water available from surface and groundwater sources (see the 
“Water Use Model” section), where we assumed for simplicity that farmers have perfect 
foresight. If water demand exceeds supply in any year, or vice versa, row crops (excluding 
orchards) are recursively fallowed or expanded proportionate to their initial acreage until no 
adjustment can be made without exceeding supply. An average EF per AF of water used is then 
calculated from the weighted mix of sources used, giving preference to surface supply and 
augmenting as necessary with groundwater. For example, if, in a given year, 447,500 AF of 
surface water is used and 270,000 AF of groundwater is used under the current-state scenario, 
the average water EF is calculated in Equation 1. 

 
(0. 38) ∙ (504) + (0.62) ∙ (9.7) = 	197.5	lbs	CO#	AF%"  (1) 

Farm Fuel Consumption 
UC Davis Cost Studies, 2022, includes estimates for on-farm gasoline and diesel 

consumption. Two adjustments are made as necessary. First, because fuel consumption is not 
detailed in outsourced tasks, the ratio of total cost of relevant tasks to the total cost of tasks 
completed by employees is used to estimate the fuel consumption of all tasks. Second, fuel 
consumption from costs not relevant to the model (such as transport to a processing facility) are 
discounted based on relative costs. Absent data from specific cost studies or in the case of 
estimates that appear to scale inappropriately with costs (for example, if scaling based on an 
outsourced task that clearly represents manual labor would result in a significant increase in 
estimated fuel consumption), then estimates from similar crops are used. 

Per U.S. Energy Information Administration, 2022, the per-gallon CO2 emissions of gasoline 
and diesel are 18.74 lbs. and 22.46 lbs., respectively.  
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Solar Photovoltaics Offset Model 
Westlands land uses include land dedicated to solar photovoltaics that generate energy that is 

used by the California grid. To calculate the emissions offset from solar on district land, we 
developed a modeling approach based on existing literature and following current California 
policies for future energy generation.  

Data from U.S. Energy Information Administration, 2021, provides a breakdown of 
California’s current electricity mix and associated emissions. As of 2020, 47.6 percent of the 
state’s electricity is generated through natural gas combustion (emitting approximately 450 
metric tons of CO2 per MWh), and the remainder is almost entirely generated through 
decarbonized sources (emitting approximately 7 metric tons of CO2 per MWh). Based on the 
current state, it is possible to estimate an elasticity of displacement—that is, the amount of 
necessary fossil fuel–derived electricity that is offset by an additional generated unit of solar 
energy. This metric makes it possible to estimate the emissions offset from new solar energy 
capacity. The passage of Senate Bill 100 in 2018 sets a requirement that all retail electricity must 
come from decarbonized sources (California Energy Commission, 2021). Because the electricity 
mix will be completely decarbonized by 2045, the elasticity of displacement will also be reduced 
to 0 by 2045. We tracked the change in elasticity of displacement by assuming a linear trend in 
the percentage of natural gas–derived electricity (NG%) in the electricity mix from the current 
state through 2045, as shown in Equation 2, where t represents the year, ranging from 2020 to 
2045. 
 

𝑁𝐺%& = <#'!(%&
#(

= ∗ 47.6%  (2) 

 
The carbon intensity of the California grid is then estimated by Equation 3, where CI is 

carbon intensity. 
 

𝐶𝐼&
)&*+!,-
)./

= 𝑁𝐺%& ∗ 450
)&*+!,-
)./

	+ (1 − 𝑁𝐺%&) ∗ 7
)&*+!,-
)./

  (3) 

 
To calculate the offset of solar for Westlands, we used Equation 4, where 𝑆𝐶𝐼 is the carbon 

intensity of solar, based on operations, and 𝑘& is the kWh of solar produced in Westlands. 
 

𝑆𝑜𝑙𝑎𝑟	𝑂𝑓𝑓𝑠𝑒𝑡& = (𝐶𝐼	& − 𝑆𝐶𝐼) ∗ 𝑘&   (4) 
 
Because the overall modeling framework does not account for life-cycle emissions from 

agriculture, and the estimates for the carbon intensity of the California grid also do not take into 
account life-cycle emissions, we did not account for the life-cycle emissions of solar. Instead, we 
utilized two values for SCI, 9.2 1*+!,-

2./
  and 13.3 1*+!,-

2./
, a high estimate and a low estimate for 

emissions from operations derived from National Renewable Energy Laboratory harmonization 
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of studies on solar emissions (National Renewable Energy Laboratory, 2013; Hsu et al., 2012). 
Based on data from Westlands, we assumed that 266.667 MWh per acre per year was generated 
on land dedicated to solar. 

