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ABSTRACT 

 

California leads the U.S. as the largest producer of fresh vegetable products. Due to 

the geographic concentration of production, the increased severe droughts in 

California could threaten the availability of certain high-value vegetables nationwide. 

Given California’s central role in the U.S. fresh produce market, the food supply 

disruptions caused by such droughts are pressing the fresh produce industry and 

policymakers to decentralize production and distribution networks. In this paper, we 

develop a production-transportation model of the U.S. broccoli industry to analyze the 

effects of increased drought intensity scenarios in broccoli production areas of 

California on production patterns, product flows, supply-chain costs, and food miles. 

We find that the reallocation of production to the east coast in response to the 

increased drought intensity in California would only modestly increase the total 

supply-chain costs in the eastern markets. The decentralized supply chains would also 

reduce food miles and alter product flows seasonally.  
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CHAPTER 1: INTRODUCTION 
 

 

California leads the U.S. as the largest producer of fresh vegetable products 

(USDA, 2016). For the top 26 vegetable products, California remained the leading 

state in 2020 in terms of area harvested, utilized production, and value of production 

(USDA, 2021). Due to the geographic concentration of production, a supply disruption 

in California would threaten the availability of these high-value vegetable products 

nationwide. These supply disruptions can be caused by extreme weather events. It is 

suggested that unexpected weather shocks, such as severe droughts have significant 

impacts on regional productivity in dry regions like California (Wang et al., 2017). 

Research indicates that the estimated economy-wide loss of farmland for the Central 

Valley region of California reached up to $6 billion annually during the driest years 

(Motha, 2011). Since 2000, the longest duration of droughts in California lasted 376 

weeks and the most intense period of drought in 2014 affected 58.41% of California 

land (NIDIS, 2021). The drying trend in California with erratic precipitation and 

expanded dry periods between rainfall can have detrimental consequences on 

vegetable production during growing seasons. The economic loss and supply chain 

disruptions caused by extreme weather events (as well as the increasing world 

population) are pressing the fresh produce industry and policymakers to decentralize 

production and distribution networks and adapt these food systems to expected trends 

like long-lasting severe droughts (Flores and Villalobos, 2020).  

 

In the past two decades, designing efficient and sustainable food supply chains 

is of growing interest of researchers and food industries (Ahumada and Villalobos, 
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2009; Soto-Silva et al., 2016). However, there is limited empirical evidence of how 

extreme weather events would influence food supply chain configuration, particular in 

the case of fresh vegetables. It has been observed that unexpected weather conditions 

have gradually shaped the supply structure of U.S. agriculture. For example, Cho et al. 

(2017) finds that U.S. production regions for almost all major crops could shift toward 

northern and eastern regions because of climate change. The anticipated increase in 

extreme weather events (Melillo et at., 2014, Wang et al., 2019, Fontes et al., 2021) is 

likely to shift crop cultivation to areas with less production risks. The shift also 

presents opportunities for unidentified regions with adequate climate patterns to 

produce high-value vegetable products (Flores and Villalobos, 2020). With increased 

intensity and frequency of extreme weather events and observed supply shifts, it is 

necessary to re-assess the food supply chain configuration (i.e., supply locations, 

quantities, and product flows) when shipments of fresh produce in California reduce 

due to the extreme weather events. The economic and environmental performance of 

food supply chains is strongly related to their supply chain configuration (Jonkman et 

al., 2019). Hence, re-assessment of food supply chain configuration in response to the 

expected extreme weather events is of significance to the economic and environmental 

sustainability of food systems.  

 

This study contributes to the literature on food supply chains by developing a 

production-transportation model of U.S. fresh broccoli to examine the impact of 

increased drought intensity in California on supply chain configuration in the eastern 

markets due to the reallocation of production to the east coast, as well as its economic 

and environmental implications. This mathematical optimization model allows to 
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simulate optimal solutions regarding production level and transportation, and evaluate 

supply chain impacts under multiple scenarios of drought intensity increases. Fresh 

broccoli provides an excellent case to analyze such impact of increased drought 

intensity levels in California on supply chain configuration. California is a dominant 

producer of fresh broccoli with over 90 percent production in the United States 

(USDA, 2020). In the recent years, the broccoli production in California declined by 

25% between 2016 and 2019 (Figure 1). This decline was from 21.35 million cwt in 

2016 to 15.95 million cwt in 2019 (Figure 1). Broccoli is grown year-round in 

California and is much more water-demanding than other fresh crops (Le Strange et 

al., 2010). For its production requires adequate soil moisture to maximize yield and 

quality. The risk of high intensity of droughts and water stress in California will have 

detrimental impacts on broccoli yield. In fact, farmers in California have increasingly 

turned toward orchard crops, which would bring more profits than water-intensive 

crops like fresh broccoli (Philpott, 2014). The altered profitability of regional crop 

production and crop substitution in California may drive reduction of broccoli 

shipment to the eastern markets, particularly with the quick development of broccoli 

production-distribution networks in the east coast. Since 2010, a regional broccoli 

system has expanded in the east coast and the eastern share of total U.S. acre harvested 

is already 16% (Table 1) in the fall season in 2017. Eastern-grown broccoli has the 

potential to be an important supplier in the eastern markets when California 

experiences severe droughts and reduce shipment to the east coast in the future.  
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Figure 1. Broccoli production and Acre harvested in CA from 2000 to 2019 

 
Table 1: Estimated U.S. broccoli acreage and yield (2017). 

