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ABSTRACT OF THE THESIS 

Assessing the impacts of California drought on agricultural energy consumption 

By 

M Yasir Ak 

Master of Science in Civil Engineering 

University of California, Irvine, 2017 

Professor Amir AghaKouchak, Chair 

 

Energy consumption and water resources are closely interrelated. Extracting, treating and 

transferring water requires energy, yet is essential for energy generation process including 

cooling power plants or hydropower generation. Drought conditions lead to increased 

groundwater pumping in California’s agriculture sector, which causes an increase in energy 

consumption. This brings the intertwined connection between energy and water into focus. Our 

study analyzes the relationship between agricultural energy consumption, primarily from 

groundwater pumping in response to droughts, from 1986-2013. The results show that 

precipitation has a strong relationship with agricultural energy consumption (correlation: -0.53). 

California experienced one of the most extreme droughts on record between 2012-2016. 

Agricultural energy consumption increased by 13% during the 2012-13 period compared to the 

long-term average. Typically, droughts significantly increase agricultural energy consumption, 

and thus lead to more CO2 emissions. During 2012-2013, the carbon footprint of agricultural 

energy consumption increased by 2.22 million metric tons (MMT) relative to the long-term 
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average. In this thesis, we use a copula based conditional probability approach to determine the 

probability energy consumption and CO2 emissions under different drought conditions. We show 

that a decrease of four inches in California precipitation can lead to a 30% increase in the 

probability of agricultural energy consumption being above average. This increase in energy 

consumption corresponds to a 166% increase in the probability of above average CO2 emissions. 

As increasing CO2 emissions stimulate climate change, there will be an increase in extreme 

climatic events, such as floods and droughts. This increase in drought events will further cause 

increases in CO2 emissions, expediting climate change. Policy makers must consider these 

positive feedback loops in their decision-making, and dampen the impacts of drought on 

agricultural energy consumption.  
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1 INTRODUCTION 

Droughts are one of the most harmful natural disasters to society and the environment 

[FEMA, 1995,  Mazdiyasni and AghaKouchak, 2015],and may lead to a significant drop in food 

production and an increase in food prices [Ciais et al., 2005]. For instance, the 2010 Russian 

drought impacted the country’s grain exports, resulting in increased grain prices throughout the 

world [Wegren, 2011]. Annually, droughts cause an economic damage of approximately $6-8 

billion, globally [FEMA, 1995]. For example, a drought spread over 30 US states in 2002, costing 

over $10 billion [Lott and Ross, 2006].  

From 2012 to 2014, California experienced the worst drought in its history, where an 

extreme deficit in precipitation was coupled with its hottest year on record [AghaKouchak, et al., 

2014, Shukla et al., 2015]. Studies show that California’s precipitation deficit in 2014 was only a 

24-year event, but when considering the impacts of temperature, the drought was a 200-year 

event. [AghaKouchak et al., 2014;]. The California drought had great impacts on its agricultural 

sector, including decreases in agricultural production and increases in groundwater pumping. 

[Cooley et al., 2015]. In 2014, California experienced 6.6 million acre-feet decrease in surface 

water for agriculture, which led to the extraction of 5.1 million acre-feet of groundwater. The 

lack of precipitation and significant increase in groundwater pumping caused $1.5 billion in 

agricultural damages. [Howitt et al., 2014].  

California’s agriculture sector is the largest in the United States, consuming approximately 

80% of its water supply [Cooley, 2014] Groundwater pumping by itself is the most substantial 

energy consumer in California [Ameriscan, 2001; Lofman et al., 2002],accounting for 90% of 
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agricultural electricity consumption [Cohen and Nelson, 2004]. During drought periods, farmers 

become more reliant on groundwater, causing significant increases in energy consumption and 

CO2 emissions.  