Model Validation 
To validate our model’s GWP outputs, we compiled life-cycle analysis literature for five 

major crops grown in Westlands. We then ran our model under controlled conditions (that is, 
without dynamic acreage allocations and randomly staggered life cycles) to produce results that 
can be compared with the literature. A range of model outputs reflects eight climate scenarios. 
We sought to confirm that our model outputs were of similar magnitudes to those from models in 
peer-reviewed studies. GWP estimates from other studies were trimmed as appropriate to omit 
life-cycle emissions that were not included in our model (e.g., processing and handling of 
harvested tomatoes). However, it was not appropriate to adjust emissions included in our model 
but outside the scope of peer-reviewed literature. The results of our validation are shown in 
Table 2.7. 

Table 2.7. Model Validation of GWP Outputs 

Crop 

Westlands 
Acreage 

Rank 

Validation Model Output Comparable Study 

Minimum 
GWP 

(lbs./acre) 

Maximum 
GWP 

(lbs./acre) Source 

Minimum 
GWP 
(lbs./ 
acre) 

Maximum 
GWP 

(lbs./acre) 

Almonds 1 4,300 5,076 Bartzas, Vamvuka, and 
Komnitsas, 2017 

3,890 4,987 

Processing 
tomatoes 

2 –1,088 1,285 Winans, Brodt, and 
Kendall, 2020 

1,231 

Pistachios 3 5,184 5,799 Bartzas, Vamvuka, and 
Komnitsas, 2017 

5,514 6,888 

Wine grapes 7 1,222 2,097 Steenwerth et al., 2015 892 1,427 

Barley 17 –500 821 Fallahpour et al., 2017 1,945 

 
As shown above, almond, pistachio, and wine grape GWP estimates from our model closely 

align with the chosen studies. This can likely be attributed to similar climates, system 
boundaries, and agricultural practices in both simulations. Although the study by Bartzas, 
Vamvuka, and Komnitsas, 2017, simulates cultivation in Greece, those authors validated their 
own results based on previously measured California data because of the similarities in climate 
between Greece and California. The study by Steenwerth et al., 2015, simulates wine grape 
cultivation in Central California, though discrepancies may be explained by the authors’ 
inclusion of additional life-cycle costs (e.g., fertilizer manufacturing) and omission of climate 
change. 
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Larger discrepancies between our model and the selected studies were observed for 
processing tomatoes and barley, which are annual crops. The most likely explanation is that 
those studies did not aggregate carbon sequestration across a given crop’s entire acreage. 
Additionally, the agricultural model used by Fallahpour et al., 2017, assumes greater fertilizer 
use and electricity that is almost entirely generated through fossil fuel combustion. 

Modeling Alternative Practices 
The policy levers, or alternative practices, that Westlands might consider are included in the 

modeling framework, as described below. 

• Agricultural practices—fertilizer: Although a variety of types and techniques for 
nutrient delivery were used in the study area, we did not have detailed data on the 
distribution of practices by crop. To generate lower- and upper-bound estimates, we 
applied EFs that assumed uniform application of synthetic fertilizer in presimulation 
years and a continuation of synthetic, switch, or all-organic fertilizers starting in the first 
period. Following global IPCC estimates, although direct emissions are the same for both 
types of fertilizer, indirect emissions caused by volatilization are slightly lower for 
organic fertilizers. 

• Agricultural practices—tillage: The tillage practice sets a parameter for the level of soil 
disturbance in each cell, which affects the long-term carbon pool capacity and net 
emissions each year. The original model specification includes three precalibrated values 
that approximate tiers of common practices: full-till, reduced-till, and no-till. Based on 
discussion with Westlands, most operations in the district use techniques that qualify as 
reduced-till, which we assumed as the baseline case, except for orchards, which always 
use no-till in growing years and full-till in replanting years. No-till switches all row crops 
to this parameter value starting in the first simulation year going forward. 

• Agricultural practices—crop choice: We did not explicitly model a range of options of 
crop choice but instead included in our analysis a broad range of crops grown in the 
district (as described in the “Land Use Model” and “Agricultural Data” sections). 
Growers in Westlands can consider alternative crops based on the per-acre emissions.  

• Land use options: The range of alternative land use strategies allocate Westlands-owned 
fallowed land13 to one of several uses. In the baseline case, the land is assumed to remain 
fallowed. The restoration case converts the land to a composite native grassland. Each 
solar case converts the area from fallowed to utility-scale solar in the indicated year 
(2025, 2035, or 2045). 

• Energy use options: This strategy describes the conversion of energy sources for 
groundwater pumps from diesel- or gasoline-powered generators to RPS. The baseline 
case assumes that the current energy source mix remains constant. The GWMP case 
reweights emissions under the assumption that pumps within the GWMP change to RPS. 
The all case replaces the EF for all pumps with that of RPS.  

