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Abstract____ 
 
Agriculture in California’s Central Valley is important to the US economy and food supply. High 
reliance on groundwater (GW) for irrigation has led to GW overdraft. Among the consequences 
is that the GW level is lowered, increasing the energy requirements and cost of GW extraction. 
This is assessed in a case study of the Turlock subbasin, as well as a simplified Cost-Benefit 
Analysis (CBA), in which the profitability of strategies for avoiding groundwater overdraft is 
compared to Business As Usual (BAU) for the years 2001 and 2050, using a high and low 
energy cost estimate. Climate projections are applied to the year 2050. An overdraft of 95 
million m

3
 in 2001 is found to lower the GW level by 19.3cm, leading to an increase in energy 

requirements and cost of GW extraction of 0.320 Wh/m
3
 and 0.416 cents/m

3
, respectively. A 

reduction in production was found to be less profitable than BAU in all cases except for the year 
2050, using high cost estimates. Crop replacement was found to be profitable in all cases. The 
use of desalinated water was found to be unprofitable in all cases. It is concluded that climate 
change and irrigation costs will have one or more of the following outcomes: decreased 
production, a shift towards higher $/m

3
 crops, and/or increased food prices. 

 
Key words: evapotranspiration, groundwater overdraft, safe yield, sustainable groundwater 
management 
 
 

Sammanfattning____ 
 
Lantbruk I Kaliforniens Central Valley region är viktig för den Amerikanska ekonomin och 
livsmedelsförsörjningen. Stort beroende av grundvatten till konstbevattning har lett till 
grundvatten-övertrassering. Bland dess konsekvenser är att grundvatten nivån sjunker, vilket 
gör det mer energi-krävande och kostsamt att pumpa grundvattnet. Detta analyseras i 
fallstudiet, Turlock subbasin, där det även utförs en förenklad kostnads-nytto analys, i vilken 
lönsamheten av strategier för att undvika grundvatten-övertrassering jämförs med Business As 
Usual (BAU) för åren 2001 och 2050, baserad på en hög och en låg uppskattning av energi 
kostnader. Året 2050 beräknas inklusive förväntade förändringar i klimatet. En övertrassering på 
95 miljoner m

3
 i 2001 visar sig resultera i att grundvatten nivån sjunker 19,3 cm, vilket ökar 

energibehovet och kostnaden av att pumpa grundvatten med 0,32 Wh/m
3
 respektivt 0,416 

cents/m
3
. Att minska produktionen visar sig att endast vara lönsamt i ett fall: år 2050 med höga 

energi uppskattningar. Att byta grödor visar sig vara lönsamt i alla fall. Att förbruka desalinerat 
vatten visar sig vara olönsamt i alla fall. Det dras slutsatsen att förändringar i klimatet och 
kostnader av konstbevattning kommer att leda till en eller fler av följande utfall: förminskad 
produktion, ett skift mot högre $/m

3
 grödor, och/eller förhöjda matpriser. 
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1 Introduction____ 
 
A secure supply of freshwater is a key part of the economic, social and environmental aspects 
of sustainable development. Over the past four years, California has experienced a severe 
drought which has forced California to rely on groundwater for 60% of its water supply (Choy 
and McGhee, 2014). This usage exceeds the rate of recharge, leading to falling groundwater 
elevations. This has already led to a number of negative consequences. If continued, it will lead 
to worsening consequences and eventually the groundwater that remains will be too expensive 
to use (Koundouri, 2004). Among these consequences is the increase in electricity needed to 
pump water from deeper and deeper underground, which already amounts to 6000 GWh/year 
statewide (Moran et al, 2014). California agriculture is both the primary cause of the overdraft 
and the most vulnerable to its consequences, and valued at $45 billion a year (Choy and 
McGhee, 2014) and producing 25% of the US’s food (Kriger, 2014), incentives are strong to 
sustain it. 
 
The purpose of this paper is to aid policy-makers in the choice of groundwater management 
strategy. This is accomplished via the following goals: 

 Provide a background for the issue of groundwater overdraft in the Central Valley 

 Justify the need for groundwater management 

 Calculate the data needed to carry out a CBA of several groundwater management 
strategies in a case study 

 Carry out the CBA 

 Analyze the results of the CBA 
 
Section 2 presents the results of a literature study. The goals of this section are to define the 
concept of sustainable groundwater management, convey its importance and what makes it 
difficult to accomplish, and to place it in the context of agriculture in California’s Central Valley. 
Section 3 presents a case study of the Turlock groundwater basin in the San Joaquin Valley. 
Data is collected and calculated to support a Cost-Benefit Analysis with the goal of assessing 
the impact of groundwater overdraft on the cost of irrigation in California’s Central Valley, and 
the profitability and energy requirements of various strategies to avoid overdraft. Section 4 
presents a discussion of the study’s methods and results. Finally, section 5 presents 
conclusions. 
 

2 Literature Study____ 
 
2.1 Method 
The literature study was conducted using books, documents provided by the Stockholm 
Environmental Institute, and searches on Google, Google Scholar and KTH Primo. Data were 
collected from these sources and used in Excel calculations. 
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2.2 Results 
 
2.2.1 WATER IN THE WEST 
The western United States was settled in defiance of natural limitations. Cities and farms sprung 
up in locations that would be impossible, were it not for water projects and irrigation (Reisner, 
1986). Thanks to inundation by the Pacific Ocean and erosion of the surrounding mountains, 
California’s Central Valley is blessed with enviable soil quality and groundwater storage capacity 
(California DWR, 2006). Its climate is characterized by abundant sunshine and a lengthy 
growing season. The Central Valley produces 25% of USAs food on less than 1% of its 
farmland (USGS, 2015). It widely considered the world’s most productive agricultural region 
(Umbach, 1997). For agriculture, scarcity is a problem associated with only one key ingredient – 
precipitation. Though much of the annual precipitation occurs in the winter and early spring 
(Swain, 2016), it is stored by various artificial and natural means, allowing it to be used for 
irrigation long after the rain stops falling (see Figure 1-A). Artificially, reservoirs store surface 
water and disperse it as needed. Naturally, snowpack and aquifers are extremely important 
forms of water storage. Snowpack in the Sierra Nevada Mountains stores precipitation, allowing 
snowmelt to gradually flow down to the central valley below. Below much of the valley floor are 
geological formations called aquifers where groundwater can fill the spaces in and between soil 
and rocks (see Figure 1-B). Groundwater accounts for 97 percent of all unfrozen fresh water on 
the planet (Dunne and Leopold, 1978). Surface water naturally seeps into the ground and fills 
aquifers, which can later be pumped up via wells and used for irrigation. Groundwater provides 
an important buffer when surface water is inadequate – one which can be maintained if 
managed properly. 

Figure 1. [A] Crop water demand is mismatched with precipitation, necessitating irrigation. (Hanson, 
2000) [B] Groundwater visualized. (Moran et al, 2014) 
 

The safe yield of an aquifer is the maximum amount of water that can be extracted annually 
without depleting its resources. It is equal to the rate of recharge, minus the rate of discharge, 
averaged over several years. Groundwater overdraft is extraction in excess of this amount and 
is the cause of numerous problems (Dunne and Leopold, 1978). The amount of water that can 
be stored varies greatly from soil to soil and is measured by its specific yield – a percentage 
measured by the volume of water that can be drained from a given volume of soil, divided by the 
volume of soil. The average specific yield for the San Joaquin Valley is 10.3% (Davis et al, 
1959), meaning every 100 m

3
 of soil can store up to 10.3 m

3
 of groundwater, on average. 

 

While reservoirs shift water supply temporally, water projects and transfers shift water supply 
spatially. Figure 2 shows California’s two major water projects – the Central Valley Project 
(CVP) and the State Water Project (SWP) – which redistribute over 12.8 billion cubic meters of 
water annually in order to sustain agriculture in the central valley and cities in southern 

[A] [B] 
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California, respectively. The SWP alone pumps water over 1100 kilometers and about 600 
meters up (Moran et al, 2014). Altogether, nearly 20% of California’s electricity consumption, or 
48 TWh, is used for water-related purposes (California Energy, 2016b). 6 TWh of that is used to 
pump over 20 billion cubic meters of groundwater (Moran et al, 2014), of which 80% is used for 
agriculture (Holthaus, 2014). 

Figure 2. Groundwater extraction, the Central Valley Project and the State Water Project (Moran et al, 
2014). 

 
Agriculture competes with urban and environmental uses for its share of California’s water 
supply, as seen in Figure 3. Urban contributions to California’s GDP per unit water consumed 
far exceed that of agriculture (Hanson, 2000), so there is no question that urban demand takes 
first priority. Perhaps more controversial is the allocation of the remaining water between 
agricultural and environmental demand. The Sacramento-San Joaquin Delta is an important 
habitat for over 500 species of wildlife (California DWR, 2016e), many of which are extinct or 
endangered due to depleted and degraded water. Water ecosystems cannot survive without a 
share of California’s water being allocated to environmental purposes, but in times of drought, 
decisions to “take water away” from farmers to give to fish and wildlife receive a lot of criticism. 
17.8% of CVP water, or 1.5 billion m3, is reserved for environmental purposes (Bureau of 
Reclamation, 2013), and even in 2012 – a drought year – the Department of Water Resources 
(DWR) facilitated the transfer of an additional 31.7 million m

3
 of water from farmland to 

environmental purposes (California DWR, 2014d). All in all, in a dry year, supply to urban and 
agricultural demand remains relatively unchanged while supply to environmental purposes is cut 
drastically (Hanson, 2000). In 2000, an average water year, California’s total water supply was 
239.5 billion m

3
 from precipitation, imports and inflows (California DWR, 2016a). 58% of that 

either flowed out of the state or was consumed by natural processes. The remaining 42% is 
referred to as the dedicated supply. Of this, urban agricultural and environmental uses consume 
11, 42 and 47%, respectively. Another measure of water supply is developed water. This is any 
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water that is controlled and managed using reservoirs, pumps, channels or pipelines (Water, 
2016). Of this, agriculture consumes 80% (Hanson, 2000). 

Figure 3. California’s water supply. (California DWR, 2016a) 

 

2.2.2 CROP CHOICE 
Farmers in California have long relied on federal assistance to secure their water supply, via the 
CVP. Authorized in 1936, the CVP delivers 6.2 billion m

3
 of water to farms in the Central Valley 

each year (Bureau of Reclamation, 2013). Although agricultural contractors were originally 
meant to pay for their share of the $3.6 billion construction cost for the CVP, they locked into 
long-term, low-rate contracts without interest. To this day, agriculture’s share of the bill is less 
than 20% paid and CVP water is sold to farmers at less than half of the full cost needed to cover 
operation and maintenance costs and repay the capital cost (EWG, 2004). Surface water is 
effectively subsidized. Precipitation aside, the California climate is optimal for a wide range of 
crops. With precipitation “solved” by artificially low water prices, farmers have been free to 
disregard crops’ water intensities and choose to grow the crops that are sold at the highest 
price. 

Figure 4. Crop Trends (Strom, 2014). 
 