  Broccoli acreage     
Yield (21lb 
boxes/acre) 

  Spring Summer Fall Winter   

Maine  0 2,379 3,569 0 400 

New York 0 317 317 0 450 

Penn  0 474 474 0 500 

Virginia 137 0 274 0 500 

North Carolina  236 118 236 0 440 

South Carolina  591 0 295 0 440 

Georgia  126 0 63 126 440 

Florida  1,200 0 0 1,800 440 

New Jersey  0 245 245 0 450 

Maryland 0 17 17 0 400 
      

Total eastern U.S. 2,290 3,550 5,490 1,926  
California  27,356 27,356 27,356 27,356 854 

Arizona  1,866 0 1,866 5,597 693 

Total western U.S. 29,222 27,356 29,222 32,953        

Eastern share (%) 7 11 16 6 n/a 

Western share (%) 93 89 84 94 n/a 
 

 

 

In the production-transportation model, we simulate multiple scenarios (low, 

medium, and high) of drought intensity increases, and evaluate their impacts on the 
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eastern supply chain configuration if shipments from California to the eastern markets 

reduce due to the severe droughts and broccoli production reallocates in the east coast. 

Specifically, we examine the impacts of drought intensity increases for fresh broccoli 

supply chains on multiple outcomes of interest to policy makers and food businesses. 

These include (1) production patterns, (2) product flows, (3) production and 

transportation costs, and (4) food miles, i.e. the average distance travelled by fresh 

broccoli. Our results indicate that the reallocation of production in the east coast in 

response to the increased drought intensity and reduced shipments from California 

alters product flows in the eastern markets, especially in the spring and winter seasons. 

The changes in such a decentralized supply chain configuration are associated with 

increased total supply-chain costs and shortened food miles when eastern suppliers 

replace the reduced broccoli transportation from California to the eastern markets.  

 

Our results inform private and public discussions on the economic and 

environmental impacts of food supply chain reconfiguration in response to the 

increased intensity of severe droughts in the west coast. Policies geared towards 

increasing supply chain localization can be more precise regarding the seasons and 

locations that can contribute to a more decentralized supply chain while improving 

economic and environmental performance. Producers and agri-businesses might 

identify actionable strategies regarding optimal production reallocation investments to 

increase their profits from our results. Our findings on the broccoli case are 

generalizable to other fresh vegetable supply chains that experience supply risks from 

severe droughts in major production areas.   
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The rest of the paper is as follows. In section 2, an overview of the literature 

regarding food supply chains and optimization model is presented. In section 3, the 

mathematical model formulation, data and scenarios of drought intensity increase are 

described. Section 4 illustrates detailed results on production patterns, product flows, 

supply-chain costs and food miles. Section 5 discusses related insights from this study. 

Finally, Section 6, includes conclusions and suggestions for future research.  

 

CHAPTER 2: LITERATURE REVIEW 
 

Research on the relationship between food supply chains and economic and 

environmental outcomes has increased substantially in recent years (Ahumada and 

Villalobos, 2009). This is the result of several factors, such as meeting the need to feed 

a growing world population, increased extreme weather events triggered by climate 

change, and concerns towards economic, environmental, and social sustainability. 

These challenges generate a need for food supply chain efficiency and the use of 

modern decision technology tools (Lowe and Preckel, 2004). Optimization models 

have been widely used in food supply chains studies because of their ability to model 

multiple scenarios as well as the advances in computational methods (Kambli and 

McGarvey, 2020). For example, Hamer (1994) determined a profit-maximizing 

planting and harvesting plan for fresh crops using a linear programming model. 

Rantala (2004) designed a cost-minimizing production-distribution model for the 

supply chain of a seedlings. Jonkman et al. (2019) integrated harvesting decisions in 

the design of agri-food supply chains by using a mixed-integer linear programming 

(MILP) model and found supply chain configurations with better economic and 



  7 

environmental performance. Similarly, Motevalli-Taher et al. (2020) developed a 

mathematical model to identify optimal sustainable supply chain network of wheat and 

its products to minimize water consumption and network costs.   

 

Researchers are building more precise characterizations of food supply chains 

by developing optimization models. Specifically, research has focused on the 

multidimensional impacts (economic and environmental, etc.) of increased 

localization of food supply chains. Atallah et al. (2014) use a production-

transportation supply chain model showed that increased localization may reduce 

broccoli supply-chain costs and the average distance travelled by the product from 

farm to demand locations. Nicholson et al. (2015) developed a transshipment model of 

the U.S. dairy supply chain and found that localization of dairy supply chains 

increases the total distance traveled by fluid milk and overall supply-chain costs. 

Kambli and McGarvey (2020) designed a regional food network to identify potential 

locations for regional hubs by utilizing optimization methods, with the objective of 

minimizing the ton-miles traveled by farmers and vehicles in delivering agricultural 

products from farms to regional hubs. These studies underscored the importance of 

evaluating supply chain configuration as well as their economic and environmental 

performance by developing advanced optimization models.  