 
13 Except for those lands acquired by Westlands and permanently retired under the settlement in Sumner Peck 
Ranch, et al. v. Bureau of Reclamation, et al., CV-F-91-048 OWW (E.D. Cal.). 
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Chapter 3. Findings 

This chapter details the results of our modeling and analysis. It is structured around the three 
research questions that this work is intended to inform:  

1. What existing agricultural practices account for the most and least GHG emissions?  
2. How might GHG emissions from agriculture change under climate change? 
3. How would changes in agricultural practices affect GHG emissions and key resource 

trade-offs?  
As described in the “Experimental Design” section in Chapter 2, these findings present a 

forecast of future emissions that account for changes only in precipitation, temperature, and the 
carbon intensity of California’s grid. We did not explicitly account for other sources of change. 
Crop types, for example, are assumed to follow the same distribution as in the past ten years. 

What Existing Agricultural Practices Account for the Most and Least GHG 
Emissions? 
Our analysis shows that, under the assumptions of this report, in an average year between 

2020 and 2050, Westlands net emissions are approximately 263,889 MtCO2eq, and the 
emissions from agriculture alone total 665,929 MtCO2eq. Figure 3.1 shows that, according to 
our models, under these average conditions, Westlands typically uses just over 1 MAF of water 
and has approximately 398,000 acres in cultivation, 149,000 acres fallowed, and 15,500 acres 
with solar photovoltaics.  
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Figure 3.1. Average Annual Westlands Agricultural Resource Uses, 2020–2050  

 
 
Figure 3.2 shows that under baseline conditions, Westlands is a net negative emitter (see the 

third panel in Figure 3.2) because of the offset provided by existing solar generation within the 
district. Because this offset reduces over time as the carbon intensity of California’s grid declines 
(see the second panel in Figure 3.2), Westlands will shift to net positive emissions around the 
year 2033.14 In the top panel of Figure 3.2, we can also see that agricultural emissions fluctuate 
year to year. These changes are primarily driven by climate-induced changes in crop cover and 
carbon and nitrogen cycle processes. During dry years, less precipitation is available, and CVP 
allocations may be reduced. This requires more land to be fallowed or more water to be pumped 
from groundwater if crop water demands exceed available water supply. Fallowing of land 
typically increases emissions, though the magnitude of this increase depends on other factors. 

 
14 The passage of Senate Bill 100 in 2018 sets a requirement that all retail electricity must come from decarbonized 
sources (California Energy Commission, 2021). Because the electricity mix will be completely decarbonized by 
2045, the elasticity of displacement will also be reduced to 0 by 2045. 
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Figure 3.2. Westlands Net Emissions to 2050 

 
We looked at the contributions of individual crops to Westlands emissions. Figure 3.3 shows 

2020–2050 average annual emissions from all crops emitting over 5,000 MtCO2eq. These 
represent the biggest sources of agricultural emissions for Westlands. Figure 3.4 shows 2020–
2050 average annual emissions for all crops with net negative emissions less than –2,500 
MtCO2eq. These represent those crops sequestering the most carbon and nitrogen in the district. 
From Figure 3.3, we can see that almonds and pistachios are the two largest sources of crop 
emissions, because of the large number of acres they cover in the district. We also note that 
nonbearing trees and vines contribute nearly 40,000 MtCO2eq annually, suggesting that these 
crops have meaningful emissions even though they are not yet bearing fruit. Finally, we can see 
from Figure 3.3 that fallowed land constitutes the largest source of land use–based emissions for 
Westlands because of the sheer number of acres being fallowed in an average year. For 
sequestering crops, Figure 3.4 shows that processing tomatoes offer the greatest amount of 
sequestration for Westlands, followed by sweet corn, hay, and wheat. 
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Figure 3.3. Average Annual Total Emissions by Crop (more than 5,000 MtCO2eq) 

 

Figure 3.4. Average Annual Total Emissions by Crop (less than –2,500 MtCO2eq) 

 
We also examined average annual per-acre emissions by crop groups (created by grouping 

Westlands’ wide range of crop types into higher-level categories) and the four sources of 
emissions for each of these categories. Figure 3.5 shows that maize and grain have the largest 
per-acre sequestration because of the large amount of carbon they sequester. Figure 3.5 also 
illustrates that cotton has the highest per-acre emissions, mostly due to on-farm equipment. 
Cotton is followed closely by fruits and vegetables and then tree crops. Similar to cotton, 
emissions from fruits and vegetables are largely driven by on-farm equipment, while emissions 
from tree crops are largely due to N20 emissions, though they also have net positive emissions 
from on-farm equipment. Soil CO2 for trees is a net carbon sink in most years, but emissions are 
positive when tree crops turn over. On average, this results in net positive emissions under the 
assumptions of this model, but CO2 emissions are likely sensitive to the initial and final age 
composition of orchards. We can also see that per-acre emissions from fallowed land are mostly 
due to release of carbon to the atmosphere. For almost all crop groups, emissions from pumping 
for irrigation are a small proportion of overall emissions, with the exception of trees and vines, 
which have higher per-acre emissions from water use. 
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Figure 3.5. Average Annual Emissions per Acre by Crop Group 

 
NOTE: The yellow circles indicate total emissions from summing the four emissions sources. 