This was the trend between 2003 and 2012 as spinach, melons, asparagus and apples were 
traded in for nuts, berries and avocados, as seen in Figure 4. Almond production increased 44% 

[b gj k 3] 
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as production of many lower-water crops decreased and that of high-water crops increased 
(Strom, 2014). As of 2012, the top two crops being grown in California (by area) were grapes 
and almonds with 3 805 and 3 787 km

2
 respectively (see Figure 5) (USDA, 2013a). Perennials 

such as these have the added disadvantage of a loss of flexibility. Whereas a field used to grow 
annual crops can be fallowed during a drought, perennials must be watered every year. Despite 
the drought, farmers are being forced to water their high-water perennial crops rather than grow 
lower-water annual crops. With below-normal production levels in response to the drought, it is 
annual crops that are taking the hit. Altogether, orchards and forage-land (used to feed 
livestock) occupy 12 703 and 6 758 km

2
 of California farmland, respectively. Owners of livestock 

and perennial crops alike must keep their investments alive every year, no matter the weather. 
Although forage crops can be fallowed, livestock cannot, keeping the demand for forage crops 
high even in a drought. Alfalfa alone is grown on 3 699 km

2
 of farmland and consumes more 

water than any other crop in California. (USDA, 2013a and 2013b) 

Figure 5. California’s top crops (by area, 2012). Perennials are shown in green, and crops mainly 
consumed by livestock are in blue. (USDA, 2013a and 2013b) 

 

2.2.3 CLIMATE 
In the four years between 2012 and 2015, California has seen a severe and persistent drought 
and the total rainfall that it would normally get in only three years. Agricultural losses are 
estimated at $2.7 billion. Two important questions regarding the drought are: “What caused it?” 
and, “Is this the new norm?” In response to the first question: two things that are critical to 
California’s water supply are Atmospheric River Events (AREs) and snowmelt, and two factors 
that have impacted the severity of the recent drought are a high pressure system commonly 
referred to as the Ridiculously Resilient Ridge (RRR), and high temperatures. AREs are storms 
originating over the Pacific Ocean that provide California with 30-50% of its water supply. The 
primary difference between a wet year and a dry year is the number of AREs that reach 
California. Figure 6 shows the impact of storms on annual rainfall and the uniqueness of that 
aspect of the California climate within the US. Since 2012, many of these AREs have been 
blocked from reaching California by the RRR, which pushes the storms northward towards 
Alaska (which has seen wet years corresponding to California’s dry years). During much of the 
drought, California has also seen higher than average temperatures. Not only do high 
temperatures increase evapotranspiration (ET) from crops and evaporation from reservoirs, they 
have a two-fold impact on snowmelt. High temperatures cause snowpack to melt more quickly, 
and means that more of the precipitation that falls is in the form of rain rather than snow. 
Because California gets most of its precipitation in the winter (66% between December and 
March, according to Swain et al (2016)) and irrigation demand is highest in the summer, it relies 
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on snowpack and reservoirs to store the winter precipitation until it is needed. Thus, when there 
is less snow and it melts sooner, it impacts agriculture greatly (Ullrich, 2016).

 
 

Figure 6. [A] Variations in total rainfall (black) is mostly due to variations in the rainiest 5% of days (red), 
i.e. storms, while rainfall from the other 95% of days is fairly constant. [B] “The percent variance of water-
year precipitation from wettest 0.2% of days, using water year data from 1951-1999.” (California DWR, 
2014a) 

 
The second question is linked to climate change – as global temperatures rise, is California 
more likely to face droughts like this one? While the occurrence of RRRs is positively correlated 
with global temperature (RRRs are four times as likely today as they were before the industrial 
revolution, according to Ullrich (2016)), so is annual rainfall because warmer air can hold more 
moisture. These two factors may or may not counteract each other by increasing the 
precipitation per ARE while allowing fewer of them to reach California, leaving the average 
annual precipitation unaffected by global warming (though Chung et al (2009) project a 
decrease in annual precipitation). But year to year, totals are likely to become more extreme, 
making both droughts and floods more severe. When rain falls on dry soil, more of it runs off, so 
more extreme weather patterns mean less of the precipitation ends up as groundwater. As for 
snowmelt, the effect of global warming is clear. As temperatures rise, less water will be stored 
as snow, and it will melt sooner, meaning the period of the year with a natural supply of surface 
water will be shortened. In short, as global warming continues, California’s water challenges are 
likely to intensify (Ullrich, 2016).  
 

2.2.4 GROUNDWATER OVERDRAFT 
In a normal year, 30 – 40% of California’s water needs are met by groundwater. In a drought 
year, that number rises to 60% statewide, and even higher in agricultural areas such as the 
Central Valley. These levels exceed the safe yield in many groundwater basins, 21 of which – 
mostly in the San Joaquin Valley – are considered to be critically overdrafted (see Figure 7). In 
the two years following November 2011, groundwater resources in the Central Valley were 
depleted by an estimated 20 billion cubic meters (Choy and McGhee, 2014). Figure 8-B shows 
the extent of groundwater depletion in the 20

th
 century. If groundwater continues to be 

overdrafted, it will eventually run out – or rather the groundwater that remains will be too 
expensive to use – so it is by definition unsustainable. But there are numerous negative 
consequences of overdraft far before this point is reached. 
 

[A] [B] 
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Figure 7. Critically Overdrafted Groundwater Basins in California (in purple) (California DWR, 2016c). 
 

When an aquifer is overdrafted, the water table drops. In many parts of the San Joaquin Valley, 
the water table has dropped to more than 30 meters below historic lows (California DWR, 
2014c). This means water has to be pumped up higher, which takes more energy. The 
increased dependence on groundwater cost Californian agriculture an extra $454 million in 
pumping costs in 2014 compared to a normal water year (Moran et al, 2014). Falling 
groundwater levels also force farmers to drill new, deeper wells - sometimes over 350 meters 
deep (Kriger, 2014). Smaller farms often cannot afford the high costs of a new well. They risk 
their wells drying up as deeper wells draw down the GW level. This competition favors farms 
with more capital, and indeed, the average size of farms has increased in recent years (USDA 
National Agricultural Statistics Service, 2011 and 2016a). Depending on the extent of the 
overdraft and the make-up of the soil, overdraft can lead to land subsidence – the compaction of 
subterranean clay layers causing the ground surface to sink. Figure 8-C shows the 1925 San 
Joaquin Valley ground level marked on a post 9 meters above the ground. While aquifers can 
be recharged and groundwater levels raised, subsidence is permanent. On the surface, it 
causes damage to infrastructure and alters surface flows. Below the surface, it permanently 
reduces the storage capacity of the aquifer. The resulting aquifer has a diminished capacity to 
provide water to future generations in times of drought. 
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Figure 8. Consequences of groundwater overdraft. [A] Saltwater intrusion can be controlled using injected 
fresh water (Dunne and Leopold, 1978). [B] 90 years of groundwater depletion in the Central Valley (Choy 
et al, 2014). [C] Land subsidence southwest of Mendota in the San Joaquin Valley is illustrated by Dr. 
Joseph F. Poland standing by a pole marked with historical ground levels, where the ground level sank 
9m 1925-1977. (USGS, 2016) 

 
Groundwater overdraft also degrades groundwater quality. Near the coast, it can lead to 
saltwater intrusion (see Figure 8-A). Saltwater from the Pacific Ocean is drawn in to fill the 
spaces previously filled with fresh water. If this happens, wells that used to produce useful 
freshwater can start producing salt- or brackish water instead, potentially making them unusable 
for irrigation and drinking water. In some areas, artificial groundwater recharge is used to keep 
the saltwater at bay. Freshwater is forced into the ground adjacent to the saltwater in order to 
prevent it from mixing into the freshwater aquifers. Another source of groundwater quality 
degradation is the magnification of contaminants that accompanies falling groundwater levels. 
This too can be remedied by groundwater recharge. Even surface ecosystems can suffer from 
water level drawdown due to groundwater overdraft (Koundouri, 2004). 
 
While some of these effects of overdraft can easily be quantified in monetary terms, others are 
much harder to valuate. The costs of pumping groundwater, digging deeper wells and repairing 
infrastructure damaged due to land subsidence are significant, but they only scratch the surface. 
In order to truly assess the cost of overdraft, one would need to determine the values of 
groundwater storage to future generations, healthy ecosystems and clean, fresh groundwater, 
to name a few. 
 

2.2.5 PROBLEM CHARACTERISTICS 
Though most would agree that groundwater overdraft should be avoided, doing so is more 
complicated than it may at first seem. To begin with, groundwater data is difficult to come by. 

[A] 

[B] [C] 
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Many important groundwater metrics are not monitored, while others are kept confidential. 
Despite extracting more groundwater than any other state – about 20% of the groundwater 
extracted nationally – California is the only western state to keep well completion reports 
confidential (Parker), meaning it is difficult to find a complete record of well depths and 
locations. In addition, groundwater extraction is rarely metered, so the volume of groundwater 
extracted is often deduced from data regarding land use and area. This information is necessary 
in order to monitor changes in groundwater volume. Estimating the absolute volume of 
groundwater stored in an aquifer and the energy required to pump it to the surface requires 
knowledge of groundwater levels and aquifer characteristics. These are available to some 
extent from monitoring wells and geological surveys. Metering of groundwater extraction is 
necessary, not only for monitoring purposes, but also to enable regulations and economical 
instruments such as fees. 
 
Groundwater is a depletable resource stock (Koundouri, 2004). It is naturally recharged, but if 
continuously overdrafted, it can be depleted. Groundwater overdraft taps into stocks that have 
been accumulated over long periods of time, and reduce their availability for use during future 
droughts. Groundwater is also a shared resource, meaning it is characterized by rivalry and 
non-excludability. Rivalry means that one user’s consumption negatively impacts another user’s 
ability to consume the same resource. Aquifers cross property lines, as do the effects of 
excessive groundwater pumping. If one user lowers the water table within his or her own 
property, it will draw down the water table within neighboring properties with access to the same 
aquifer, making it more difficult and more energy-intensive for other users to extract 
groundwater. This is an example of an externality – a cost that is not paid for by the one who 
incurred it and so must be borne by others. Non-excludability means that a user of a resource 
does not have control over other users’ consumption. Because one aquifer is most likely 
accessed by multiple users, no single user has complete control over the amount of water 
extracted from that aquifer. 
 
When it comes to shared resources, what is best for the individual is often not what is best for 
society. If the entire resource stock were privately owned and consumed, the owner would 
consume the resource as long as the benefit of doing so exceeded the cost. But for shared 
resources, many actors consume from the same stock, and while the benefit of the 
consumptions goes entirely to the private consumer, the cost is shared by all. By consuming the 
resource when the total cost exceeds the benefit, each person acting in his or her own self-
interest results in suboptimal circumstances for all – also referred to as the tragedy of the 
commons. If one person’s extraction from an aquifer exceeds his or her share of the safe yield, 
the water table is lowered, raising costs for everyone with access to that aquifer. 
 
Land subsidence is a threshold effect of groundwater overdraft. While a change in water level is 
predictable and reversible, land subsidence is neither. Without land subsidence, the cost of 
overdraft could be estimated as a continuous function of groundwater extraction. But when land 
subsidence occurs, that cost rises suddenly. This increases the risk of continued overdraft and 
the urgency of adopting sustainable groundwater practices. The cost of land subsidence is high. 
How high depends largely on how future groundwater storage capacity is valuated. 
 

2.2.6 SUSTAINABLE GROUNDWATER MANAGEMENT 
Individual consumers of groundwater lack the data and incentives to manage groundwater in a 
manner that optimizes the overall welfare of its dependents and is sustainable in the long-term. 
California’s Sustainable Groundwater Management Act (SGMA) is the first step towards a well-
informed and coordinated management strategy for the state’s groundwater resources. Signed 
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into law in 2014, SGMA requires all groundwater basins to implement sustainability plans by 
2022 and to achieve sustainability goals by 2042. SGMA defines sustainable groundwater 
management as, “…managing our precious water so that it is available for future generations, 
while balancing the more immediate needs of our economy, environment and essential human 
health and safety” (California DWR, 2014b). While sustainability plans must be tailored to each 
basin’s unique properties and circumstances, the nature of shared resources necessitates an 
authority who can enforce sustainability measures and prevent free-riding – the act of benefiting 
from a measure without participating in it. Individuals will only benefit from sustainability 
measures if all parties participate, so it is important for them to be able to trust that that will be 
the case. SGMA places responsibility primarily on local authorities, thus encouraging 
engagement and allowing for individualized plans, but will step in if needed, thus ensuring 
accountability. 
 
The vague nature of the SGMA definition of sustainable groundwater management 
communicates the basic concept of sustainability and allows for flexibility in achieving it, but fails 
to define what level of groundwater extraction is acceptable. One possibility is to define 
sustainable groundwater extraction as not exceeding the safe yield of the basin or sub-basin. 
This rate of extraction is sustainable in that it would not deplete the groundwater and would not 
produce any additional adverse effects. Another question is whether or not an even lower 
extraction rate should be enforced until water tables have been allowed to rise to a higher 
equilibrium level, thus restoring ecosystems, reducing the energy needed for pumping, and 
refilling groundwater reserves for use during future droughts. As stated above, these benefits 
must be weighed against immediate needs. The determination of a sustainable level of 
groundwater extraction is complicated by variances over time and space. The safe yield of a 
groundwater basin is based on the basin’s water budget in an average year, but this is 
dependent on climate, and such a rate of extraction may temporarily lower the water table in a 
dry year or season. Also, limited hydraulic conductivity in soil means that adverse local effects 
may arise even where groundwater extraction in the basin as a whole is within the safe yield. 
 