 

Climate adaption is a major research frontier for the operation research 

community but is barely included in fresh produce supply chains studies (Soto-Silva et 

al., 2016). Food supply chains operation is highly relying on the uncertain events like 

weather, natural disasters, and raining or water availability (Valin et al., 2014). Crop 
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failure, water scarcity and increased level of food security and poverty were constantly 

perceived as the main environmental and economic impacts caused by droughts 

(Lottering et al., 2021). Hence, uncertainty and risks regarding these issues need to be 

considered in the fresh food supply chains and research efforts should focus more on 

the configuration of sustainable food supply chain networks (Soto-Silva et al., 2016). 

However, very few studies have been conducted on these external supply threats from 

a supply chain perspective, and little is known about the impact of extreme weather 

events, especially severe droughts, on the fresh produce supply chain configuration, as 

well as the attendant economic and environmental implications.  

 

Re-assessment of food supply chain structure is urgent with the anticipated 

increases of extreme weather events and observed supply shifts. Unexpected weather 

shocks, such as severe droughts, are projected to increase in frequency and intensity 

with significant impacts on regional productivity (Melillo et at., 2014, Wang et al., 

2019, Fontes et al., 2021). It is suggested that production impacts under changing 

climate will lead to substantial reallocation of acreage among fresh crops between 

regions (USDA ERS, 2015). Cho et al. (2017) shows that U.S. production regions for 

almost all major crops may shift toward northern and eastern regions in response to 

climate change. Reilly et al. (2003) finds a higher soybean production in the northern 

U.S. and a drastic reduction in the south, with a reduction in yield of as much as 70 

percent due to the dry conditions in the southern sites.  

 

Some researchers examine the implications of climate change and extreme 

weather events on costs and transportation flows. Increased droughts may increase 
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feed costs in the short run and beef cattle breeding inventories in the long run in the 

U.S. beef supply chain (Countryman et al., 2016). Attavanich et al. (2013) finds that 

climate change could alter grain supplies in grain exporting countries and cause a shift 

of transportation flows. These potential impacts of climate change and extreme 

weather events on food supply chains warrant further investigation of their impacts on 

entire supply chain configuration. In order to meet the complex challenges posed by 

climate change and to improve sustainability performance, it is necessary to develop 

advanced models to scrutinize food supply chain configuration in response to the 

impacts of extreme weather events. However, no research has been conducted to 

develop models identifying food supply configurations that can minimize the negative 

impacts of severe droughts, in particular for the fresh produce supply chains. To fill 

this gap in the literature, in this paper we develop a production-transportation model of 

U.S. fresh broccoli and assess the impacts of increased drought intensity in California 

broccoli production areas on supply chain configuration, in particular, the possible 

production shift from west to east, as well as their economic and environmental 

performance under three levels (low, medium, high) of drought intensity increase 

scenarios.   

 

CHAPTER 3: METHODS 
   

3.1 Overview of problem and methods  

 

       In this study, we develop a production-transportation model to evaluate possible 

impacts of increased drought intensity in California on supply chain configuration of 

fresh broccoli in the United States. We employ OLS regression models to estimate the 

relationship between broccoli production and drought intensity level in broccoli 
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production areas in California using data for the period 2000-2019. Severe droughts 

have significant impacts on crop production and changing climate is currently 

increasing intensity and frequency of such extreme weather events (Melillo et at., 

2014, Wang et al., 2019, Fontes et al., 2021). Thus, we choose broccoli output as a 

way to connect drought scenarios with our optimization model and to assess how 

increased drought intensity affect supply chain configuration as well as economic and 

environmental performance at low, medium and high drought increase scenarios in 

each season.  

 

3.2 Data  

3.2.1 Broccoli supply, demand, and transportation data  

 

To utilize the production and transportation model, we incorporate supply, 

demand, and transportation data. Data pertaining to supply include broccoli yields, unit 

production costs, and seasonal land available for broccoli production at each supply 

location. Demand data include seasonal volumes demanded at each supply location. 

Transportation data include distances between supply and demand locations, and 

seasonal unit transportation costs at each supply location. Modelled supply locations 

include ten fresh broccoli production regions in the eastern U.S., two western U.S. 

mainstream producing regions (California and Arizona), and imports from Mexico and 

Canada for a total of 14 broccoli supply nodes (Table 1). The model has 33 demand 

nodes and we use the large metropolitan statistical areas (MSAs) to define demand 

locations in the eastern U.S. Demand is allocated to MSAs and the state geographic 

centers based on population levels (US Census, 2020). Yield estimates and production 

costs are adjusted based on previous publicly available broccoli budgets (e.g., Atallah 
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and Gómez, 2013). We use regional broccoli acreage estimates from publicly available 

sources (USDA NASS, 2008; USDA NASS, 2019).   