How Do GHG Emissions from Agriculture Change Under Climate Change? 
This study examined the impact of future climate change on emissions in Westlands based on 

four climate models and two climate scenarios (RCP 4.5 and RCP 8.5). Baseline emissions under 
each climate model and emissions scenario are displayed in Figure 3.6. The CNRM-CM5 
climate model results in slightly higher emissions on average, but emissions are not consistently 
higher on a year-to-year basis. Among the other models, there is not a clear pattern among 
temperature and precipitation and emissions. Figure 3.6 does suggest that climate change 
produces uncertainty in emissions that can be as high as about 900,000 MtCO2eq but are 
generally about 200,000 MtCO2eq in an average year. Differences in emissions caused by 
climate are based on changes in water use, because switching to groundwater requires more 
energy, as well as dynamics captured in the carbon and nitrogen cycle for crops that are 
temperature and moisture dependent. The rate of microbial decomposition peaks with an optimal 
combination of air, water, and heat, and so increases in annual temperature and precipitation 
accelerate emissions up to a saturation point (for example, as microbes become starved for 
oxygen because of excess soil moisture). Additionally, while reductions in cultivated land area 
due to water shortages in dry years lowers emissions from fertilizer and farm equipment, the 
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interruption to carbon inputs on temporarily fallowed land leads to a net release of existing soil 
carbon stocks.  

Figure 3.6. Annual Net Emissions by Climate Model 

 

How Would Changes in Agricultural Practices Impact GHG Emissions and 
Key Resource Trade-Offs? 
We also modeled the impact of a range of alternative practices on GHG emissions for the 

district, how those practices might alter water use, and the number of cultivated and fallowed 
acres in Westlands. Table 3.1 shows a summary of these findings for the strategies included in 
our final experimental design. Shifting from synthetic to organic fertilizer in Westlands does not 
produce significant emissions reductions in aggregate, though reductions could be more 
meaningful for certain crops. However, if all farms in the district moved from current tillage 
practices to a no-till system, net emissions would be reduced to approximately 70,000 MtCO2eq 
annually. According to our model, this reduction would not require changes in water use or 
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cultivated acreage.15 Although no-till systems potentially lead to reduced yields, this is an 
evolving area of research. Pittelkow et al., 2015, found that yield gaps depend on crop, climate, 
and other management practices, and longitudinal studies, such as the one by Cusser et al., 2020, 
found that gaps reduced with time and that no-till systems might even lead to increased yields 
over long periods. Furthermore, recent data suggest that the decision for farmers to shift to no-till 
practices is the result of steadily increasing costs of tillage, which might not always justify the 
costs of conventional tillage (Mitchell et al., 2016). For Westlands-owned lands, changing land 
use to a restoration scheme does not offer significant emissions reductions, but restoration may 
confer other ecosystem services benefits that are not evaluated as part of this report. For 
reductions related to energy use, transitioning all GWMP pumps to 100 percent RPS does reduce 
emissions by about 20 percent. 

Table 3.1. Average Annual Net Emissions and Key Resource Trade-Offs for Alternative Practices 

Alternative Practice 
Net Emissions 

(MtCO2eq) 
Water Use 

(AF) 
Cultivated 

Acres 
Fallowed 

Acres Solar Acres 
Baseline 263,889 1,009,811 398,020 149,054 15,528 

Organic fertilizer 246,274 1,009,811 398,020 149,054 15,528 

No-till 70,123 1,009,811 398,020 149,054 15,528 

Restoration of 
Westlands-owned lands 

226,398 1,009,811 398,020 112,372 15,528 

Solar 2025 –337,329 1,009,792 397,920 118,585 46,096 

Solar 2035 125,675 1,009,836 397,865 130,868 33,869 

Solar 2045 275,899 1,009,810 398,014 142,946 21,641 

All pumps to renewable 
power 

208,188 1,009,811 398,020 149,054 15,528 

GWMP pumps to 
renewable power 

256,392 1,009,811 398,020 149,054 15,528 

 
We also explored the net emissions reduction of the three solar practices: solar 2025, solar 