SGMA does not specify which instruments the local authorities are to use to attain their 
sustainability goals. There are a number of options to force or incentivize lower levels of 
groundwater extraction. Regulations can be used to set limits on legal groundwater extraction. 
Economic instruments such as fees or taxes can be used to internalize externalities and shift 
the individual’s cost-benefit equilibrium point towards societal efficiency. Subsidies and 
penalties can be used to the same effect. A water share trading scheme would allow a regulator 
to set a limit on groundwater extraction in a given area, while giving individuals within that area 
the opportunity to allocate reductions cost-efficiently by buying and selling water shares among 
themselves. Where possible, voluntary agreements offer a low-cost and high-acceptability 
option. However, none of these are possible until groundwater extraction is metered. 
 
Koundouri’s (2004) research suggests that well-managed groundwater significantly increases 
welfare compared to unmanaged groundwater when certain aspects are valuated – including 
non-linear extraction costs, risk, quality considerations and irreversibilities. All of these aspects 
are prevalent in the Central Valley. Specific yield often decreases as depth increases, 
accelerating changes in water table at greater depths and contributing to non-linear extraction 
costs. Decreased groundwater reserves increase the risk of income loss during future droughts. 
A lower water table can degrade groundwater quality due to magnification and saltwater 
intrusion, and lead to irreversibilities such as land subsidence. Though economic calculations 
that valuate the aforementioned aspects support groundwater management, these aspects risk 
being overlooked because their values are difficult to quantify. And because their values extend 
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far into the future, their profitability over short-term production losses is sensitive to the discount 
rate used in calculations. A declining discount rate would support groundwater measures, while 
a higher or constant discount rate is liable to undervalue future benefits. 
  

2.3 Discussion 
As shown empirically by current trends and theoretically by an analysis of groundwater as a 
shared resource, groundwater, when unmanaged, is prone to overuse and a suboptimal level of 
consumption. Aquifers are overdrafted, which is unsustainable and leads to a number of 
problems. Subsidized surface water and free groundwater externalize the effects of its 
consumption so that the cost-benefit equilibrium for the individual farmer is at a higher level than 
society’s. In other words, when water is cheap, it is undervalued and overused. It is this deflated 
price of water that has led to many high-water crops being grown in place of crops more suitable 
for the climate. 
 
Given that water is once again a constraint, which crops should be prioritized? Perhaps a shift 
away from water-intensive crops should be advocated, but there is more than one way to 
interpret water intensity. By water-per-area, Alfalfa tops the list of major California crops as most 
water intensive at around 1.2 million m

3
/km

2
 (Hanson, 2000). By water-per-weight of produce, 

almonds take the top spot with around 16 m
3
/kg (Boehrern, 2015). From an economic 

perspective, the profit from agriculture should be maximized given the specified amount of water 
available for irrigation. By this logic, it is the crops with the highest profit per unit water that 
should be prioritized. However, California cannot live on cash crops alone. Though grains do not 
rank highly among crops for profitability, they are an important part of the American diet, 
implying that the value of agriculture is not fully captured by its contribution to the Gross 
Domestic Product (GDP). 
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3 Case Study____ 
 

3.1 Introduction 
It is a simple enough equation: Surface Water + Groundwater = Demand. Irrigation demand not 
met by surface water must be met by groundwater. But current levels of groundwater extraction 
physically cannot be sustained. Available surface water is determined by the climate, and 
cannot be relied upon to increase. That leaves two options for balancing the equation if 
groundwater extraction is limited to a sustainable level: reduce demand, or supplement the 
supply side of the equation with additional water. Reducing demand requires an agricultural shift 
towards less water-intensive crops and/or decreased production. Supplementing the water 
supply most likely requires brackish or seawater desalination. These options, in addition to 
Business As Usual (BAU), form the basis for the scenarios explored in the following Cost-
Benefit Analysis (CBA) of the Turlock groundwater basin in the San Joaquin Valley. In order to 
carry out the CBA, data relating to aquifer characteristics, pump energy requirements, water 
balances, water supply costs, crop irrigation and market prices, and climate and electricity price 
projections must be collected and calculated. The method for doing so is described below. The 
equation above describes the water balance of the agricultural system. A broader water balance 
is given in Figure 9. 

Figure 9. “Components of the water balance on a hillside or a small catchment. P = precipitation; I = 
interception; AET = actual evapotranspiration; OF = overland flow; ΔSM = chang in soil moisture; ΔGWS 
= change in groundwater storage; GWR = groundwater runoff.” (Dunne and Leopold, 1978). 

 
3.2 Data Collection and Calculations 
Data for the case study were collected from sources available online and the Integrated Water 
Resources WEAP platform developed for California’s water resources system by SEI US 
Center. Calculations were made using Excel, ArcGIS and StatPlus. The method is described in 
more detail below. 
 

3.2.1 METHOD 
 
3.2.1.1  Aquifer Characteristics 
The area chosen for the case study is the Turlock subbasin, also referred to by the DWR as the 
Turlock groundwater basin, Groundwater Basin 5-22.03 and planning area 608. The area 
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occupies parts of Stanislaus and Merced counties, in the San Joaquin Valley Groundwater 
Basin, in the south-central part of California’s Central Valley, as seen in Figure 10. It is bound by 
the Tuolumne, San Joaquin and Merced rivers, and the Sierra Nevada foothills on the east. The 
area was chosen based on data availability. 

Figure 10. Groundwater basins in the southern Central Valley. Turlock subbasin is outlined in yellow and 
critically overdrafted basins are shaded in purple (California DWR, 2016b).  

 
In order to assess the impact of groundwater overdraft on the cost and energy-intensity of 
irrigation, it was necessary to determine the GW level and how this changes for a given change 
in GW volume. The GW level was determined using logs from monitoring wells, available via the 
California Department of Water Resources’ (DWR) Water Data Library (California DWR, 2016d). 
The change in GW level as a function of the change in GW volume was determined using 
information about the aquifer’s area and specific yield (SY). 
 
The Turlock subbasin has an area of 1404 km

2
, according to the DWR’s Bulletin 338 (2006). 

The area was replicated in ArcGIS by tracing the above rivers and adjusting the eastern 
boundary so as to attain the correct area. Information regarding SY, by depth and township, is 
given in Davis, et al (1959), table 6 (see Appendix A). Townships are 94.29 km

2
 areas 

determined by an orthogonal grid, as in Davis, et al (1959), plate 3 (see Figure 11). The area of 
a township was determined by replicating township (4,8) in ArcGIS. Two corners of township 
(4,8) were placed on the ArcGIS map and determined to be 9.71 km apart, using the distance 
measurement tool. Township (4,8) was replicated using a square area with length  9.71 km on 
each side, producing a square with area 94.29 km

2
. The township was then replicated for all 28 

townships that overlap the study area (see Figure 17). The size of the township was validated 
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by the fact that the boundaries of the 28 townships in ArcGIS match the boundaries of the 
respective townships according to Davis, et al (1959). 

Figure 11. Township and groundwater storage unit boundaries. (Davis et al, 1959) 

 
In each township, SYs are listed for the following depth slices, in feet (ft): 10-50, 50-100, 100-
200, and all zones. The SY at depths of less than 10ft was estimated to be equal to the SY in 
the 10-50 ft range in the same township. The SY at a depth of 200-300 ft was assumed to be 
the average of the SYs for silt and fine sand: 7.5%. This is based on Turlock Groundwater Basin 
Association (2008), which describes the Turlock Lake Formation as “mostly fine sand and silt”. 
In Figure 12, it can be seen that the Turlock Lake Formation underlies much of the area at a 
depth of 200-300 ft. The SY at a depth of 300-1000 ft (SY300-1000) was calculated as 4.2% using 
equation 1 and data from California DWR (2006), which estimates the storage capacity (SC) of 
Turlock to be 12.8 million acre-feet (af) at depths of up to 300 ft (SC300), and 23 mil af at depths 
of up to 1000ft (SC1000). 

𝑆𝑌300−1000 =
𝑆𝐶1000−𝑆𝐶300

(1000−300)·𝐴
∙ 100   (1) 

S[ here is given as a percent, and A is Turlock’s area in acres. The average SY for all 
townships and depths is similar to the average SY reported for the San Joaquin Valley of 10.3% 
(Davis et al, 1959). The calculations are thus validated. 
 
The SY of each depth and township, and the area of overlap between each township and the 
study area were used to calculate the SC of each depth slice in Turlock subbasin as a whole, 
according to equation 2: 

𝑆𝐶𝑗 =  ∑(𝐴𝑖 ∙ 𝑆𝑌𝑖) ∙ 𝛿𝑗     (2) 

,where i refers to the township, j refers to the depth slice, SC [mil m
3
] is the storage capacity, A 

[km
2
] is the area of overlap, SY [%] is specific yield, and 𝛿 [m] is the thickness of the depth slice. 
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Figure 12. Cross section of the Turlock subbasin from West to East. (Turlock Groundwater basin 
Association, 2008) 

 
GW depth is defined as the ground elevation minus the water table elevation. GW depth is 
recorded in logs from monitoring wells and reported on the DWR’s Water Data Library 
(California DWR, 2016d).  Ground water depth from 57 wells throughout the study area (marked 
by pins in Figure 17) were used to estimate the average GW depth for each township for 2000, 
2001, 2006 and 2016. Well measurements are most commonly from March of each year. For 
each township, the average GW depth was calculated as the average of all wells within that 
township. For townships that only overlapped slightly with the planning area, an average of the 
average GW depth from adjacent townships was used. In townships (4,14) and (5,14), no recent 
data could be found, so the most recent data was used (from 1975 and 1982, respectively). In 
some other cases, the data available were not from exactly 2006 and 2016 (though usually 
within two years), in which case the 9- or 10-year trend is extrapolated or interpolated to 
estimate the depth for that year. For 2000 and 2001 GW depths, two wells from each township 
are used to estimate each township’s average depth. In Figure 17, townships are color-coded 
according to their respective GW depths. 
 

GW levels and SC were used to calculate the vacant storage capacity, 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 – that is the SC 
of the soil between the ground surface and the water table – using equation 3: 

𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 =  ∑ 𝐴𝑖 ∙ (∑ (𝛿𝑗 ∙
𝑆𝑌

100𝑖,𝑗
)𝑛−1

𝑗=1 +
𝐷𝑖−∑ 𝛿𝑛−1

𝑗=1 𝑗

𝛿𝑛
)    (3) 

, where:  𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 [mil m
3
] is the vacant storage capacity of the Turlock subbasin 

𝐷𝑖 [m] is the average GW depth in each township, i 

𝐴𝑖 [km
2
] is the area of Turlock in each township, i 

𝑆𝑌𝑖,𝑗 [%] is the specific yield of each township, i, and depth slice, j 

𝛿𝑗 [m] is the thickness of depth slice, j 

𝛿𝑛 [m] is the thickness of depth slice, n, which is the deepest depth slice with any 
vacant SC. 
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For example, if the average GW depth in a township is 70 ft, then the 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 of that township 
is equal to the storage capacity of the depth slices 0-10 and 10-50, plus (70-50)/50 = 40% of the 
storage capacity of depth slice 50-100. This was used to validate the calculation method for 

storage capacity. The calculated 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 in 2006 is 3 886 mil m
3
, and the 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 calculated 

from data given in California DWR (2006) is 3 700 million m
3
 for the same year, thus validating 

the calculation method. The DWR value was calculated as the SC at depths of up to 300 ft 
minus the GW volume at depths of up to 300 ft. 
 