 

3.2.2 Drought intensity level data  

 

We use weekly county-level drought intensity level data in California (USDM, 

2021), which shows the percent area that experienced droughts during each week from 

2000 to 2019. In the U.S. Drought Monitor, drought conditions across California are 

assessed by a five-category system, from Abnormally Dry (D0) condition to 

Exceptional Drought conditions (D4) (USDM, 2021). California has four major 

broccoli production areas (Fig. 2): the southern desert valleys (Imperial and Riverside 

Counties); the southern coast (Ventura, Santa Barbara, and San Luis Obispo 

Counties); the central coast (Monterey, San Benito, and Santa Cruz Counties); and the 

Central Valley (Fresno, Stanislaus, and Tulare Counties) (Le Strange et al., 2010). We 

create monthly weighted average drought intensity level data for California from 2000 

to 2019 (Fig. 3). This monthly drought intensity level data is calculated by aggregating 

weekly county-level drought intensity level in these 11 counties in California (Fig. 2) 

and being weighted by its share of broccoli production volumes. Monterey County is 

the leading broccoli producing county in California, with 40 percent of the acreage 

and production. The south coast has about 30 percent of the acreage, while the desert 

valleys and the Central Valley each account for 15 percent (Le Strange et al., 2010). 

The monthly average broccoli production data is calculated from the annual 

production volumes in California from 2000 to 2019 (USDA NASS, 2021).  
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Figure 2. Broccoli production areas in California 

 

 
 

 
Figure 3. Monthly drought intensity level in California broccoli production areas from 2000 

to 2019 

 

3.3 Production and transportation model  

 

Our baseline model is a production and transportation model of U.S. fresh 

broccoli calibrated to year 2017 (i.e., the most recent year of the agricultural census). 
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We assess impacts of increased drought intensity level in broccoli production areas of 

California on broccoli supply chain configuration by simulating three drought 

scenarios (low, medium, and high levels). Increased drought intensity would affect 

broccoli production and shipments from California to the east coast based on results 

from OLS models described above (Figure 4). In our model, the drought intensity-

dependent broccoli output in California affect the supply chain configuration in the 

east coast. In order to find a feasible solution when broccoli shipments from California 

to the east coast decrease, we increase the land allocated to broccoli in the east coast to 

regions with the largest shadow price to their upper bounds, which can meet the total 

demand level in the eastern markets. The model sets and parameters are as follows: 

Sets  

I Supply locations 

J Demand nodes 

K Seasons 

 

Parameters  

𝑃𝐶𝑂𝑆𝑇𝑖 Production cost in supply location i 

𝑌𝐼𝐸𝐿𝐷𝑖 Yield in supply location i 

𝐿𝐴𝑁𝐷𝑖,𝑘 Available land in supply location i at season k 

𝑇𝐶𝑂𝑆𝑇𝑖,𝑗,𝑘 Transportation cost from supply location i to 

demand node j at season k  

𝐷𝐼𝑆𝑖,𝑗 Distance from supply location i to demand 

node j 
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𝐷𝐸𝑀𝐴𝑁𝐷𝑗,𝑘 Demand in node j at season k  

 

 

 

 

 

 

 
 

Figure 4. Seasonal production decrease in California with drought intensity level increase 

 

Model formulation  

Objective function:  

The objective (Equation 1) of the production-transportation model is to 

minimize total supply chain costs, which include total production costs for all supply 

locations and total transportation costs from all origins to demand locations. The 

model solves for two decision variables, 𝑋𝑃𝑖,𝑘 and 𝑋𝑇𝑖,𝑗,𝑘, where 𝑋𝑃𝑖,𝑘 is the optimal 

production level at supply location i in season k and 𝑋𝑇𝑖,𝑗,𝑘 is optimal transported 

quantities from supply location i to demand location j in season k. 𝑃𝐶𝑂𝑆𝑇𝑖 is the 

average total unit production cost ($/box) in each supply location i and 𝑇𝐶𝑂𝑆𝑇𝑖,𝑗,𝑘 is 

the average total unit transportation cost ($/mile/box) from supply location i to 
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demand location j in season k. 𝐷𝐼𝑆𝑖,𝑗 (miles) is the distance between supply location i 

to demand location j. The optimization model is formulated as follows: 

 

Minimize:   ∑ ∑ 𝑃𝐶𝑂𝑆𝑇𝑖 ∗ 𝑋𝑃𝑖,𝑘 + ∑ ∑ ∑ 𝑇𝐶𝑂𝑆𝑇𝑖,𝑗,𝑘 ∗ 𝐷𝐼𝑆𝑖,𝑗
𝐾
𝑘

𝐽
𝑗

𝐼
𝑖

𝐾
𝑘

𝐼
𝑖 ∗ 𝑋𝑇𝑖,𝑗,𝑘            (1)  

Constraints:  

In order for the production and transport patterns to be feasible when 

production in California declines under the scenarios of drought intensity, the 

following constraints must be specified: a. broccoli shipped from supply location i to 

all demand locations j in season k cannot exceed production level at supply i in season 

k (Equation 2); b. broccoli shipped to demand location j in season k from all supply 

locations i have to at least satisfy demand level (𝐷𝐸𝑀𝐴𝑁𝐷𝑗,𝑘) at each demand location 

j in season k (Equation 3) ; c. land (𝐿𝐴𝑁𝐷𝑖,𝑘) allocated to produce broccoli should not 

exceed available land at supply location i in season k, where 𝑌𝐼𝐸𝐿𝐷𝑖  is the supply 

location’s average broccoli yield (Equation 4); d. Production in Arizona 𝑋𝑃𝐴𝑟𝑖𝑧𝑜𝑛𝑎,𝑘 

under all drought intensity scenarios should not exceed the baseline limit 𝑋𝑃𝐴𝑟𝑖𝑧𝑜𝑛𝑎,𝑘,𝐵 

(Equation 5); e. Imports from Mexico and Canada 𝑋𝑃𝑖𝑚𝑝𝑜𝑟𝑡,𝑘 under all drought 

intensity scenarios should not exceed the baseline limit 𝑋𝑃𝑖𝑚𝑝𝑜𝑟𝑡,𝑘,𝐵 (Equation 6); f. 