2035, and solar 2045. Figure 3.7 details the net emissions from three alternatives, which convert 
all non–irrigation-impaired district lands to solar in the respective years. From the charts shown 
in Figure 3.7, Solar 2025 offers the greatest emissions reductions, because solar is installed in 
2025 when offset values are greater relative to the carbon intensity of California’s grid. As this 
offset declines in parallel to the grid transitioning to zero carbon, the net emissions reductions for 
Westlands from installing solar are reduced. Compared with the baseline, solar 2025 provides an 
additional buffer for Westlands, with Westlands moving to fully net positive emissions in 2043, 

 
15 Research has suggested that reduced or no tillage might have additional benefits in the reduction of crop water 
demand, but modeling these was beyond the scope of this study. 
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as opposed to 2033 in the current system. Solar 2035 only provides marginal emissions 
reductions, and solar 2045 increases net annual emissions slightly. 

Figure 3.7. Annual Net Emissions by Solar Land Use Scenario 
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Chapter 4. Conclusions 

This study examined GHG emissions from crop production in Westlands. We developed a 
bottom-up carbon and nitrogen cycle model to estimate parcel-level emissions from 37 different 
crop types and five different land uses (e.g., solar, pasture). This model was coupled with a 
Water Use Model and an Energy Use Model. Together, this modeling framework allowed us to 
examine crop- to regional-level emissions from existing practices in Westlands, as well as how 
alternative practices, such as the expansion of solar generation in the district, could result in 
water trade-offs and affect cultivated acreage. 

Although modeling approaches such as these have been used in national or international 
contexts, a bottom-up analysis of the GHG emissions of crop production has not yet been done in 
California. This analysis and its application to the large number of crop types, land uses, and 
land area in Westlands makes it a useful lens to consider emerging policy questions for 
California, although different regions of the state have different agricultural contexts that might 
have different implications for GHG emissions policies.  

We found that crop production and related land uses in Westlands will release about 1.2 
MtCO2eq/acre/year on average from 2020 to 2050.16 Almonds and pistachios, as well as 
fallowed lands, are the major contributors to these emissions in Westlands because of the number 
of acres planted. However, when emissions offsets due to solar generation from the over 15,500 
acres dedicated to solar in the district are factored in, this value drops to an average of 0.47 
MtCO2eq/acre/year from 2020 to 2050. Although these are average values across our study 
horizon, annual emissions change over time. In the short term, Westlands offsets more emissions 
than it releases through solar generation and only starts contributing net emissions in 2033. This 
transition happens as California’s grid becomes less carbon-intensive over time,17 and the net 
offset from solar declines.  

Introducing or expanding alternative practices in Westlands, such as fertilizer or tillage 
choices, could reduce emissions further. We found that introducing no-tillage practices across all 
farms in the district would reduce net emissions from 0.47 MtCO2eq/acre/year to 0.12 
MtCO2eq/acre/year, a net emissions reduction of over 75 percent. Such a strategy could present 
trade-offs related to crop production, but this was beyond the scope of this study. An additional 
practice examined in this study was further expanding solar in the district by converting a portion 

 
16 We accounted only for future climate change and future changes in the carbon intensity of California’s electricity 
grid. Other future sources of change were not explicitly included. 
17 This assumes that current California policies on decarbonization are realized. 
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of Westlands-owned land18 to solar generation in 2025. This alternative provides the largest 
reductions in emissions and moves the year in which Westlands becomes a net positive emitter to 
2043. Finally, by combining this alternative of additional land conversion to solar with no-tillage 
practices, any positive emissions after 2043 are reduced without increasing water demands. 

Together, these emissions decisions and trade-offs raise important questions at the local, 
state, and federal scales for the management of land, water, and energy. The following sections 
provide a short discussion of the implications of this study for various policy areas and actors. 

Implications for Westlands 
These results are most directly relevant to Westlands. They already show that Westlands is 

currently a net negative emitter and suggest that a portfolio approach to further emissions 
reductions could maintain this status to 2043 and reduce any net positive emissions in subsequent 
years. Although this study did not consider the cost of the various alternative practices, the total 
emissions reductions are greatest if Westlands considers (1) converting a portion of Westlands-
owned lands to solar by 2025, (2) recommending the use of no-till practices across all farms 
within the district, and (3) switching all groundwater pumps to California’s RPS.  

Climate change introduces uncertainty into the magnitude of the emissions reductions. 
However, under all climate models and both RCPs, Westlands would not consistently become a 
net positive emitter until 2043 if all three strategies are introduced, suggesting that these 
strategies are robust to future climate change. 

This study also showed marginal emissions reductions from the ubiquitous use of organic 
fertilizer across the district. Although these values are small, they do accrue over time, and 
policies to promote the use of organic fertilizer could offer other co-benefits not considered in 
this report.  