In this study, we analyze the relationship between agricultural energy consumption and 

drought as well as the impact of drought on CO2 emissions.  In this manuscript, the term  

“agricultural energy consumption” refers to the electricity consumption in the agriculture sector 

primarily used for water pumping and water conveyance[CEC, 2003]. In addition, the term 

drought refers solely to meteorological droughts, a deficit in precipitation. We assess 

correspondence between variables such as precipitation, temperature, energy consumption and 

CO2. Throughout this manuscript, we calculate CO2 emissions based on their relationship with 

energy consumption. We also use a novel, copula based conditional probability methodology to 

investigate how agricultural energy consumption and CO2 emissions, change during years with 

below-average precipitation conditions and above average temperature conditions.  
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2 DATA and METHODOLOGY  

2.1 Data 

Monthly precipitation and temperature values (1896–2013) are obtained from the United 

States Climate Divisional Database, available on the official website of the National Oceanic and 

Atmospheric Administration (NOAA)  http://www.ncdc.noaa.gov/cag/time-series/us . For this 

study, we turned monthly precipitation and temperature into annual precipitation and annual 

average temperature. Annual precipitation is based on the water year, the period between 

October 1st of one year and September 30th of the next. We attained Agricultural Energy data 

from California Energy Consumption (available http://www.energy.ca.gov/) and took production 

data from U.S Department of Agriculture National Agricultural Statistics Service. 

2.2 Method  

2.2.1 Estimation of carbon footprint   

One of the key part of this study is to quantify CO2 emissions caused by Electricity 

consumption in agriculture sector.  Assessment of annual CO2 emissions requires emission factor 

by energy types. Three types of energy sources contribute to CO2 emissions such as Oil, Coal and 

Natural Gas. Technological improvement for emission factor for natural gas power plants are 

considered [EPA, 2014; Nyberg, 2014], while using constant values for oil and coal from US Energy 

Information Administration. Equations for assessment are presented as follows.  

 

http://www.ncdc.noaa.gov/cag/time-series/us
http://www.energy.ca.gov/
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CO2 emissions= Energy use (KWh)x emission factor (g CO2/KWh) (1) 

Total CO2emission = (CO2)natural gas+ (CO2)oil+ (CO2)coal (2) 

 

2.2.2. A copula based conditional probability approach for linking drought 

information and energy consumption 

Copula based conditional probability is used as a method for looking at how decreased 

precipitation and decreased temperature affect agricultural energy consumption, CO2 and 

agricultural energy cost. Hydrological and meteorological phenomena are perceived 

multidimensionally and so require modelling joint distribution of several random variables 

[Genest and Favre, 2007]. Classical families of multivariate distributions such as bivariate normal, 

log normal and gamma are used for describing structure between variables, but there is a 

limitation on this approach, which the structure cannot be modelled independent of the marginal 

distribution. Copula avoids this restriction [Genest and Favre, 2007]. Copulas are described as 

multivariate distribution function on the n-dimensional unit whose margins are [0 1], that is, C:[0 

1]n─ [0 1][Joe, 1997; Nelsen, 1999].  Based on Sklar’s theorem [Sklar, 1959], multivariate 

distribution defined by a Copula can be written as:  

𝐹(𝑥1, 𝑥2, … . 𝑥𝑛) = 𝐶[𝐹1(𝑥1), 𝐹2(𝑥2), … … … … 𝐹𝑛(𝑥𝑛)] (1) 

                              = 𝐶(𝑢1, 𝑢2, … . . 𝑢𝑛)  

where 𝑢𝑛 represents the 𝐹𝑛(𝑥𝑛) which denotes the marginal distribution of random variables 

and 𝐶 is the copula cumulative distribution.  
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If 𝐶 is continuous, the copula density can be described below:                     

𝑐(𝑢1, 𝑢2 … … . , 𝑢𝑛) =  ∂n 𝐶(u1,…….𝑢𝑛)
𝜕𝑢1……𝜕𝑢𝑛

, (2) 

And then the joint density function can be disintegrated using the copula density function: 

𝑓(𝑥1, … . . , 𝑥𝑛) = 𝑐(𝑢1, … … , 𝑢𝑛) ∏  fn(𝑥𝑛)𝑛
𝑖=1 . (3) 

where ∏ is the product operator and f(.) is the density function of a marginal distribution. 