Although this relation between GW depth and GW volume was validated, it had to be adapted in 

order to calculate 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 from a single, aggregated average GW depth for the subbasin. The 
average GW depth for Turlock is calculated as a weighted average of the average GW depths 
for all the townships, using equation 4: 

𝐷𝑎𝑔 =  
∑ 𝐴𝑖∙𝐷𝑖

𝐴
     (4) 

, where 𝐷𝑎𝑔 [m] is the aggregated average GW depth of the subbasin, 𝐴𝑖 [km
2
] and 𝐷𝑖 [m] are 

the area and average GW depth of each township, i, and A [km
2
] is the area of the subbasin 

(equal to the sum of the areas of the townships). Township area here refers to the overlapping 

area of Turlock with each township. When 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 is calculated via equation 4, using an 
aggregated average GW depth, the result is higher than the result found by calculating 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 
individually for each township: 7380 and 4729 mil m3, respectively. In most townships, the SY 
decreases as depth increases. GW depths vary from township to township, meaning some of 

the 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 is in shallow, high-SY soil, while other 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 is in deeper, lower-SY soil. When an 
aggregated average GW level for the entire subbasin is used, the vacant soil is entirely in the 

lower, higher-SY depths, thus giving inflated estimates of 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡. In order to adjust for this, an 
adjusted SY (𝑆𝑌𝑎𝑑𝑗) was calculated as a function of depth. 

 

The effective SY, 𝑆𝑌𝑒𝑓𝑓, is defined as the SY that would produce the calculated 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 if 

applied uniformly from the ground surface to the water table at the calculated depth, 𝐷𝑎𝑔. It is 

calculated using equation 5: 

𝑆𝑌𝑒𝑓𝑓 =  
𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡

𝐴∙𝐷𝑎𝑔
· 100    (5) 

,where 𝑆𝑌𝑒𝑓𝑓 [%] is the effective SY, 𝑆𝐶𝑣𝑎𝑐𝑎𝑛𝑡 [mil m
3
] is the vacant SC, A [km

2
] is the area of the 

subbasin, and 𝐷𝑎𝑔 [m] is the average GW depth for the subbasin. 𝑆𝑌𝑒𝑓𝑓 for 2006 and 2016 were 

plotted against 𝐷𝑎𝑔 for the same years, along with the point (0,13.5923), 13.5923 being the 

weighted average SY in the depth slice 0-10ft. A trend line was found using Excel with equation 
6: 

𝑦 = −0.897 ∙ 𝑥 + 13.574    (6) 

This equation is used to calculate 𝑆𝑌𝑎𝑑𝑗 as a function of 𝐷𝑎𝑔, as in equation 7: 

𝑆𝑌𝑎𝑑𝑗 = −0.897 ∙ 𝐷𝑎𝑔 + 13.574   (7) 

, where 𝑆𝑌𝑎𝑑𝑗 [%] is the adjusted SY and 𝐷𝑎𝑔 [m] is the average GW depth for Turlock subbasin. 

 
From this, equation 8 is derived, expressing the change in GW depth (ΔD) as a function of the 
change in GW volume (ΔV): 

ΔD = 151.325 + √22899 + 1.588 ∙ ΔV + 𝐷0 ∙ (𝐷0 − 302.65)    (8) 



21 
 

, where ΔD [m] is change in GW depth, ΔV [mil m
3
] is the change in GW volume, and 𝐷0 [m] is 

the initial average GW depth for Turlock subbasin. Equation 8 has two solutions, but only one is 
feasible. 
 
3.2.1.2  Pump Energy Requirements 
Low and High estimates for the energy requirements of GW extraction were calculated by two 
methods: one based on data from Martin, et al (2011), and one based on data from Cohen, et al 
(2004). 
 
Low Estimate (Energy A) 
In order to make use of the data from Martin, et al (2011), the dispatch pressure (DP) of Turlock 
irrigation systems was required. This was estimated using data from Hanson, B (2000) 
regarding the use of various irrigation types for various crop types. This, together with the areas 
occupied by each crop type in Turlock (SEI), was used to estimate the relative use of each type 
of irrigation. Gravity- and micro-irrigation were assumed to have a DP of 10 psi, while sprinkler 
irrigation was assumed to have a DP of 30 psi, giving a weighted average of 13.07 psi for 
Turlock subbasin. 
 
Table 2 In Martin, et al (2011) gives the amount of diesel fuel required to pump water from 
various depths and at various DP, in gallons (gal) per acre-foot. For each depth, the values for 
DP=10psi and DP=20psi were interpolated to find the values at DP=13.07. These values were 
then converted to kWh/m

3
 according to table 3 in Martin, et al (2011). An overall pumping plant 

efficiency of 66% was assumed, according to table 1 in Martin, et al (2011). The values for the 
energy requirements, calculated above, were divided by 0.66 to give the electricity required to 
pump water from various depths, in kWh/m

3
. A linear regression was performed using StatPlus 

in order to define Electricity requirements per unit water as a function of depth. The resulting 
equation was equation 9: 

𝐸𝑙 =  0.000519 ∙ 𝐷 +  0.0048     (9) 

, where El [kWh/m
3
] is electricity requirements, and D [m] is GW depth. The slope, 0.000519 

represents the increase in the electricity [kWh] required to pump one m
3
 water due to an 

increase in depth of 1 m. The y-intercept, 0.0048, represents the electricity requirement due to 
DP. 
 
High Estimate (Energy B) 
The estimate given above produces an average energy requirement of 0.0193 kWh/m

3
 for 

Turlock in the year 2001. This is a mere 6.6% of the average energy requirements for 
groundwater extraction statewide in the years 2005-2010 (based on calculations using data 
from the DWR, found in Moran et al (2014)). According to the DWR, 6000 GWh are used to 
pump 20.352 billion m

3
 of GW annually – an average of 0.2948 kWh/m

3
. Although the energy 

requirements in Turlock are expected to be lower than the statewide average, an average depth 
of 559 meters would be necessary in order to require this amount of energy – according to 
equation 9. 
 
Because of this incongruence, a high energy estimate was calculated, based on reported GW 
depths and energy requirements from the Central Valley. Two pairs of data – from the Tulare 
Lake and San Joaquin Valley regions of the southern Central Valley – were used. To find the 
slope [kWh/(m

3
·m)] of the line describing electricity requirements as a function of depth. The y-

intercept found in the low estimate method was used to reflect a DP of 13.07psi. The function 
was found to be equation 10: 
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  𝐸𝑙 =  0.003881 ∙ 𝐷 +  0.0048     (10) 

Using this equation, an average depth of 74.7 m –which is much more feasible than 559 m – 
would result in the energy requirements reported by the DWR. 
 
3.2.1.3  Water Balances 
A water balance was calculated for each of two systems – the topsoil and the aquifer – for the 
year 2001, based on data from the Integrated Water Resources WEAP platform (SEI). Monthly 
results were aggregated to the annual totals shown in Tables 1 and 2. 
 
Table 1. Topsoil Water Balance – Turlock subbasin, 2001. 

Topsoil Water Balance 
   [mil m3] 

IN 

Inflow from Merced River 170.5 

Inflow from Tuolumne River 600.5 

Inflow from Turlock GW 152.5 

Precipitation 344.8 

OUT 

Outflow to San Joaquin River -154.9 

Outflow to Turlock GW -115.3 

ET -1,013.3 

ΔStorage Change in Soil Moisture -15.1 

 
Table 2. Aquifer Water Balance – Turlock subbasin, 2001. 

Aquifer Water Balance 
    [mil m3] 

IN (non-ag.) 

Inflow from Below Merced IFR 0.7 

Inflow from Below Return Flow PA607_indoor 0.7 

Inflow from Runoff/Infiltration from P604_Tuolumne_500 to Turlock GW 17.4 

Inflow from Runoff/Infiltration from P610_Merced_500 to Turlock GW 21.2 

Inflow from Runoff/Infiltration from PA608_Outdoor to Turlock GW 12.5 

OUT (non-
ag.) 

Outflow to Below Merced IFR -9.4 

Outflow to Below Return Flow PA607_indoor -9.4 

Outflow to PA608_Indoor -49.0 

Outflow to PA608_Outdoor -43.2 

Agriculture 
Inflow from Runoff/Infiltration from PA608 to Turlock GW 115.3 

Outflow to PA608 -152.5 

ΔStorage Change in GW Storage -95.6 

 
Surface water (SW) used for irrigation is the sum of the inflows from Merced and Tuolumne 
Rivers in Table 1. GW extraction is referred to as Inflow from Turlock GW in Table 1, and as 
Outflow to PA608 in Table 2. Applied Water (AW) is the sum of SW and GW extraction. 
Runoff from agriculture is referred to as Outflow to San Joaquin River in Table 1. GW recharge 
from agriculture is referred to as Outflow to Turlock GW in Table 1, and as Inflow from 
Runoff/Infiltration from PA608 to Turlock GW in Table 2. 
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Precipitation was calculated using WEAP results (SEI), according to equation 11: 

𝑃𝑎𝑔 = 1000 ∙ 𝐴𝑎𝑔 ∙ ∑ 𝑃𝑑𝑎𝑖𝑙𝑦 = 1000 ∙ 1012.99 ∙ 344.8 = 344 801 846.63  (11) 

, where Pag [m
3
] is the volume of precipitation to fall on irrigated land of area Aag [km

2
], and Pdaily 

[mm] is the daily precipitation.  
 
A portion of the precipitation and other water applied to irrigated land percolates through the soil 
and recharges the aquifer. This portion, nrecharge, was calculated from WEAP results (SEI), 
according to equation 12: 

𝑛𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 =  
𝐺𝑊 𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 𝑓𝑟𝑜𝑚 𝐴𝑔.

𝑃𝑎𝑔+𝐴𝑊
=  

115 044 110.65

344 801 846.63+923 629 157.78
=  0.0909  (12) 

, where Pag is precipitation [m
3
] directly on irrigated land, and AW is applied water [m

3
].  

 
The safe yield is the amount of GW extraction that would balance the aquifer water balance and 
result in a net zero change in GW volume. In general, when speaking of an aquifer’s safe yield, 
a standard value, averaged over a number of years, is used. Here, the safe yield is calculated 
specifically for the year 2001. In the BAU and Adapt Farming scenarios, the safe yield is 
calculated using equation 13: 

𝑌𝑆,𝐵𝐴𝑈 =  
𝐼𝑛𝑛𝑜𝑛−𝑎𝑔−𝑂𝑢𝑡𝑛𝑜𝑛−𝑎𝑔+𝑛𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒∙(𝑃𝑎𝑔+𝑆𝑊)

1−𝑛𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒
   (13) 

, where 𝑌𝑆,𝐵𝐴𝑈 [m
3
] is the safe yield, Innon-ag [m

3
] is the sum of non-agricultural inflows, Outnon-ag [m

3
] 

is the sum of non-agricultural outflows, and SW [m3] is surface water applied to agriculture. In 
the BAU and Adapt Farming scenarios, SW is held constant, so a decrease in GW extraction 
leads to a decrease in AW and, subsequently, a decrease in GW recharge. Because of this, the 
decrease in GW extraction needed to avoid GW overdraft is greater than the volume by which 
the aquifer is overdrafted, which is defined as the change in GW volume. In the Adapt Water 
Supply scenario, AW is held constant, so a decrease in GW extraction does not affect GW 
recharge, and the safe yield can be calculated using equation 14: 

𝑌𝑆,𝐴𝑊𝑆 =  𝐼𝑛𝑛𝑜𝑛−𝑎𝑔 − 𝑂𝑢𝑡𝑛𝑜𝑛−𝑎𝑔 + 𝑛𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 ∙ (𝐴𝑊 + 𝑃𝑎𝑔)  (14) 

, where YS,AWS [m
3
] is the safe yield. 

 
WEAP results (SEI) were validated by comparing the precipitation to the value recorded at the 
Merced monitoring station by DWR-CIMIS in 2001 (California DWR, 2016b), and by comparing 
the WEAP values for AW (SEI) to those given in California DWR (2005). 
 
3.2.1.4  Surface Water Supply Costs 
60% of the costs of the CVP were allocated to agriculture, giving a real cost of 0.03891 $/m

3
. 

The price paid by Central Valley farmers is 0.01390 $/m
3
. The effective subsidy is thus 0.02502 

$/m
3
. Both the energy requirement and cost of water from the CVP varies based on the exact 

location of the user. In general, water from the CVP has lower energy requirements and costs 
than from other water projects. Its function is not to transport water as much as to store it until it 
is needed. 
 