Finally, Westlands could consider promoting a crop mix that offers greater sequestration. 
Such crops as processing tomatoes, corn, and hay sequester more carbon than they release, and 
more widespread planting of such crops could offset emissions from others. This strategy would 
need to consider the value of such crops and any changes in overall irrigation demand for the 
district. 

Implications for Natural Resources Policy 
In the context of Westlands, this study shows that crop production alone will remain a 

positive source of GHG emissions if practices are not altered. It suggests that introducing no-till 
tillage practices can significantly reduce emissions by retaining more carbon in soils and 
reducing the amount of on-farm equipment needed for full tillage. This practice, according to our 

 
18 Except for those lands acquired by Westlands and permanently retired under the settlement in Sumner Peck 
Ranch, et al. v. Bureau of Reclamation, et al., CV-F-91-048 OWW (E.D. Cal.). 
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modeling, does not require additional water for irrigation and, in fact, might introduce potential 
water savings through improved water retention in soils. 

Although not covered in detail in this work, on-farm electrification investments could reduce 
average annual emissions by around 10–30 percent if all vehicles and equipment are converted. 
This value will vary significantly by crop type and local practices but may be greater for fruits, 
vegetables, and cotton. However, in conversations with growers in Westlands, we found that 
even though interest in on-farm electrification does exist, a lack of availability of this type of 
equipment (e.g., electric tractors) in the market limits the ability of growers to electrify their 
equipment. This is an area in which state and federal policy could support investments in 
research and development. 

This study also suggests that agricultural land conversion to solar photovoltaics is one option 
for substantially offsetting agricultural emissions in Westlands. For Westlands, this strategy 
would convert land to solar generation. Westlands is not alone. Across the Central Valley, other 
regions are exploring land conversion to solar. However, any policy that supports land 
conversion to solar comes at a potential trade-off of loss of cultivated acreage. Such a policy 
could be aimed at permanently fallowed, irrigation-impaired lands or other lands where water 
availability might be limited. During California’s 2012–2016 drought, about half a million acres 
or 6 percent of the state’s irrigated crop area was fallowed or idled, which included the removal 
of mature orchards (Lund et al., 2018). This led to lasting changes in water use and agricultural 
output. Given projected long-term aridification and increases in the duration and frequency of 
similar droughts, some land conversion to solar could offer both water use reductions and 
decarbonization for the state. Furthermore, given the potential scale and scope of land conversion 
to solar generation, any current barriers (e.g., transmission infrastructure) and policies that enable 
landowners to convert land to solar energy generation at scale could be explored.  

Additional practices worth considering at state and federal scales include the use of 
renewables to power any pumping or pressurized systems for irrigation, promoting crop types or 
mixes that offer significant sequestration, and low-till and no-till practices. In addition to the 
crops shown in this study, such as processing tomatoes, rotations of row crops could result in 
emissions reductions of around 25 percent or more. Each of these strategies offers additional co-
benefits for agriculture and the environment not covered in this study. 

Finally, investments in analyses that examine additional agricultural practices or more deeply 
investigate practices that could specifically reduce emissions from higher-value tree crops that 
are commonly grown across the Central Valley, such as almonds or pistachios, would benefit 
natural resources decisionmakers at all scales. Findings in computational studies such as this 
could also be validated with field work to confirm assumptions or alter model parameters. 
Decision support tools that help illustrate some of the key trade-offs discussed in this work, such 
as GHG emissions, water use, and cost (although cost was not considered in this study) could 
support growers, agricultural districts, or state decisionmakers in selecting and implementing 
lower-emission agricultural options.  
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Appendix A. Agricultural Carbon and Nitrogen Cycles 

Agricultural land contributes to GHG emissions primarily through CO2, N2O, and methane 
(CH4). Although CH4 originating from enteric fermentation in livestock and anerobic bacteria in 
rice paddies and manure pools globally makes up the largest component of cropland GHG (Lee 
and Sumner, 2014), neither makes up a significant part of farm activity in Westlands. As a result, 
we considered only CO2 and N2O in our analysis. Net emissions of CO2 and N2O are determined 
by how much carbon and nitrogen enter the soil and the capacity of the soil to retain those 
nutrients over time. The capacity of soil depends on a complex cycle involving the interplay 
between plant and root systems, soil conditions, and the microbial community that is not fully 
understood, but growing evidence indicates that agricultural practices have a significant effect on 
the potential for long-term carbon and nitrogen storage.  

Atmospheric carbon is absorbed by crops during primary production, some of which is 
passed to the rhizosphere via root exudates (Bais et al., 2006) or later deposited in plant residues 
and metabolized by decomposer bacteria and fungi. Some of this carbon is respired back to the 
atmosphere as CO2 within hours or days, though high-lignin residues, such as wood and corn 
fibers, can take months or years to decompose (Moorhead and Sinsabaugh, 2006). Additionally, 
carbon is used by microbes to form complex compounds that make up those microbes’ structural 
cells and other byproducts (Poeplau et al., 2019), which are hard to break down and can 
effectively entomb carbon for centuries. Liang et al., 2017, refers to this process as the microbial 
carbon pump (MCP).  