Production level in eastern states 𝑋𝑃𝐸𝑜𝑟𝑖𝑔𝑖𝑛,𝑘  which are not our optimal locations to 

increase acreage should not exceed the baseline limit 𝑋𝑃𝐸𝑜𝑟𝑖𝑔𝑖𝑛,𝑘,𝐵 (Equation 7).  

 

                      ∑ 𝑋𝑇𝑖,𝑗,𝑘 ≤ 𝑋𝑃𝑖,𝑘
𝐽
𝑗                                                                                  (2) 

                      ∑ 𝑋𝑇𝑖,𝑗,𝑘  ≥ 𝐷𝐸𝑀𝐴𝑁𝐷𝑗,𝑘  𝐼
𝑖                                                                     (3)                                                                                                             

                         
𝑋𝑃𝑖,𝑘

𝑌𝐼𝐸𝐿𝐷𝑖
 ≤ 𝐿𝐴𝑁𝐷𝑖,𝑘                                                                                 (4)  
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                       𝑋𝑃𝐴𝑟𝑖𝑧𝑜𝑛𝑎,𝑘 ≤ 𝑋𝑃𝐴𝑟𝑖𝑧𝑜𝑛𝑎,𝑘,𝐵1                                                              (5) 

                       𝑋𝑃𝑖𝑚𝑝𝑜𝑟𝑡,𝑘 ≤ 𝑋𝑃𝑖𝑚𝑝𝑜𝑟𝑡,𝑘,𝐵2                                                                 (6) 

𝑋𝑃𝐸𝑜𝑟𝑖𝑔𝑖𝑛,𝑘 ≤ 𝑋𝑃𝐸𝑜𝑟𝑖𝑔𝑖𝑛,𝑘,𝐵3  where Eorigin ≠ optimal supply locations                  (7) 

 

3.2 Drought intensity increase scenarios   

 

To incorporate droughts in our optimization model, we must estimate the 

relationship between broccoli production and drought intensity level in California. It is 

possible that drought in previous weeks might affect current broccoli production, so 

we include lags of drought intensity levels in the regression model (see Appendix B: 

Equation (9) - (15)). In model (12), we create new variables, aggregated drought 

intensity level, 𝐴𝐷𝑋𝑡 , where 𝐷𝑋 denotes those five categories of drought conditions, 

by aggregating drought intensity level and its lag variables. For example, for 

Abnormally Dry (D0) condition, 𝐴𝐷0𝑡 = 𝐷0𝑡 + 𝐷0𝑡−1 + 𝐷0𝑡−2. After determining 

the correlation between broccoli production and drought intensity in California, we set 

up three drought intensity scenarios: low level (15%), medium level (35%), and high 

level (70%). We use 70% as the maximum increase level of drought intensity because 

the actual monthly average drought intensity level (D0) in California broccoli 

production areas was 26% in 2017 (100% is the maximum level), which indicates that 

around 26% of California broccoli production areas experienced abnormal dry 

conditions in 2017.  

 

 
1 𝑋𝑃𝐴𝑟𝑖𝑧𝑜𝑛𝑎,𝑘,𝐵 is Arizona’s production level in 2017 baseline model.  

2 𝑋𝑃𝑖𝑚𝑝𝑜𝑟𝑡,𝑘,𝐵 is import volumes from Mexico and Canada in 2017 baseline model.  

3 𝑋𝑃𝐸𝑜𝑟𝑖𝑔𝑖𝑛,𝑘,𝐵 is the production level in eastern supply locations which is not the optimal 

location to increase broccoli acreage.  
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The baseline model solves for the optimal supply locations of a broccoli 

acreage increase in the east coast in each season. It does so by computing the shadow 

prices on land in all locations and seasons. These shadow prices can be interpreted as 

the decrease in the total production and transportation costs associated with a one-acre 

increase in available land in each location and season. We use these shadow prices on 

land and the ranges over which they vary to guide estimates of optimal acreage 

increases. We rank the optimal supply locations based on their shadow prices in each 

season. Then, for each drought intensity scenario, we increase the land planted to 

broccoli of the first optimal supply location to its upper bound, then check whether the 

increased acreage can meet the decreased production associated with increased 

drought in California. If it does, we resolve the optimization model with the new 

added land. If not, we keep increasing land of the following optimal supply location in 

the east coast from our list until the total production in the east coast compensated for 

the output reduction in California.  We follow this procedure and resolve the 

optimization model with new added land planted to broccoli for each drought intensity 

scenarios (low, medium and high levels) in each season.  