The energy requirement of water from the SWP to the southern Central Valley is approximately 
0.34 kWh/m

3
, which corresponds to an energy cost of 0.037 $/m

3
. The price paid by southern 

central valley farmers for SWP water is 0.041 $/m
3
. Most SWP water is destined for southern 

California, for which the energy requirement and costs per unit water are much higher. Most SW 
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needs in the Central Valley are met by the CVP rather than the SWP. In the CBA, all SW used 
in the Turlock subbasin is assumed to be supplied by the CVP. 
 
The Carlsbad Desalination Project – under construction near San Diego, California (San Diego, 
2016) – was used as a reference for the costs and energy requirements of seawater 
desalination and conveyance. These values were then adjusted for brackish water and for the 
distance and elevation gain between the San Francisco Bay and Turlock subbasin, which were 
measured from the shore in Contra Costa County to the geographic center of the study area 
(120.757 W, 37.5116 N). A desalination plant in Contra Costa County has been proposed by the 
Bay Area Regional Desalination Project (2013). 
 
The energy requirements of a desalinated water supply to Turlock subbasin are calculated 
according to equation 15: 

𝐸𝐷𝑒𝑠𝑎𝑙 =  𝐸𝐵𝑟𝑎𝑐𝑘𝑖𝑠ℎ + 𝐸𝑙𝑖𝑓𝑡 ∙ ∆𝑧 + 𝐸𝐷𝑃  (15) 

, where 𝐸𝐵𝑟𝑎𝑐𝑘𝑖𝑠ℎ [kWh/m
3
] is the energy requirement of desalinating brackish water, 𝐸𝑙𝑖𝑓𝑡 

[kWh/(m
3
·m)] is the energy requirement of pumping water (per m3 water and m elevation gain), 

∆𝑧 [m] is the difference in elevation between the desalination plant and Turlock subbasin, and 

𝐸𝐷𝑃 [kWh/m
3
] is the energy requirement of dispatching water at a pressure of 13.07 psi. A value 

of 1.320861 was used for 𝐸𝐵𝑟𝑎𝑐𝑘𝑖𝑠ℎ - this being the average energy requirement for brackish 

water desalination according to Pacific Institute (2013). 𝐸𝐷𝑃 and high and low estimates for 𝐸𝑙𝑖𝑓𝑡 

are taken from equations 10 and 9. A ∆𝑧 of 56.49468 m is the elevation gain between a point on 
the shore of the bay in Contra Costa county (the location of a hypothetical desalination plant) 
and the geographic center of Turlock subbasin, according to Google Maps. 
 
The cost of desalinated water for the Turlock subbasin is calculated according to equation 16: 

𝐶𝐷𝑒𝑠𝑎𝑙 = 𝑃𝑟𝑖𝑐𝑒𝐸𝑙. ∙ (𝐸𝐷𝑒𝑠𝑎𝑙) + 𝐶𝑉𝑎𝑟 + 𝐶𝐹𝑖𝑥𝑒𝑑 + 𝐶𝑃𝑖𝑝𝑒 ∙ 𝐿𝑃𝑖𝑝𝑒  (16) 

, where 𝑃𝑟𝑖𝑐𝑒𝐸𝑙. [$/kWh] is the PG&E industrial electricity price, 𝐸𝐷𝑒𝑠𝑎𝑙 [kWh/m
3
] is the energy 

requirement of desalinated water as calculated by equation 15, 𝐶𝑉𝑎𝑟 [$/m
3
] is variable costs, 

𝐶𝐹𝑖𝑥𝑒𝑑 [$/m
3
] is fixed costs, 𝐶𝑃𝑖𝑝𝑒 [$/(m

3
·km)] is the cost of the pipeline (excluding the energy 

requirement due to elevation gain), and 𝐿𝑃𝑖𝑝𝑒 [km] is the length of the pipeline. The historical, 

2015-GDP-adjusted value of 𝑃𝑟𝑖𝑐𝑒𝐸𝑙.: 0.13, was used for 2001. The 2050 values of 0.1068 and 
0.1602 were determined by the methods described in section 3.2.1.6. 
 
The cost of water from the Carlsbad Desalination Project, with and without the pipeline, is 
estimated to be 2135.5 and 1956.5 $/af, respectively – a difference of 179 $/af. The length of 
the pipeline connecting the desalination plant to the San Diego water system is estimated to be 
10 miles, as measured using Google Maps. This gives a pipeline cost of 17.9 $/(af·mi) or 
0.009017 $/(km·m

3
). The incline of the San Diego pipeline, as calculated using elevation gain 

measured in Google Maps, is 56.49 m/km. Using equation 9, the energy requirement for this 
elevation gain is 0.0055 kWh/(km·m

3
). At a cost of 0.1068 $/kWh, this is an energy cost of 

0.000589 $/(km·m
3
). The pipeline cost, excluding energy due to elevation gain (𝐶𝑃𝑖𝑝𝑒), is 

0.008428 $/(km·m
3
). According to Herndon (2013), the average energy requirement of seawater 

desalination is 15 000 kWh/mil.gal. At the 2001 PG&E industrial rate of 0.1068 $/kWh, the cost 
of energy for seawater desalination is $522/af. The city of San Diego will pay the Carlsbad 
Desalination project 2367 $/af for the first 48 000 af annually, and an average of 2131 $/af if 
they purchase 56 000 af annually (San Diego, 2016). This gives a cost of 715 $/af for the last 

8000 af. The value used for 𝐶𝑉𝑎𝑟 is the cost of the last 8 000 af minus the pipeline cost and the 
cost of energy, or 0.1565 $/m

3
, and represents the non-energy operation and maintenance costs 
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of the desalination plant. The value used for 𝐶𝐹𝑖𝑥𝑒𝑑 is the cost of the first 48 000 af minus 𝐶𝑉𝑎𝑟, 
the pipeline cost and the cost of energy, or 1.1630 $/m

3
, and represents the capital cost of the 

desalination plant. 𝐿𝑃𝑖𝑝𝑒 was found to be 126.433 km. It was determined, using ArcGIS, by 

measuring the distance between a point on the shore of the bay in Contra Costa County and the 
geographic center of Turlock subbasin, following a route that minimized total change in 
elevation. 
 
The cost of water from each source for each year, scenario and energy estimate is summarized 
in Table 13. 
 
3.2.1.5  Crop Irrigation and Market Prices 
Most crop data for 2001 was taken from the results of the Integrated Water Resources WEAP 
platform (SEI). This includes types of crops, area used to grow each crop, and the ET of each 
crop; these are listed in Table 3 below. ET is also listed by month in Table 4, alongside the 
amount of water supplied from each source: precipitation, GW and SW. Water supply from 
precipitation and GW extraction, and demand throughout the year can be seen in Figure 14. 
 
Table 3. Area and ET (2001 totals) of crops in Turlock subbasin (SEI). 

Crop 
Area 
[km2] ET [m] ET [mil m3] 

Grain 10.2 0.63 6.4 

Corn 215.6 1.01 216.9 

DryBean 4.4 0.72 3.2 

Oth Fld 137.8 0.82 113.0 

Alfalfa 70.9 1.51 106.9 

Pasture 77.8 1.43 111.0 

Pr Tom 1.6 0.95 1.5 

Cucurb 3.6 0.97 3.5 

Oth Trk 37.0 0.35 12.8 

Al Pist 352.5 1.02 357.9 

Oth Dec 62.3 0.86 53.4 

Subtrop 0.4 1.52 0.6 

Vine 38.9 0.67 26.1 

TOTAL 1013.0   1013.3 
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Figure 13 shows the distribution of ET for each crop type throughout the year. 
 

 
Figure 13. ET by day and crop type. (SEI) 

 
Table 4. Monthly totals of Precipitation, ET, and GW and SW for agricultural use for all crops in Turlock 
subbasin in 2001. (SEI)  

  [mil m
3
] 

  Precipitation ET GW to Ag. SW to Ag. 

Jan 68.06 26.45 0.00 0.05 

Feb 56.03 38.23 0.00 0.00 

Mar 69.15 42.21 0.00 0.00 

Apr 34.47 63.78 0.00 38.20 

May 0.00 131.36 0.00 179.20 

Jun 0.00 174.98 40.35 148.04 

Jul 0.00 174.00 47.25 141.75 

Aug 0.00 153.26 41.89 150.82 

Sep 1.86 92.65 23.06 92.23 

Oct 9.59 51.22 0.00 19.96 

Nov 47.61 36.79 0.00 0.83 

Dec 58.02 28.37 0.00 0.00 

TOTAL 344.80 1013.31 152.55 771.08 
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Figure 14. Water supply and demand by month in 2001. (SEI) 

 
The yield and market price of each crop was taken from USDA National (2016b). Each crop’s 
water demand per weight of final product was taken from Mekonnen and Hoekstra (2011). In 
most cases, average values for California (1996-2005) were used. Where not available, values 
for the United States were used. Green, blue and grey water were summed to obtain total water 
demand. Market price was divided by water demand to obtain the revenue per cubic meter of 
water and revenue per hectare for each crop (see Table 11). Production costs were taken from 
the Census of Agriculture for California, 2012 (USDA, 2013b). In that year, production expenses 
were 83.17563% of the revenue. This proportion was assumed to be true in 2001 and 2050 for 
each crop.  
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Table 5. Yield, price, water demand, and revenue per area for 35 common California crops. 

 
Price and water data was not available for every crop in the WEAP results (SEI), so several 
were approximated. Grain was approximated as wheat, Corn as sweet corn, DryBean as 
carrots, Oth Fld and Pasture as hay, Pr Tom and Fr tom as tomatoes, CuCurb as cucumber, 
and Oth trk and Subtrop as broccoli. A weighted average of the data for almonds and pistachios 
(according to their respective areas) were used for Al pist. An average of the data for oranges, 
grapefruit, avocados, apples, plums, peaches, apricots, olives and walnuts were used for Oth 
Dec. 
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3.2.1.6  Projections 
The trend line for the 2012 GDP deflator (see Table 6) was found to have a slope of 1.7924 
year

-1
, which was extrapolated between 2012 and 2050. It was then translated into a 2015 GDP 

deflator by dividing the 2012 GDP deflator value for each year by the GDP deflator value for 
2015, then multiplying by 100. Nominal electricity prices for each year were divided by the 2015 
GDP deflator for that year and multiplied by 100 to produce the GDP-adjusted prices. 
 
The historical electricity prices are annual averages of PG&E’s electricity prices for industries 
(California Energy, 2016a). PG&E serves the Turlock subbasin, and agriculture pays industry 
rates. Once adjusted for GDP, the trend-line of historical electricity prices has a near-zero slope. 
For the low electricity price estimate (Energy A), electricity was assumed to continue this trend, 
so the last recorded price (2015) was assumed to stay constant (in GDP-adjusted dollars). GDP 
is assumed to increase linearly as per its historic trend (1977-2012). In the high energy estimate 
(Energy B), a 50% increase in GDP-adjusted electricity price is assumed (2015-2050). Climate 
projections and the negative correlation between precipitation and electricity prices (see Figures 
15 and 16) suggest that electricity prices will increase in the future, though the extent of the 
increase is unclear. 
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Table 6. Historical and projected electricity prices, adjusted for GDP (California Energy, 2016a).  