Nitrogen is transferred to soil in several ways: through “fixing” bacteria, atmospheric 
lightning, the decomposition of prior crop residues, animal droppings, and applied fertilizers. 
However, this is typically in the form of nitrites (NO2-) and ammonia or ammonium (NH3, NH4+) 
that cannot be used directly by plants. Nitrifying bacteria transform these molecules into 
bioavailable nitrate (NO3), while denitrifying bacteria convert excess nitrates back into 
dinitrogen (N2), which returns to the atmosphere. Although N2 is not a GHG, during both 
nitrification and denitrification, a small percentage of nitrogen is also converted to N2O 
(Schlesinger, 2009), which has a GWP over 100 years that is nearly 300 times that of CO2. As 
with carbon, nitrogen can also become immobilized in microbial necromass.   

Whether respiration or the MCP effect dominates depends in part on the balance and 
diversity of the rhizosphere, soil structure, moisture and temperature, and mechanical 
disturbances. Greater levels of carbon and nitrogen stimulate microbial growth, which 
accelerates the decomposition and respiration process. However, more carbon and nitrogen are 
also trapped as organisms die off and filter to deeper soil layers. Additionally, when left 
undisturbed, microbial activity (including the growth of fungal hyphae) forms and maintains soil 
aggregates that enhance retention of moisture, carbon, and nitrogen (Zhu, 2003). The ratio of 
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fungi to bacteria is also hypothesized to play an important part in the long-term storage capacity 
of soil (Malik et al., 2016). Because fungi and bacteria have different ideal nutrient mixes, their 
amounts also depend on the soil carbon-to-nitrogen ratio. Nutrient cycling is therefore intimately 
linked with levels of carbon and nitrogen inputs, tillage practices, irrigation methods, retention of 
crop residues, and local environmental conditions. Because of these interdependencies and the 
time required for the rhizosphere to evolve, changes in land use and farming practices can lead to 
apparently contradictory results or might not achieve potential benefits for years (Six et al., 2004; 
Cusser et al., 2020). Although the science behind these processes is incomplete, our approach 
attempted to account for some of these factors.  
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Appendix B. Data from UC Davis Cost Studies 

Table B.1 provides details on the rationale for and use of UC Davis Cost Studies to inform the carbon-nitrogen cycle model 
parameters. As of the writing of this report (early 2023), current and archived cost studies can be accessed from the UC Davis Cost 
Studies homepage: https://coststudies.ucdavis.edu/en/ 

Table B.1. Agricultural Data from UC Davis Cost Studies 

Crop or 
Commodity Source 

California 
Region 

Publication 
Year Current? Notes on Study Selection 

Almonds Haviland et al., 2019 SJV South 2019 Yes Cited cost study is current and geographically comparable. 

Processing 
tomatoes 

Turini et al., 2018 SJV South; 
Fresno County 

2018 Yes Cited cost study is current and geographically comparable. 

Pistachios Baldwin et al., 2020 SJV South 2020 Yes Cited cost study is current and geographically comparable. 

Pima cotton Hutmacher et al., 2012a SJV 2012 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Wheat Wright et al., 2013 SJV South 2013 No The current study is not based in the Central Valley, so an 
earlier study was applied. 

Wine grapes Zhuang et al., 2019a; 
Zhuang et al., 2019b; 
Zhuang et al., 2019c 

SJV South 2019 Yes Estimates combine data from all three cost studies, utilizing a 
representative value across all three studies when possible. 

Garlic Marcum, Klonsky, and 
Livingston, 1992 

Shasta County; 
Lassen County 

1992 No There is no current or geographically comparable cost study or 
alternative source. 

Cantaloupes May et al., 1992 SJV 1992 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Grains (hay) Orloff, Klonsky, and 
Livingston, 2007 

Intermountain 
Region 

2007 No There is no current or geographically comparable cost study or 
alternative source. 

Garbanzo beans Clark et al., 2018 SJV South 2018 Yes Cited cost study is current and geographically comparable. 

https://coststudies.ucdavis.edu/en/
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Crop or 
Commodity Source 

California 
Region 

Publication 
Year Current? Notes on Study Selection 

Onions (fresh) Molinar et al., 2006 SJV South 2006 No The current study is not based in the Central Valley, so an 
earlier study was applied. 