The general form of conditional probability is shown below:  

𝑓(𝑥|𝑦) = 𝑓(𝑥,𝑦)
𝑓(𝑦)

 , (4) 

 

Since we choose to use two variables, Eq. (3) can be written in the form of Eq. (4) which gives us 

the copula based conditional probability formula as follows: 

𝑓(𝑥|𝑦) =
𝑐(𝑢1, 𝑢2). 𝑓(𝑥). 𝑓(𝑦)

𝑓(𝑦)  
(5) 

 

For the sake of simplicity, the copula based conditional probability Eq. (5) turns to the following 

form  

𝑓(𝑥|𝑦) = 𝑐(𝑢1, 𝑢2). 𝑓(𝑥)   (6) 

 

For proof and derivations, interested readers are referred to Madadgar and Moradkhani, 2013  
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2.2.3. Copula family selection 

We used the Multivariate Copula Analysis Toolbox (MvCAT) [Sadegh et al., 2017] for 

selecting the copula family that best describes the dependence structures between variables. We 

evaluate the performance of the different copula models based on the maximum likelihood, 

Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC), Root Mean Square 

Error (RMSE), and Nash-Sutcliff Efficiency (NSE).  For detailed information, interested readers are 

referred to Sadegh et al., 2017.  

For each pair of variables, results are shown in the table below. Bold values are the 

selected copula results in Table 3.  
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Table 1: Parameter estimation of copula families for pair of variables based on RMSE and NSE 

 

  

 Table 2: Copula families selected for pair of variables based on Maximum Likelihood, AIC and BIC 

 

 

 

  

Criteria  

Maximum Likelihood AIC BIC Pair of Variables  

Ag Energy Cons/ton-Precipitation Frank Frank Frank 
Ag Energy Cons/ton-Temperature Clayton Clayton Clayton 
Ag Energy Cons/ton-CO2 emission Gumbel  Gumbel Gumbel 
CO2 emission-Temperature Clayton Clayton Clayton 

CO2 emission-Precipitation Frank Frank Frank 
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3 RESULTS 

Figure 1 shows the timeseries of agricultural energy consumption and production in 

California from 1986 - 2013. In this paper, agricultural production refers to field crops, fruits, 

nuts, and vegetables. This figure shows that there is a positive trend in both timeseries, which is 

confirmed with the Mann-Kendall trend test (significance level = =0.05). While agricultural 

production was 50 million tons in 1986, it increased by 40% to 70 million tons in 2013. 

Groundwater is often used when there is a deficit in surface water availability, which requires 

energy for pumping.  

Figure 1: Timeseries of agricultural energy consumption (Ag Energy Cons) and agricultural production (Ag Product) 
from 1986 – 2013.  
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Figure 2: Correlation matrix between variables of agricultural energy consumption (Ag Energy Cons), temperature 
(Temp), precipitation (Precip), energy consumption per ton (Ag Energy Const/ton), CO2 and agricultural production 
(Ag Product) 

Figure 2 illustrates the correlation matrix between five data variables. All these variables 

are annual values. The first row shows the correlation of agricultural energy consumption with 

the following variables: temperature (0.39), precipitation (-0.51), energy consumption per ton 

(0.49), CO2 (0.66) and agricultural production (0.66). Agricultural energy consumption has a 

strong relationship with precipitation (-0.51) because more precipitation leads to less 

groundwater pumping, and drought conditions lead to more groundwater pumping. CO2 

emissions have a significant correlation with precipitation (-0.77) because of two reasons: (1) dry 

years prompt the agriculture sector towards groundwater pumping, increasing energy 

consumption and CO2 emissions, (2) dry years decrease energy production from hydropower, 
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which is usually compensated by natural gas; the increase in natural gas consumption leads to 

higher CO2 emissions. It should be noted that precipitation has a higher relationship with 

agricultural energy consumption per ton of agricultural production (-0.53) than agricultural 

energy consumption (-0.51). We believe that agricultural energy consumption per ton helps 

account for the agricultural sector’s growth over time.  