  Nominal price   2015 GDP-adjusted price 

  [cent/kWh]   [cent/kWh] 

Year Historical 
2015 GDP 
Deflator Historical Energy A Projection 

Energy B 
Projection 

1977 3.3 31.08 10.7    

1978 2.9 33.26 8.8    

1979 3.1 36.03 8.7    

1980 4.1 39.31 10.6    

1981 5.2 43.00 12.2    

1982 5.6 45.62 12.3    

1983 6.2 47.43 13.1    

1984 7.7 49.21 15.6    

1985 8.5 50.70 16.9    

1986 8.1 51.82 15.6    

1987 6.1 53.32 11.5    

1988 5.9 55.15 10.8    

1989 6.3 57.24 11.1    

1990 6.6 59.44 11.1    

1991 7.2 61.55 11.7    

1992 7.3 63.01 11.6    

1993 7.2 64.40 11.2    

1994 7.0 65.76 10.7    

1995 6.9 67.13 10.3    

1996 6.4 68.41 9.3    

1997 6.1 69.62 8.7    

1998 5.7 70.40 8.1    

1999 6.3 71.44 8.8    

2000 6.3 72.98 8.7    

2001 9.7 74.63 13.0    

2002 11.5 75.84 15.2    

2003 11.3 77.44 14.6    

2004 10.6 79.62 13.4    

2005 10.3 82.26 12.5    

2006 10.4 84.92 12.2    

2007 10.0 87.38 11.4    

2008 8.9 89.32 9.9    

2009 10.5 90.10 11.6    

2010 10.3 91.30 11.2    

2011 10.8 93.25 11.6    

2012 10.5 94.90 11.1    

2013   96.60  11.1   
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  Nominal price   2015 GDP-adjusted price 

  [cent/kWh]   [cent/kWh] 

Year Historical 
2015 GDP 
Deflator Historical Energy A Projection 

Energy B 
Projection 

2014   98.30  11.1   

2015 10.68 100.00 10.68 10.68 10.68 

2016   101.70  10.68 10.83 

2017   103.40  10.68 10.99 

2018   105.10  10.68 11.14 

2019   106.80  10.68 11.29 

2020   108.50  10.68 11.44 

2021   110.21  10.68 11.60 

2022   111.91  10.68 11.75 

2023   113.61  10.68 11.90 

2024   115.31  10.68 12.05 

2025   117.01  10.68 12.21 

2026   118.71  10.68 12.36 

2027   120.41  10.68 12.51 

2028   122.11  10.68 12.66 

2029   123.81  10.68 12.82 

2030   125.51  10.68 12.97 

2031   127.21  10.68 13.12 

2032   128.92  10.68 13.27 

2033   130.62  10.68 13.43 

2034   132.32  10.68 13.58 

2035   134.02  10.68 13.73 

2036   135.72  10.68 13.88 

2037   137.42  10.68 14.04 

2038   139.12  10.68 14.19 

2039   140.82  10.68 14.34 

2040   142.52  10.68 14.49 

2041   144.22  10.68 14.65 

2042   145.93  10.68 14.80 

2043   147.63  10.68 14.95 

2044   149.33  10.68 15.10 

2045   151.03  10.68 15.26 

2046   152.73  10.68 15.41 

2047   154.43  10.68 15.56 

2048   156.13  10.68 15.71 

2049   157.83  10.68 15.87 

2050   159.53   10.68 16.02 
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As can be seen in Figures 15 and 16, Electricity price and precipitation are negatively correlated 
– dry years tend to be followed by increases in electricity prices (with a delay) and vice versa. 
Changes in precipitation explain 69% of the variation in electricity prices (Pacific Institute, 2013).  

Figure 15. Cumulative departure from Mean Annual Precipitation for California (California DWR, 2007). 

 

Figure 16. GDP-adjusted PG&E electricity prices for California industries, annual averages (California 
Energy, 2016a).  

 
Relative to the year 2000, average temperatures in the northern Central Valley are projected to 
be 1.6 °C higher with 11% less precipitation (Chung et al, 2009). These values have been 
applied to the Turlock subbasin. In the Sierra Nevada Mountains, precipitation is expected to 
decrease by 4% in the same years. This will decrease the amount of available SW in the 
Turlock subbasin, though it is difficult to say exactly to what extent. 
 
Monthly meteorological data for the year 2001 at Merced monitoring station were entered into 
an ET0 calculator from the FAO Water Development and Management Unit, in order to 
calculate monthly ET0 values for Turlock in 2001. ET0 is a reference evapotranspiration. It is 
equal to the volume of water per unit area that would be lost due to ET from a reference crop in 
a given period of time. It is a function of the meteorological variables that affect ET: 
temperature, solar radiation, humidity and wind speed. The temperatures were then modified by 
adding 1.6°C to each average temperature to simulate the climate in 2050. The 2050 monthly 
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ET0 values were divided by the 2001 ET0 values to produce a coefficient by which the 2001 ET 
values in WEAP (SEI) were multiplied. The results are shown in Table 7. 
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3.2.2 RESULTS 
 
3.2.2.1  Specific Yield 
The SY for each township and depth slice, as well as the area of overlap between each 
township and Turlock subbasin, are given in Table 8: 
 
Table 8: Specific yield for each township and depth slice, and the area of overlap between each township 
and Turlock subbasin. SY data from Davis, et al (1959). 

    Specific Yield [%]   

Township GW Depth [ft]   

E S 10-50 50-100 100-200 200-300 300-1000 Area [km
2
] 

3 10 12.1 10.4 9.8 7.5 4.2 0.3 

3 11 14 9.4 5.7 7.5 4.2 5.3 

3 12 14 9.4 5.7 7.5 4.2 13.4 

3 13 14 9.4 5.7 7.5 4.2 8.7 

3 14 14 9.4 5.7 7.5 4.2 15.1 

4 7 12.2 12.7 5.5 7.5 4.2 8.7 

4 8 12.2 12.7 5.5 7.5 4.2 54 

4 9 13.1 11.4 11.9 7.5 4.2 82.7 

4 10 15 18.8 11.9 7.5 4.2 94.29 

4 11 14 9.4 5.7 7.5 4.2 94.29 

4 12 13.65 11.05 7.15 7.5 4.2 94.29 

4 13 13.65 11.05 7.15 7.5 4.2 94.29 

4 14 13.65 11.05 7.15 7.5 4.2 76.9 

4 15 13.65 11.05 7.15 7.5 4.2 1.9 

5 8 14.4 11.3 11.3 7.5 4.2 34 

5 9 14.4 11.3 11.3 7.5 4.2 94.29 

5 10 11.4 8.4 6.9 7.5 4.2 94.29 

5 11 13.3 12.7 8.6 7.5 4.2 94.29 

5 12 13.3 12.7 8.6 7.5 4.2 94.29 

5 13 13.3 12.7 8.6 7.5 4.2 75.2 

5 14 13.3 12.7 8.6 7.5 4.2 32.7 

5 15 13.3 12.7 8.6 7.5 4.2 8 

6 9 10.3 12.6 9.9 7.5 4.2 60.1 

6 10 13.4 14.4 8.1 7.5 4.2 94.29 

6 11 17.8 13.3 7.9 7.5 4.2 60.5 

6 12 17.2 14.2 7.2 7.5 4.2 15.9 

7 9 17.9 12.1 15.8 7.5 4.2 1 

7 10 17.9 12.1 15.8 7.5 4.2 3.7 
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3.2.2.2  Storage Capacity 
The SC of various depth slices of Turlock subbasin are given in Table 9: 
 
Table 9: Storage capacity of Turlock subbasin, by depth. Based on data from Davis, et al (1959). 

  Storage Capacity [mil m
3
] 

Depth [ft] 0-10 10-50 50-100 100-200 200-300 300-1000 

Individual 1406 2331 2600 3623 3215 12603 

Cumulative 1406 2913 5514 9137 12352 24955 

 
3.2.2.3  GW Levels 
Average depths for the years 2000, 2001, 2006 and 2016 are given in Table 10 for each 
township and for Turlock subbasin as a whole. The average depth for Turlock subbasin for each 
year is calculated by multiplying each township’s average depth by its area, and dividing their 
sum by the total area. 
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Table 10: Average depths for each township and year recorded. Based on data from California DWR 
(2016d). 

Township Average Depth [m] 

E S 2000 2001 2006 2016 

3 10 6.22 6.52 7.20 17.04 

3 11 28.04 28.50 32.34 39.22 

3 12 42.06 40.84 51.30 63.39 

3 13 41.45 42.82 55.28 69.47 

3 14 64.41 64.41 11.89 11.89 

4 7 2.53 3.14 4.67 8.67 

4 8 2.53 3.14 4.67 8.67 

4 9 2.73 3.79 4.21 11.52 

4 10 6.22 6.52 7.20 17.04 

4 11 28.04 28.50 32.34 39.22 

4 12 42.06 40.84 51.30 63.39 

4 13 41.45 42.82 55.28 69.47 

4 14 64.41 64.41 11.89 11.89 

4 15 64.41 64.41 11.89 11.89 

5 8 2.73 3.02 2.88 4.46 

5 9 4.27 4.36 5.05 5.94 

5 10 2.23 3.34 11.07 8.87 

5 11 28.12 27.66 32.72 41.24 

5 12 51.97 53.49 54.57 65.62 

5 13 110.89 110.89 64.16 83.63 

5 14 55.54 55.54 39.65 39.65 

5 15 55.54 55.54 39.65 39.65 

6 9 1.37 1.35 1.85 2.58 

6 10 2.62 2.83 2.55 4.84 

6 11 5.38 5.64 6.33 10.64 

6 12 3.66 18.07 31.12 37.52 

7 9 1.37 1.35 1.85 2.58 

7 10 2.62 2.83 2.55 4.84 

    Weighted Average [m] 

     Turlock 27.16 27.65 24.46 30.94 

 
The shallowest areas are near the San Joaquin River in the West, where ground elevation is 
lowest, and at the eastern limits of the subbasin, where the land is not cultivated. The deepest 
areas are in the center of the study area, east of the city of Turlock, as seen in Figure 17. A 
cone of depression east of Turlock is confirmed by the Turlock Groundwater Basin Association 
(2008). 
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Figure 17. Turlock subbasin (outlined in yellow), its 28 townships (color-coded for 2016 GW depth), and 
the 57 monitoring wells whose data were used in calculations (pins). Data from California DWR (2016d). 

 
3.2.2.4  Water Balance 
Figure 18 shows the results of the topsoil water balance for the year 2001. The difference 
between the system’s inputs and outputs is equal to the change in soil moisture: -15.1 mil m

3
. 

 

 
Figure 18: Water balance for agricultural topsoil in Turlock subbasin, 2001 (SEI). 

 
Figure 19 shows the results of the aquifer water balance for the year 2001. The difference 
between the system’s inputs and outputs is equal to the change in GW volume: -95.6 mil m

3
. 
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Figure 19: Water balance for the Turlock aquifer, 2001 (SEI). 

 
3.2.2.5  Surface Water Supply Costs 
A low estimate of the energy requirements of groundwater pumping is derived from Martin, et al 
(2011), and given by equation 9: 

  𝐸𝑙 =  0.000519 ∙ 𝐷 +  0.0048     (9) 

, where El [kWh/m
3
] is electricity requirements, and D [m] is GW depth.  

 
A high estimate of the energy requirements of groundwater pumping is derived from Cohen, et 
al (2004), and given by equation 10: 

  𝐸𝑙 =  0.003881 ∙ 𝐷 +  0.0048     (10) 

, where El [kWh/m
3
] is electricity requirements, and D [m] is GW depth.  

 
Energy requirements for each scenario, year and energy estimate are summarized in Table 13. 
  
3.2.2.6  Crop Irrigation and Market Prices 
For each crop, the water usage of each crop was calculated by multiplying its water demand 
from Table 5 [m

3
/hectare] by its area according to SEI’s WEAP platform. These values were 

then adjusted so that their total equaled the total ET according to the results of SEI’s WEAP 
platform. This adjusted water usage for each crop was multiplied by its revenue per unit water 
(see Table 11) to calculate its revenue (see Figure 20). The sum of these values is the total 
revenue from agriculture in the Turlock subbasin in 2001: $718 263 239.22. The revenue for 
each year and scenario can be found in Appendix B. 
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Figure 20. Area, water usage and revenue by crop type. 

 
From the perspective of maximizing revenue with a limited water supply, revenue per unit water 
was seen as an important property of each crop. Table 11 lists each crop’s revenue, profit and 
profit-minus-subsidy for 2001, as well as profit-minus-subsidy for 2050 using high and low 
energy cost estimates (Energy A and Energy B, respectively). While a positive profit makes a 
crop profitable for the producer, it is only profitable for society (welfare increasing) if its profit-
minus-subsidy is positive. 
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Table 11. Revenue, profit, and profit minus CVP subsidy per cubic meter of water for 35 common 
California crops. 