 

We summarize the analysis by reporting the impacts of drought intensity in 

California on supply chain configuration and performance, including optimal product 

flows, supply-chain costs, and average distance travelled by the produce. In order to 

evaluate environmental performance, we use the weighted average source distance 

(WASD), or food miles, a measure commonly used in food system studies (Atallah et 

al., 2014) to calculate a single distance figure that combines information on the 
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distances from producers to consumers and the amount of product transported. 

Mathematically 

𝑊𝐴𝑆𝐷 =
∑ ∑ ∑ 𝐷𝐼𝑆𝑖,𝑗 ∗ 𝑋𝑇𝑖,𝑗,𝑘

𝑆𝐸𝐴𝑆
𝑘

𝐷𝐸𝑆𝑇
𝑗

𝑂𝑅𝐼𝐺
𝑖

∑ ∑ ∑ 𝑋𝑇𝑖,𝑗,𝑘
𝑆𝐸𝐴𝑆
𝑘

𝐷𝐸𝑆𝑇
𝑗

𝑂𝑅𝐼𝐺
𝑖

                                                     (12) 

 

CHAPTER 4: RESULTS 
 

The baseline model under the current broccoli production and transportation 

patterns indicates that total supply-chain costs for 2017 were approximately $598 

million (Table 4), 84% of which are production (pre- and post-harvest) costs. 

Production and transportation costs are highest in summer and winter, and the lowest 

in spring and fall. The baseline average distance travelled by the fresh broccoli was 

approximately 2,600 miles in spring and winter, whereas the produce travelled less in 

summer and fall, 2,140 and 2,400 miles, respectively (Table 4). Consistent with the 

average distance travelled by fresh broccoli, the long-distance shipping takes place 

when the market share of eastern broccoli in eastern markets is the lowest. This share 

is 11% in spring and winter (Table 4). However, the share of eastern broccoli in 

eastern markets is 26% in fall and 16% in summer (Table 4), given that more eastern 

states are able to competitively supply broccoli in these two seasons. Although less 

distance travelled by fresh broccoli in summer is due to more local broccoli supply 

availability, the higher truck rate of local transportation offsets the lower distance in 

this season and causes total transportation costs to be higher in spring and winter.  

 

Based on optimal solutions obtained from the baseline model, we assessed the 

impacts of three scenarios of drought intensity in California to minimize production 
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and transportation costs of broccoli demanded in the east coast. The results from OLS 

regression models show that the monthly broccoli production in California would 

decrease 833 boxes of 21lb with one percent increase in drought intensity level, D0 

(abnormally dry) (Table 2). Under the three scenarios of drought intensity explained 

above (low, medium, high), results indicate that a drought-induced reduction of 

broccoli shipments from California to the east coast change the eastern supply chain 

configuration seasonally with increased supply-chain costs and shortened average 

distance travelled (Table 3). These results are discussed in more detail below.  
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Table 2. Relationship between monthly broccoli production (1,000 boxes) and drought 

intensity level in California.  

 Dependent Variable  

Monthly Broccoli Production in California (1,000 boxes) 

 (1) (2) (3) (4) (5) (6) (7) 

        

D0 -0.833***    -0.626**  -0.699*** 

 (0.238)    (0.294)  (0.247) 

D1 1.685***    1.138**  1.216*** 

 (0.250)    (0.439)  (0.330) 

D2 0.646*    0.235  0.0678 
 (0.370)    (0.639)  (0.431) 

D3 0.959*    0.322  0.992 

 (0.532)    (1.040)  (0.726) 

D4 3.156***    2.594*  1.454** 

 (0.235)    (1.398)  (0.735) 

lagN01  -0.783***   -0.167 -0.585*  

  (0.246)   (0.347) (0.300)  

lagN11  1.665***   0.121 0.983**  

  (0.253)   (0.592) (0.448)  

lagN21  0.714*   -0.265 -0.209  

  (0.373)   (0.883) (0.621)  

lagN31  0.922*   1.295 1.129  

  (0.536)   (1.424) (1.002)  

lagN41  3.178***   -2.198 1.373  

  (0.237)   (2.272) (1.229)  

lagN02   -

0.771*** 

 -0.542* -0.457 -0.628** 

   (0.254)  (0.303) (0.306) (0.258) 

lagN12   1.650***  0.830* 0.906** 0.863** 

   (0.255)  (0.452) (0.457) (0.337) 

lagN22   0.761**  0.598 0.833 0.492 

   (0.375)  (0.633) (0.622) (0.442) 

lagN32   0.846  -0.552 -0.0992 0.137 

   (0.539)  (1.002) (0.949) (0.686) 

lagN42   3.193***  2.774** 1.792 1.688** 

   (0.238)  (1.329) (1.210) (0.708) 

ADO    -

0.435*** 

   

    (0.0967)    

AD1    0.687***    

    (0.0900)    

AD2    0.184    

    (0.135)    

AD3    0.395**    
    (0.190)    

AD4    1.037***    

    (0.0782)    

Constant 1,460*** 1,458*** 1,458*** 1,462*** 1,462*** 1,460*** 1,462*** 

 (9.242) (9.321) (9.387) (9.651) (9.829) (9.670) (9.705) 
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Standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Table 3: Production reallocation impacts on costs, distance traveled and share of eastern 

broccoli in eastern markets. 