 

Figure 3a: Standardized values of temperature (red), precipitation (blue) and energy consumption (purple) from 
1986-2013 

 

Figure 3a shows that the standardized timeseries of temperature, precipitation, and 

agricultural energy consumption from 1986 - 2013. This timeseries shows that correspondence 

of agricultural energy consumption with precipitation and temperature in California. This figure 

shows that the years with a significant amount of precipitation and low temperatures, such as 

1995 and 1998, had the lowest agricultural energy consumption. We also show that in 2002, 2004 
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and 2007, there was below average precipitation and above average energy consumption. 

Although there was below average precipitation in 1991, we observe that there is also below 

average energy consumption. This can be attributed to the significant low temperatures seen in 

1991, which can lead to a significant decrease in evapotranspiration and an increase in soil 

moisture.  

 

Figure 3b: Standardized values of temperature (red), precipitation (blue) and CO2 (black) from 1986-2013 
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Figure 3b displays the standardized values of temperature, precipitation, and CO2 

emissions. CO2 is more sensitive to changes in precipitation and temperature than agricultural 

energy consumption because it is not only impacted by increased agricultural energy 

consumption, but also by a decrease in clean hydroelectric energy, that must be compensated 

for by natural gas. For example, in 2007, CO2 emissions increased by 27% compared to 2006 while 

energy consumption rose by 12% during the same period. Moreover, temperature was not 

dominant on energy consumption as much as precipitation was. For example, in 2002 

precipitation was almost the same with respect to 2001 while temperature increased by 11%, 

and energy consumption decreased; this pattern can be seen in 2009.  

 Figure 4: Agricultural energy consumption by resource types (GWh): oil, coal, natural gas, renewable energy (Renew), 
hydropower (Hydro), and nuclear versus total CO2 emissions from agricultural energy consumption (MMT).  

 

Figure 4 illustrates the agricultural energy consumption by resource type and total CO2 

emissions (black). The left axis shows agricultural energy consumption (GWh) by each source and 
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the right axis shows total CO2 emissions (MMT). Three energy resources contribute to CO2 

emissions: coal (brown), oil (light blue), and natural gas (grey). Since the proportion of natural 

gas is far larger than that of coal and oil, it causes more CO2 than the other two energy resources. 

It is important to note that hydropower plays a significant role in California’s energy budget, 

oftentimes being the second most prominent source of energy. A significant drought may 

decrease hydroelectric production, leading to an increase in natural gas energy production. The 

average CO2 emissions during these years was 5.63 MMT (million metric tons), but the average 

CO2 emissions during the drought period of 1987-1992 became 6.05 MMT.  The annual CO2 

emissions increase was 47% from 1986 (wet) to the 1987-1992 drought, meaning that drought 

years significantly increased CO2 emissions.  

Table 3: The drought footprint (CO2) and annual increase in CO2 

Year 2010 2011 2012 2013 
Annual footprint CO2 (MMT) 5.45 4.6 6.25 6.02 
Drought footprint CO2 (MMT)       2.22 
% in CO2 increase from 2011 (wet) to dry 
2012-2013(dry)       33% 

 

Table 1 shows the carbon footprint of the drought (2012-2013) by comparing pre-drought 

conditions. The annual CO2 footprint from 2011 to 2013 is 5.45, 4.6, 6.25 and 6.02 for each year 

respectively. Before the drought started, the annual CO2 emissions were around an average of 

5.63 MMT, but the average CO2 emissions was 6.13 MMT during the drought. There was an 

additional 2.22 MMT of CO2 compared to similar periods in pre-drought conditions, and the 

annual CO2 increase was 33 percent. It should be noted that although we just use the first two 

years of the 2012-2016 drought, these years were the most harmful to the environment in terms 
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of CO2 emissions from energy consumption. The results could have been worse if the state had 

not promoted the renewable energy act [CEC, 2015].  