 
     [$/m3] 

  2001 2050 

  BAU Energy_A Energy B 

Crop Revenue Profit 
Profit - 

Subsidy 
Profit - 

Subsidy 
Profit - 

Subsidy 

Strawberries 8.796 1.480 1.455 1.453 1.443 

Lettuce 6.574 1.106 1.081 1.080 1.069 

Tomatoes 5.437 0.915 0.890 0.888 0.878 

Carrots 4.747 0.799 0.774 0.772 0.762 

Spinach 4.454 0.749 0.724 0.723 0.712 

Oranges 4.346 0.731 0.706 0.705 0.694 

Bell Peppers 3.882 0.653 0.628 0.627 0.616 

Garlic 3.644 0.613 0.588 0.587 0.576 

Broccoli 2.841 0.478 0.453 0.452 0.441 

Grapefruits 2.432 0.409 0.384 0.383 0.372 

Squash 2.232 0.376 0.351 0.349 0.339 

Avocados 1.886 0.317 0.292 0.291 0.280 

Artichokes 1.879 0.316 0.291 0.290 0.279 

Grapes 1.502 0.253 0.228 0.226 0.216 

Kiwis 1.464 0.246 0.221 0.220 0.209 

Cucumbers 1.280 0.215 0.190 0.189 0.178 

Watermelons 1.121 0.189 0.164 0.162 0.152 

Apples 1.052 0.177 0.152 0.150 0.140 

Plums 0.993 0.167 0.142 0.141 0.130 

Peaches 0.912 0.153 0.128 0.127 0.116 

Asparagus 0.867 0.146 0.121 0.119 0.109 

Apricots 0.779 0.131 0.106 0.104 0.094 

Olives 0.722 0.121 0.096 0.095 0.085 

Potatoes 0.711 0.120 0.095 0.093 0.083 

Corn 0.645 0.109 0.084 0.082 0.072 

Pistachios 0.601 0.101 0.076 0.075 0.064 

Almonds 0.485 0.082 0.057 0.055 0.045 

Alfalfa 0.362 0.061 0.036 0.034 0.024 

Cotton 0.341 0.057 0.032 0.031 0.020 

Walnuts 0.255 0.043 0.018 0.016 0.006 

Wheat 0.187 0.032 0.006 0.005 -0.005 

Rice 0.151 0.025 0.000 -0.001 -0.012 

Barley 0.132 0.022 -0.003 -0.004 -0.015 

Hay 0.114 0.019 -0.006 -0.007 -0.018 

Oats 0.074 0.012 -0.013 -0.014 -0.025 
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3.2.2.7  Projections 
The effects of climate change can be seen in Figures 21 and 22. Reduced precipitation and 
increased ET in 2050 compared to 2001 leads to an increased dependence on GW. 
 

Figure 21. Monthly precipitation and ET in 2001 and 2050 compared. 2001 data from SEI.  
 

Figure 22. Water supply and demand by month in 2050.   
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Table 12 summarizes some key changes between 2001 and 2050 caused by GW overdraft and 
climate change if 2001 production levels are continued. By 2050, the GW level will be 34.5 m 
lower, causing the energy requirement of pumping it to increase 95%. The increased 
dependence on GW due to climate change will accelerate these changes. 
 
Table 12. GW overdraft, GW depth, cost and energy requirement of extraction, change in GW depth, and 
change in cost and energy requirement of extraction for Business As Usual, years 2001 and 2050 
(Energy A estimates). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.2.8  Summary of Input Data to CBA 
Table 13 compares the CBA scenarios. The cost and energy requirement of water from each 
source is used in calculations in the CBA. 
 
  

Business As Usual 2001 2050 

Overdraft [mil m
3
] 95.6 191.8 

Initial Depth [m] 27.7 62.2 

Avg Energy 
Requirement[Wh/m

3
] 

19.3 37.6 

Avg Cost [cent/m
3
] 

    
0.25103  

    
0.40109  

Change in Depth [m] 0.62 1.73 

Change in Energy 
Requirements [Wh/m

3
] 

0.320 0.897 

Change in Cost 
[cent/m

3
] 0.416 0.958 
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Table 13: Water balance, depth, energy intensity and energy costs for all scenarios, years and energy 
estimates are summarized. 

      BAU Adapt Farming Adapt Water Supply 

      2001 2050 2001 2050 2001 2050 

  

W
a

te
r 

B
a

la
n
c
e

 [
m

il 
m

3
] 

Applied Water 923.63 994.99 818.51 815.06 923.63 994.99 

  Surface Water 771.08 771.08 771.08 771.08 866.65 934.97 

  
Groundwater 152.55 

       
223.91  47.43 43.98 56.98 60.02 

  Net Recharge -95.57 -191.79 0 0 0 0 

  Natural 21.28 21.28 21.28 21.28 21.28 21.28 

  Agricultural -37.23 -133.45 58.34 58.34 58.34 58.34 

  Urban -79.62 -79.62 -79.62 -79.62 -79.62 -79.62 

  
Precipitation (Ag.) 344.80 

       
306.87  344.80 306.87 344.80 306.87 

  
Safe Yield 47.43 

         
43.98  47.43 43.98 56.98 60.02 

  
Decrease needed 105.12 

       
179.93  0 0 0 0 

  

D
e

p
th

 [
m

] 

Initial 27.65 62.25 27.65 27.65 27.65 27.65 

  Final 28.27 63.98 27.65 27.65 27.65 27.65 

  Change 0.616 1.728 0 0 0 0 

E
n

e
rg

y
 A

 E
le

c
tr

ic
it
y
 

GW [kWh/m
3
] 0.0193 0.0376 0.0192 0.0192 0.0192 0.0192 

Desal [kWh/m
3
] 1.355 1.355 1.355 1.355 1.355 1.355 

GW + Desal 
[MWh] 

         
2,946  

         
8,409  

          
908  

          
842  

     
130,582  

     
223,212  

W
a

te
r 

C
o

s
ts

 

GW [$/m
3
] 

     
0.00251  

     
0.00401  

   
0.00249  

   
0.00205  

     
0.00249  

     
0.00205  

SW [$/m
3
] 0.03891 0.03891 0.03891 0.03891 0.03891 0.03891 

Desal [$/m
3
] 2.561 2.530 2.561 2.530 2.561 2.530 

All Water [mil $] 
         
30.39  

         
30.90  

       
30.12  

       
30.10  

       
274.91  

       
444.72  

E
n

e
rg

y
 B

 E
le

c
tr

ic
it
y
 

GW [kWh/m
3
] 0.1133 0.2497 0.1121 0.1121 0.1121 0.1121 

Desal [kWh/m
3
] 1.545 1.545 1.545 1.545 1.545 1.545 

GW + Desal [MWh] 
       
17,285  

       
55,918  

       
5,317  

       
4,930  

     
154,031  

     
259,919  

W
a

te
r 

C
o

s
ts

 

GW [$/m
3
] 

     
0.01473  

     
0.04001  

   
0.01457  

   
0.01796  

     
0.01457  

     
0.01796  

SW [$/m
3
] 0.03891 0.03891 0.03891 0.03891 0.03891 0.03891 

Desal [$/m
3
] 2.586 2.633 2.586 2.633 2.586 2.633 

All Water [mil $] 
         
32.25  

         
38.96  

       
30.70  

       
30.80  

       
277.96  

       
462.52  
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3.3 Cost-Benefit Analysis 
In a complete CBA of groundwater management strategies, all consequences of groundwater 
overdraft would be valuated and costs and benefits assessed at an appropriate time-step, such 
as annually, and with an appropriate discount rate. The simplified CBA here quantifies the 
impact of groundwater overdraft on the cost and energy-intensity of groundwater extraction. 
This is used to compare the profitability of three groundwater management strategies in each of 
two years – one historical and one future. 

 
3.3.1 SCOPE 
The scope of the CBA is agriculture in the Turlock sub-basin. It was chosen based on data 
availability. Annual costs and benefits for the years 2001 and 2050 are assessed. 2001 was 
chosen because of data availability, and because the extent to which groundwater was 
overdrafted in that year was similar to the most recent 10-year average (2006-2015). 2050 was 
chosen because climate projections were available for that year, and it is adequately far into the 
future for changes in climate and groundwater depth to be significant. Benefits are represented 
by the market value of produce, while costs are represented by production costs for that 
produce, with a focus on water supply. Groundwater overdraft has many external effects that 
are not included in this CBA. 
 

3.3.2 PROBLEM AND PURPOSE 
Current agricultural groundwater usage is detrimental and unsustainable. The purpose of this 
CBA is to compare the profitability of BAU to crop adaptations and water supply adaptations that 
reduce groundwater extraction to a sustainable level – that is, equal to the safe yield. The 
relative energy consumption of the water supply in each scenario is also assessed. 
 

3.3.3 SCENARIOS 
Four scenarios are assessed, each using two methods for calculating the amount of energy 
required to pump groundwater, and the price of electricity: Energy A and Energy B, which 
provide low and high energy cost estimates, respectively. In Energy A, electricity requirements 
for pumping GW, as a function of depth, are calculated using equation 9. Electricity prices are 
estimated using the GDP-adjusted trend line, giving a 2050 electricity price of 0.1068 $/kWh. In 
Energy B, electricity requirements for pumping GW are calculated using equation 10. The 2050 
electricity price is estimated as 0.1602 $/kWh, reflecting the correlation between precipitation 
and electricity prices given by the Pacific Institute (2013). In both Energy A and Energy B, the 
GDP-adjusted 2001 electricity price of 0.13 $/kWh is used. 
 
The scenarios assessed are Business As Usual, Adapt Farming – Reduce, Adapt Farming – 
Replace, and Adapt Water Supply. The same climate, available surface water, urban water 
demand and electricity price projections are used in all scenarios. For the year 2050, climate 
projections regarding average temperature and precipitation are applied. Temperatures are 
estimated by adding 1.6°C to 2001 temperatures, and precipitation is estimated by reducing 
2001 precipitation by 11%. The higher temperatures increase crop water demand, and the 
reduced precipitation reduces the water available to meet that demand. Although the amount of 
available surface water would be significantly reduced by the change in climate, it is difficult to 
calculate to what extent. Therefore, the 2001 amount of available surface water – 771.08 mil m

3
 

– is applied to 2050, producing conservative estimates of the increase in reliance on GW. Urban 
GW extraction and recharge is also assumed to remain constant. 
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3.3.3.1  Reference Scenario (BAU) 
The reference scenario is BAU. Production continues unchanged, resulting in a constant annual 
revenue (once adjusted for GDP), and an annual GW overdraft, thus increasing the cost of GW 
extraction each year due to a falling GW level. The 2001 rate of GW overdraft (95.6 million cubic 
meters per year) continues through 2049. The initial GW depth in 2001 is 27.65 m, as calculated 
from well log data. The final GW depth in 2001 is 28.27 m, as calculated from the aquifer’s 
water balance and SY. At the start of 2050, the GW depth is 62.2 m, as it would be if the GW 
volume in the Turlock sub-basin were depleted by 95.6 mil m

3
/yr for 48 years, at an initial depth 

of 28.27 m. Both the increased temperature and the decreased precipitation in 2050 contribute 
to a 47% increase in GW extraction and a 101% increase in GW overdraft in 2050 compared to 
2001. 152.55 and 223.91 mil m

3
 of GW are extracted in 2001 and 2050, respectively. 

 
While GW is overdrafted in the BAU scenario, GW extraction in the other scenarios is limited to 
its safe yield from 2001 through 2050. Because extraction is equal to recharge, the GW level is 
constant at 27.65 m. The scenarios are distinguished by the manner by which the rate of GW 
extraction is reduced to the safe yield. 
 
3.3.3.2  Adapt Farming – Reduce 
The Adapt Farming scenarios seek to reduce groundwater extraction by reducing water 
demand. In the Adapt Farming – Reduce scenario, crops are fallowed to the extent necessary to 
meet the safe yield: 47.4 mil m

3
 in 2001 and 44.0 mil m

3
 in 2050. Crops are fallowed in order of 

increasing revenue per unit water, measured in $/m
3
. The purpose of this scenario is to 

investigate whether or not the loss in production is outweighed by the savings in GW extraction 
costs. 
 