   

 2017 CA drought intensity level increase scenarios            

 Baseline Low level     Medium level     

High 
level       

   Value Value Change 
% 
Change Value Change 

% 
Change   Value Change 

% 
Change 

Supply-chain Costs ($ 
million/year)            
Total costs 598 599 1 0%  600 3 0%  604 6 1% 
Spring 150 150 0 0%  151 1 0%  152 2 1% 
Summer 153 153 0 0%  154 1 0%  154 1 1% 
Fall 143 144 0 0%  144 1 0%  145 1 1% 
Winter 151 151 0 0%  152 1 0%  153 2 1% 

Production costs            
Spring 127 127 1 1%  129 2 2%  131 4 3% 
Summer 126 127 1 1%  128 2 2%  131 4 3% 
Fall 122 122 1 1%  124 2 2%  126 4 4% 
Winter 127 128 1 1%  129 2 2%  131 4 3% 

Transportation costs            
Spring 23 23 -1 -2%  22 -1 -5%  21 -2 -10% 
Summer 27 26 -1 -2%  25 -2 -6%  24 -3 -12% 
Fall 22 21 -1 -3%  20 -2 -7%  19 -3 -14% 
Winter 24 23 -1 -3%  23 -1 -6%  22 -2 -10% 

Food miles (miles)             
Spring 2,559 2,498 -61 -2%  2,418 -141 -6%  2,282 -277 -11% 
Summer 2,403 2,367 -36 -1%  2,279 -124 -5%  2,125 -278 -12% 
Fall 2,141 2,070 -71 -3%  1,976 -165 -8%  1,812 -329 -15% 
Winter 2,602 2,542 -60 -2%  2,465 -137 -5%  1,946 -656 -25% 
 
Eastern share (%)  

   
 

   
 

   

Spring 11 13 2 15%  16 5 31%  21 10 48% 
Summer 16 18 2 11%  21 5 24%  26 10 38% 
Fall 26 28 2 7%  32 6 19%  38 12 32% 
Winter 11 2 18 11%  14 5 36%  19 10 53% 

 

 

        

Observations 240 239 238 238 238 238 238 

R-squared 0.583 0.579 0.575 0.617 0.625 0.597 0.622 
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4.1 Impact of drought intensity scenarios on production patterns    

 

In table 3, We report the production locations and seasons affected by droughts 

in California under scenarios of the low, medium, and high drought intensity 

scenarios. The results of optimal reallocation of broccoli acreage reflects the 

comparative advantage of each eastern supply location in reducing both production 

and transportation costs in each season. When drought intensity level in California is 

15% (low level) in spring, the optimal supply chain response is to increase production 

in Florida (Table 4). Under the medium level (35%) scenario in spring, additional 

acreage is allocated to both Florida and Virginia. Due to a large reduction of broccoli 

shipments from California in the high level scenario, besides Florida and Virginia, 

additional acreage is allocated to North Carolina and South Carolina in spring. In the 

summer and fall seasons, all additional acreage increase to replace the production 

reduction in California is allocated to Pennsylvania in all three scenarios (low, 

medium and high draught intensity). In the winter season, only two east coast supply 

locations, Georgia and Florida, can produce broccoli. Therefore, as expected, reduced 

production in California is replaced by Georgia and Florida under all scenarios.  

The opportunity cost of shifting land out of other crops and into broccoli in the 

affected states is not considered in our model. To rationalize the limitation, we 

measure how the simulated acreage increases in each state compare to the total 

acreages for fresh vegetable crops in the respective states, a same way as Atallah et al. 

(2014) did. Small shares imply that growers can accommodate added broccoli acreage 

with limited adjustments in farming operations. As shown in Table 4, simulated 

broccoli acreage increases in Florida, Virginia and Georgia, constitute less than 1% of 

the total fresh vegetable acreage in these states under the low and medium drought 
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intensity increase scenarios. Pennsylvania’s new broccoli acreage makes up 1% and 

2% of the total fresh vegetable acreage in that state in the low and medium scenarios, 

respectively. Under a high level drought intensity increase scenario, simulated 

broccoli acreage increase in Virginia, South Carolina, Pennsylvania, and Georgia 

constitute 3%, 1%, 4%, and 2% of the total fresh vegetable acreage in these states, 

respectively. These relatively small magnitudes suggest that failure to consider 

opportunity cost is not problematic in our model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Optimal broccoli acreage increase in production locations under three drought 

intensity increase scenarios.  
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Optimal Broccoli Acreage Increase (acres) and Fraction of Total 

Vegetable Acreage  

 Spring   Summer   Winter  

  
Increase 
(acres) 

% of 
total   

Increase 
(acres) 

% of 
total   

Increase 
(acres) 