Sweet corn Lundy et al., 2015 SJV North; 
Sacramento 

Valley 

2015 Yes Cited cost study is current and geographically comparable. 

Onions 
(dehydrated) 

Wilson et al., 2016 Intermountain 
Region 

2016 Yes Cited cost study is current and geographically comparable. 

Lettuce (spring) May and Yeary, 1983a Fresno County 1983 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Lettuce (fall) May and Yeary, 1983b Fresno County 1983 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Barley Sutter et al., 1996; 
Takele and Smith, 1996 

SJV; San Luis 
Obispo 

1990; 1996 No There is no current comparable cost study or alternative 
source. Estimates combine data from both cost studies. 

Alfalfa (hay) Clark et al., 2016a; Clark 
et al., 2016b 

SJV South 2016 Yes Studies reflect 50- and 300-acre planting practices. Estimates 
combine data from both cost studies. 

Acala cotton Hutmacher et al., 2012b SJV 2012 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Fresh tomatoes Stoddard et al., 2007 SJV 2007 No The current studies concern processing tomatoes, which 
require different practices. 

Honeydews Valencia et al., 1992 SJV 1992 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Pomegranates Day, Klonsky, and 
Moura, 2010 

SJV South 2010 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Watermelons Mayberry and Meister, 
2003 

Imperial 
County 

2003 No There is no current and geographically comparable cost study 
or alternative source, so a study from another region in 
California was used. 

Oranges Kallsen et al., 2021 SJV South 2021 Yes Cited cost study is current and geographically comparable. 

Alfalfa (seed) Clark et al., 2016a; Clark 
et al., 2016b 

SJV South 2016 Yes There was no study specifically for alfalfa seed, so studies for 
alfalfa hay were used. Studies reflect 50- and 300-acre 
planting practices. Estimates combine data from both cost 
studies. 

Tangerines Kallsen et al., 2021 SJV South 2021 Yes There is no current or geographically comparable cost study or 
alternative source, so a study for oranges was used. 
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Crop or 
Commodity Source 

California 
Region 

Publication 
Year Current? Notes on Study Selection 

Parsley Takele, 1999 Ventura 
County 

1999 No There is no current or geographically comparable cost study or 
alternative source, so a study for cilantro was used. 

Broccoli Tourte et al., 2017 Central Coast 
Region 

2017 Yes There is no current and geographically comparable cost study 
or alternative source, so a study from another region in 
California was used. 

Peaches Hasey et al., 2017a; 
Hasey et al., 2017b 

SJV; 
Sacramento 

Valley 

2017 Yes Estimates combine data from both cost studies, utilizing a 
representative value across both studies when possible. 

Raisin grapes Fidelibus et al., 2016a; 
Fidelibus et al., 2016b 

SJV 2016 Yes Estimates combine data from both cost studies, utilizing a 
representative value across both studies when possible. 

Table grapes Fidelibus et al., 2018a; 
Fidelibus et al., 2018b; 
Fidelibus et al., 2018c; 
Fidelibus et al., 2018d 

SJV South 2018 Yes Estimates combine data from all four cost studies, utilizing a 
representative value across all four studies when possible. 

Oats Collar et al., 1990 SJV 1990 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Cherries Grant et al., 2017 SJV North 2017 Yes Cited cost study is current and geographically comparable. 

Apricots Anderson et al., 2003 SJV 2003 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Safflower Sanden et al., 2002 SJV South 2002 No There is no current comparable cost study or alternative 
source, so an older study was applied.  

Lemons O'Connell et al., 2015 SJV South 2015 Yes Cited cost study is current and geographically comparable. 

Pasture Forero et al., 2015a; 
Forero et al., 2015b 

Sacramento 
Valley 

2015 Yes Estimates combine data from both cost studies, utilizing a 
representative value across both studies when possible. 
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Abbreviations 

AF acre-feet 

CDFA California Department of Food and Agriculture  

CH4 methane 

CO2 carbon dioxide 

CVP Central Valley Project 

DMDU decisionmaking under deep uncertainty 

EF emissions factor 

EPA U.S. Environmental Protection Agency 

GCM global climate model 

GHG greenhouse gas 

GWMP Groundwater Management Program 

GWP global warming potential 

IPCC Intergovernmental Panel on Climate Change 

MAF million acre-feet 

MCP microbial carbon pump 

MtCO2eq metric tons of carbon dioxide equivalent 

MWh megawatt-hours 
N2 dinitrogen 

N2O nitrous oxide 

NH3 ammonia  

NH4+ ammonium 

NO2- nitrite 

NO3 nitrate 

RCP Representative Concentration Pathway 

RPS Renewables Portfolio Standard 

SJV San Joaquin Valley 
SWEEP State Water Efficiency & Enhancement Program 
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SWSI Sacramento Water Supply Index 

UC University of California 

Westlands Westlands Water District 
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