3.3.3.3  Adapt Farming – Replace 
In the Adapt Farming – Replace scenario, GW extraction is reduced to the safe yield without 
reducing revenue. Once GW extraction has been reduced in the manner described in the 
Reduce scenario, the lowest revenue-per-unit-water crop remaining is replaced by tomatoes – 
the highest revenue-per-unit-water crop grown in the Turlock sub-basin – to the extent 
necessary to return revenue to the BAU level. The reduction in low value crop production and 
the increase in tomato production are matched in terms of water demand – for example, 100 m

3
 

of water is used to water additional tomatoes instead of pasture. So overall water demand is not 
affected by the change in crops. The purpose of this scenario is to investigate the profitability of 
water-conscious crop choices. 
 
3.3.3.4  Adapt Water Supply 
In the Adapt Water Supply scenario, production remains unchanged. GW extraction is instead 
reduced to the safe yield by supplementing SW with desalinated water – 95.6 and 163.9 mil m

3
 

in 2001 and 2050 respectively. 57.0 and 60.0 mil m
3
 of GW are extracted in 2001 and 2050, 

respectively. The higher safe yield is due to GW recharge from the desalinated water. The 
purpose of this scenario is to assess the profitability of maintaining the current production level, 
which exceeds the sum of the available SW and the safe yield of GW. Today’s water demand 
necessitates alternative water sources – if not today to avoid GW overdraft, then in the future 
when GW has been depleted. 
 

3.3.4 METHOD 
The CBA was calculated in Excel. The profit from each scenario, energy estimate and year were 
calculated by subtracting costs (water supply costs and an estimate of other production costs) 
from revenue. The relative profitability in each case was calculated by subtracting the profit in 
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BAU from the profit in each of the other scenarios, for the same energy estimate and year. The 
energy requirement of supplying SW to the study area is not known, but because this is 
assumed to be held constant across all scenarios, the relative energy requirement is 
nonetheless able to be calculated. 
 

3.3.5 RESULTS 
For complete results of the CBA, see Appendix B. The energy needed to supply water in each 
scenario, relative BAU, is presented in Table 14. The profitability of each scenario relative BAU 
is presented in Table 15. 
 
Table 14. The energy requirement of supplying water for irrigation in each scenario, relative BAU. 

Energy Relative BAU [GWh] 

Scenario 

Energy A Energy B 

2001 2050 2001 2050 

Adapt Farming -Reduce -2.0 -7.6 -12.0 -51.0 

Adapt Farming - Replace -2.0 -7.6 -12.0 -51.0 

Adapt Water Supply 127.6 214.8 136.7 204.0 

 
Table 15. The profitability of each scenario relative BAU. 

Profit Relative BAU [mil $] 

Scenario 

Energy A Energy B 

2001 2050 2001 2050 

Adapt Farming - Reduce -1.9 -4.0 -0.7 3.4 

Adapt Farming - Replace 0.3 0.8 1.6 8.2 

Adapt Water Supply -244.5 -413.8 -245.7 -423.6 

 

3.3.6 ANALYSIS 
In all cases, the Adapt Farming scenarios reduced energy usage while the Adapt Water Supply 
scenario increased energy usage significantly. In 2001, the energy savings seen in the Adapt 
Farming scenarios were due to reduced GW extraction. In 2050, the energy savings are larger, 
in part due to increased GW extraction in BAU, and in part because the water table in BAU is 
34.6 m lower than that of the other scenarios in 2050. Because of the difference in GW depth, 
energy requirements for GW extraction are 96 - 123% higher per unit water in BAU than in the 
other scenarios in 2050. The energy required to desalinate brackish water and to convey it to 
Turlock sub-basin far exceed the energy required to pump GW, resulting in the increased 
energy usage in the Adapt Water Supply scenario. 
 
Adapt Farming – Replace was the only scenario to be more profitable than BAU in 2001. It is 
more profitable in all cases because it achieves the same revenue as BAU with less GW 
extraction, and thus lower production costs. It also avoids groundwater overdraft and the 
subsequent increase in GW extraction costs. In 2050, Adapt Farming – Reduce was less 
profitable than BAU using low energy cost estimates, but more profitable using high energy cost 
estimates. This demonstrates the sensitivity of groundwater management decisions to energy 
cost estimates, and also to choice of discount rate, as the Adapt Farming – Reduce strategy 
was initially unprofitable, but became profitable in the future using high energy cost estimates. 
The cost of desalinated water is much higher than that of GW, making the Adapt Water Supply 
unprofitable in all cases.  
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4 Discussion____ 
 

4.1 Generalizability  
While most groundwater basins in the southern Central Valley are critically overdrafted, Turlock 
is one of two that are not. In 2001, GW made up 16.5% of total applied water for agriculture, and 
the average GW depth was 28.0 m. The average Central Valley basin is more heavily reliant on 
groundwater pumped from greater depths than in Turlock. Wells in the study area extract water 
only from unconfined or semi-confined aquifers. In some basins, wells also extract water from 
confined aquifers, which would need to be modeled differently. 
 
Regardless of the source, the cost of water varies depending on where it is consumed. GW 
levels and aquifer characteristics such as SY and SC vary from location to location. Both 
surface water and desalinated water must be conveyed to its consumer, the cost of which 
depends on the distance and elevation gain between its source and destination. Desalination 
costs also vary depending on the salinity of the source water. All of these factors mean that the 
numbers used in this study cannot readily be applied directly to other areas. However, many of 
their implications of the case study’s results are applicable throughout the Central Valley. They 
suggest that it is only by reducing water demand – not increasing water supply – that 
groundwater overdraft can be avoided without economic losses. The revenue from agriculture 
per unit water is simply too low to offset the cost of procuring water from alternative sources 
such as desalination. 
 

4.2 Critique 
The CBA conducted is simplified. It does not include all costs and benefits of agriculture, only 
two discrete points in time are calculated, and future costs and benefits are not discounted. In 
particular, the increase in extraction costs is one of many costs of groundwater overdraft. While 
the electricity prices considered in Energy A and Energy B are both feasible, only one of the 
equations for the energy requirement of pumping water can be correct. Many estimates have 
been used for data that varies significantly over space and time. In these cases, data for a 
“standard year” and in a location as close to Turlock as possible have been used. In particular, 
calculations for crop ET varied significantly among sources. Many variables affect the water 
demand of each crop per unit area, revenue or weight. 
 
The calculations made in the case study also rely on a number of significant assumptions. The 
lateral flow into and out of the study area was assumed to be unaffected by the groundwater 
level. The production costs of each crop were assumed to be 87% of the revenue for each crop. 
Although this gives the correct total for all California crops in 2015, it is likely not true for each 
crop, affecting the estimated profit per unit water [$/m3], and profitability of each crop. The 
market price of each crop is assumed to increase at the same rate as GDP, thus staying 
constant in GDP-adjusted USD. This assumption ignores the effect that a shift in crop 
production would have on market prices. 
 
The impact of climate change on GW extraction is likely underestimated in this study due to the 
fact that available SW has been assumed to remain constant despite reduced rainfall in the 
watershed. This assumption has been made because of the difficulty of making accurate 
predictions of the effect of climate change on SW availability. In reality, available SW is likely to 
decrease, thus exacerbating the increased reliance on GW in 2050. Also, the ET0 calculated for 
2050 reflects only an increase in temperature. In reality, other factors such as reduced humidity 
and increased winds may accompany rising temperatures, thus magnifying the increase in ET0. 
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Climate change has been assumed to affect only the year 2050. In reality, even the years 
between 2000 and 2050 would be increasingly warm and dry, on average, causing the 2002-
2050 change in GW level to be greater than estimated in the study. 
 

4.3 Amplified Effects 
The variables affecting GW extraction and its cost amplify each other’s effects in several cases. 
Not only do rising temperatures increase water demand, they also decrease water supply due to 
increased evaporation, less snow and a temporal shift in snowmelt, leaving GW to make up for 
both the increased demand and decreased supply. As for energy costs, decreased precipitation 
leads to decreased SW and increased GW pumping. More m

3
 GW must be pumped to the 

surface, and if this causes the aquifer to be overdrafted, more kWh are required for each m
3
. At 

the same time, a negative correlation between precipitation and electricity prices means that 
each kWh costs more during a dry period. As California’s population increases, there is 
increased competition over water between agriculture and other sectors. But at the same time, 
more food must be produced to feed to growing population. These interactions between 
variables necessitate a holistic perspective. The effect of each variable, viewed in isolation, can 
easily lead to an underestimate of GW extraction and its costs. 
 

4.4 Appropriate Agriculture 
A wide variety of crops thrive in the Central Valley’s climate and soil. That means that farmers 
have the freedom to grow high-value crops that cannot grow elsewhere in the US. Why, then, 
are low value crops such as grains being grown in the Central Valley? The limited water 
available to the Central Valley should be reserved for high-value crops – low-value crops that 
can be grown elsewhere have no place in the Central Valley. 
 
There is a sense of entitlement in western agriculture. If irrigation needs aren’t met, it is due to 
the government’s failure to supply it. Historically, the government has pushed farmers into the 
arid west and encouraged high production (Reisner, 1986). Where natural limitations perhaps 
should have guided human activities, they were seen as mere bumps in the road – overlooked 
with the arrogance that mankind can and should overcome any natural obstacles. Agriculture in 
semi-arid climates is irresponsible at the level it exists in the Central Valley. Overconfidence in 
our abilities to conquer nature has forced us to choose between the high cost of keeping an 
industry on life support, and the consequences of letting it wither. The question is: Is it worth it? 
Does the benefit of the last piece of produce exceed the cost of providing the water to produce 
it? This study has shown that for oats, hay, barley and rice, this is not the case. 
 

4.5 Internalization of Costs  
The market will naturally balance marginal costs against marginal benefits at the optimal level of 
production for society, but only if all costs are borne by the producer. Surface water subsidies 
and the external costs of GW overdraft result in a suboptimal production level. These costs must 
be internalized by placing the whole cost of irrigation on the farmers, and managing GW. By 
doing so, welfare can be maximized. 
 

4.6 Suggestions for Further Research 
A comparison of various agricultural regions in the United States should be done to assess 
whether or not it would be more profitable for society to grow oats, hay and barley elsewhere. 
This project should be expanded into a full CBA of irrigation in the Central Valley, including such 
costs as loss of groundwater shortage and subsequent risk for future production losses, the cost 
of injected freshwater to prevent saltwater intrusion, loss of production due to degraded 
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groundwater quality, and damage to infrastructure from land subsidence. If these costs could be 
assessed annually, the net present value of several scenarios could be compared in order to 
give concrete support to groundwater policy decisions. The sensitivity of the results to electricity 
and produce prices, temperature and precipitation should be fully assessed. Also, more 
scenarios should be added to investigate water efficiency, recycling options, and the profitability 
of reducing GW extraction to less than the safe yield in order to raise GW level above recent 
levels. Data on the energy requirements of the Central Valley Project would allow for the total 
energy demand of irrigation to be calculated. In this study, prices were treated as exogenous, 
rather than evaluating the effects of each scenario on, for example, produce prices. In reality, if 
farmers stopped producing almonds, the reduced supply would drive up prices, to which farmers 
would respond by increasing production. Limiting irrigation would lead to a new supply-demand  
equilibrium at a new price point. A Computer Generated Equilibrium model would be appropriate 
in order to examine how the market would respond to groundwater management policies. 
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5 Conclusions____ 
 
California’s Central Valley is an excellent region for agriculture, from which society benefits 
greatly. Its climate, soil and groundwater allow for high productivity and a wide variety of crops. 
However, the current level of production is sub-optimal. The volume of water used for irrigation 
exceeds that which is cheaply and sustainably available. Most tangibly for farmers, groundwater 
overdraft increases irrigation costs and the risk of future production losses, though its costs far 
exceed these. The nature of groundwater as a shared resource necessitates intervention in 
order to reach a sustainable level of groundwater extraction. However, groundwater extraction 
metering is a prerequisite for policy instruments. Aquifer characteristics are specific to each 
area, as are the cost and volume of water available, meaning groundwater management 
policies will likely need to be tailored to fit each area’s characteristics. Due to climate change 
and the high cost of alternative water supplies, Central Valley agriculture faces one or more of 
the following outcomes: decreased production, a shift towards higher $/m

3
 crops, and/or 

increased food prices.   
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Appendix A____ 
Specific Yield by Depth and Township. Table 6, Davis et al (1959). 
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CBA Calculations 
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