 

Figure 5: The probabilities of agricultural energy consumption, CO2 emissions in the given precipitation and 
agricultural energy consumption. The first row consists of probability distributions of agricultural energy consumption 
(X> Average (0.30 MWh/tons)) relatively given 19.71 (10% below average) and 24 (10% above average) inches of 
precipitation for figures A and B. The second row presents probability distributions of CO2 emissions (X> Average (5.63 
MMT)) relatively given 0.27 (10% below average) and 0.33 (10% above average) MWh/tons of agricultural energy 
consumption for the figures C and D. The third row presents probability distributions of CO2 emissions (X> Average 
(5.63 MMT)) relatively given 19.71 (10% below average) and 24 (10% above average) inches of precipitation for 
figures E and F. 

 

Figure 6 shows the exceedance probabilities of agricultural energy consumption and CO2 

given certain precipitation amounts. Figure 6A and 6B show the probability density function (PDF) 

of agricultural energy consumption given precipitation equal to 19.71 (10% below average 

precipitation) and 24 (10% above average precipitation) inches, respectively. We show that a 
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reduction of only 4 inches of precipitation increases the probability of agricultural energy 

consumption being greater than average (0.3MWh) by ~30%. Figures 6C and 6D show the PDF 

curves of CO2 emissions equal to 0.27 (10% below average) and 0.33 (10% above average) 

MWh/ton, respectively. This figure portrays that an increase of 0.06 MWh/ton increases the 

probability of CO2 emissions above average by more than triple. This small increase in energy 

consumption can have a great impact on CO2 emissions, significantly increasing the rate of global 

climate change.  

 

Figure 6: The probabilities of agricultural energy consumption, CO2 emissions in the given temperature and 
agricultural energy consumption. The first row consists of probability distribution of agricultural energy consumption 
(X> Average (0.30 MWh/tons)) relatively given 14.6 (10% below average) and 15 (10% above average) Celsius 
temperature for the figures A and B. The second row presents probability distribution of CO2 emissions (X> Average 
(5.63 MMT)) relatively given 14.6 (10% below average) and 15 (10% above average) Celsius temperature for the 
figures C and D. 

 

Not only does precipitation impact energy consumption and CO2 emissions, but an 

increase in mean temperatures can exasperate the impacts of drought on agriculture. Figure 7 
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displays the PDFs of above average agricultural energy consumption and CO2 emissions, given 

certain annual temperatures. This figure shows that the probability of above average agricultural 

energy consumption and CO2 emissions, given temperatures equal to 14.6 (10% below average) 

and 15 (10 percent above average) increases by 20% and 30%, respectively. Our results suggest 

than in our increasingly hot environment, the compounding effects of temperature will intensify 

drought conditions, causing great increases in energy consumption and CO2 emissions.   

 

Figure 7: The probabilities of agricultural energy consumption being in given precipitation. The first row consists of 
Probability distribution of agricultural energy consumption (X> 85th percentile (0.33 MWh/tons)) relatively given 
16.04 and 16.97 inches of precipitation for the figures A and B. The second row presents Probability distribution of 
agricultural energy consumption (X> 75th percentile (0.32 MWh/tons)) relatively given 16.04 and given 16.97 inches 
of precipitation C and D. The third-row present Probability distribution of agricultural energy consumption (X> 65th 
percentile (0.31 MWh/tons)) relatively given 16.04 and 16.97 inches of precipitation E and F. 

  

              Figure 7 portrays the agricultural energy consumption PDFs, conditioned on different 

precipitation amounts. Specifically, we determine the probabilities of agricultural energy 
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consumption being greater than the 85th (7A and 7B) 75th (7C and 7D), and 65th (7E and7F) 

percentile, given precipitation equal to its 25th (7A, 7C, and 7E) and 15th (7B, 7D, 7F) percentile. 

We show that even the smallest change in precipitation (<1 inch) can impact the probability of 

agricultural energy consumption being greater than the upper 85th percentile by almost 15%. 

Such large changes in the probability of extreme energy consumption due to less than one inch 

of precipitation shows how sensitive the agriculture sector is to drought. As our climate changes, 

and the chances of longer more severe droughts increase, policy makers must account for these 

climatic impacts on the agriculture industry.  

 

Figure 8: The probabilities of agricultural energy consumption, CO2 emissions in the given precipitation. The first row 
figures consist of Probability distribution of agricultural energy consumption(X> Average (0.30 MWh/tons)) relatively 
given 17 (2013) and 15.3 (10% below 2013) inches of precipitation for the figures A and B. The second row presents 
Probability distribution of CO2 emissions (X> Average (5.63 MMT)) relatively given 17 (2013) and 15.3 (10% below 
2013) inches of precipitation for the figures C and D.  
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Figure 8 illustrates the PDF of agricultural energy consumption and CO2 emissions 

conditioned on precipitation. Our historical data ends in 2013 with 17 inches precipitation. In this 

case, it is useful to look at what will happen if the drought gets worse. If the drought exacerbates 

with 10% deficit in precipitation with respect to 2013 precipitation, the chance becomes 81% for 

exceeding the average agricultural energy consumption (Fig. 8B). In other words, it is very likely 

that energy consumption will be higher than average in the case of a more severe drought. If the 

drought occurs with the same precipitation as in 2013, the probability for exceeding the average 

energy consumption would be 76% (Fig. 8A). This result is also significant, because it shows how 

severe the drought was in 2013. We also looked into how CO2 would respond if drought is 

exacerbated. For example, the chance is 91% for exceeding average CO2 emissions if the 

precipitation decreases by 10% with respect to 2013. This result tells us that it is very likely that 

CO2 emissions would be more than 5.63 MMT under a drier year.  As we mentioned earlier, CO2 

probabilities are higher than energy consumption because drought not only increases energy 

consumption but also reduces hydropower, which is generally made up by natural gas adding 

more CO2 emissions. It is also worth mentioning here that as a result of groundwater overuse, 

the resulting land subsidence can lead to collapse of groundwater structure systems. This 

problem entails embedded energy cost in finding and provisioning replacement water from 

surface division, and the process yields producing additional CO2 to divert this additional water.   
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4 SUMMARY and CONCLUSION 

Droughts have significant economic, societal, and economic impacts, causing decreases 

in agricultural food product and increases in energy consumption that can lead to losses of 

billions of dollars per year. In this study, we analyze the relationship between agricultural energy 

consumption and drought, as well as their impacts on CO2 emissions.  Our study quantifies the 

drought impacts on the probability of increased agricultural energy consumption under dry 

conditions. Furthermore, we show that the probability of higher CO2 emissions significantly 

increases during dry years, because of increased groundwater pumping, and diminished 

hydroelectric energy production. We show that agricultural energy consumption and CO2 

emissions decrease significantly during wet years, such as the El Nino event of 1998. We further 

show that the probability of above average CO2 emissions across California more than triples 

when precipitation increases from 10% below average to 10% above average (~20 inches to 24 

inches).  

Droughts not only increase C02 emissions through agricultural energy consumption 

(increased groundwater pumping), but also by reducing the potential for hydroelectric energy 

production. Groundwater depletion has led to irreversible aquifers collapses in some areas of the 

state; this exacerbates the CO2 by looking for replacement water, as well as the embedded energy 

issue associated with the surface water replacement. Governments and policy makers must take 

the impacts of increasing droughts into account, and prevent this positive feedback loop. 
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