% of 
total  

Low (15%) drought intensity increase 
scenario         

Florida  500 0.23%  0 0  492 0.23% 

Virginia 0 0  0 0  0 0 

North Carolina 0 0  0 0  0 0 

South Carolina  0 0  0 0  0 0 

Penn 0 0  440 0.96%  0 0 

Georgia  0 0  0 0  8 0.01% 
Medium (35%) drought intensity increase 
scenario         

Florida  1069 0.49%  0 0  626 0.29% 

Virginia 87 0.42%  0 0  0 0 

North Carolina 0 0  0 0  0 0 

South Carolina  0 0  0 0  0 0 

Penn 0 0  1027 2.25%  0 0 

Georgia  0 0  0 0  541 0.55% 
High (70%) drought intensity 
increase scenario          

Florida  1069 0.49%  0 0  626 0.29% 

Virginia 617 2.96%  0 0  0 0 

North Carolina 504 0.33%  0 0  0 0 

South Carolina  357 1.30%  0 0  0 0 

Penn 0 0  2055 4.49%  0 0 

Georgia  0 0   0 0   1709 1.74% 
* Ratio of additional acreage in a state suggested by our model over total fresh vegetable 

acreage in the state reported in USDA ERS (2017).  

 

4.2 Impact of increased drought intensity on product flows     

 

Reduced broccoli shipments from California due to the increased drought 

intensity is associated with a spatial reorganization of broccoli transport flows within 

the eastern U.S.. To illustrate, Figure 5 presents changes of spring flows in the east 

coast under low, medium and high drought intensity scenarios. Under the low 

scenario, shipments from Florida replace the declined broccoli shipments from 
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California. All shipments from California to Deltona, Florida are replaced by the local 

supply, Florida, under the medium and high scenarios, and there is one new broccoli 

flow in Florida in both scenarios. In summer and fall, reduced shipments from 

California to New York City would be met by Pennsylvania under all three scenarios. 

In winter, instead of shipments from California, Georgia transports fresh broccoli to 

the demand nodes: Augusta-Savannah, Georgia, under the medium and high scenarios 

(Fig. 6). Interestingly, under cost-minimizing assumption, decreased shipments from 

California to Florida would be replaced by Georgia, instead of its local supplier, 

Florida, under the middle and high scenarios.  

 

 
 

Figure 5. Impact of increased drought intensity on eastern product flows (Spring) 
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Figure 6. Impact of increased drought intensity on eastern product flows (Winter) 

 

4.3 Impact of increased drought intensity on supply-chain costs  

 

The baseline model for 2017 shows that broccoli production (pre- and post-

harvest) costs account for over 80% of the total supply-chain costs. The simulations 

indicate that the total supply chain costs increase in all drought intensity scenarios 

because of high unit production cost of broccoli grown in the east coast (Atallah and 

Gómez, 2013), which explained why the total supply-chain costs under all scenarios 

would increase even the transportation costs fall by 2-14% (Table 3). Although 

transportation costs decrease 2-3% in the low scenario, this reduction is offset by an 

1% increase of production costs (Table 3). Under the medium scenario, total 

production costs increase by 2% while the transportation costs decrease by 5-7% 

(Table 3). The decreases of transportation costs are driven by food miles reductions of 
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5-8% below baseline. When the drought intensity level goes up to the highest level (all 

of broccoli production areas in California experience abnormal dry conditions), the 

total supply-chain costs would increase by 1% in all seasons with a 3-4% increase of 

production costs and 12-14% reduction of transportation costs (Table 3).  

 

4.4 Impact of increased drought intensity on distance travelled by broccoli    

 

We expect that the average distance travelled by broccoli to meet demand in 

the east coast would decrease under all scenarios. This is because less broccoli is 

transported from California due to drought intensity, and our model would place new 

broccoli acreage in eastern states to cover the reduction in output from California. 

Under the low scenario, the average distance travelled by broccoli falls by 1-3% 

(Table 3). When drought intensity in California goes up to the medium and high level, 

there is a larger reduction of WASD, with a 5-8% decrease in the medium scenario 

and 11-25% in the high scenario (Table 3). The 25% reduction of WASD that 

occurred in winter under the high scenario comes from more local broccoli transported 

within Georgia and Florida to serve regional markets. The simulations show that with 

optimal supply chain re-configuration in response to draughts in California, WASD 

decreases are linear, which is different with results in Atallah et al. (2014). This is 

because our land reallocation occurred with reduced broccoli transportation from 

California, where the production level in California is unchanged in Atallah et al. 

(2014).   

 

CHAPTER 5: DISCUSSION 
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These results provide new insights regarding a decentralized food supply chain 

configuration in response to reduced shipments in the west coast due to droughts. The 

results also show and implications for supply-chain costs, product flows and food 

miles for each season. First, our model indicates that the total supply-chain costs for 

broccoli meeting demand in the east coast would increase with draught intensity in 

California. That is, the fall in transportation costs due to shorter distances traveled by 

broccoli are smaller than the increase in production costs. Declined shipments from 

California reduce the average distance travelled by fresh broccoli to eastern markets. 

However, there is a tradeoff for the production costs. The increase of total production 

costs comes from additional shipments from eastern regions where the unit production 

cost of fresh broccoli is much higher than in the west coast. Nevertheless, with the 

prospect of potential increases in irrigation water costs in the west coast due to the 

long-lasting severe droughts and water stress, it is possible that the total supply-chain 

costs might be higher under all scenarios.  

 

Second, our results indicate the locations and magnitudes for alternative 

acreage increase in the east coast that could mitigate the supply risks from severe 

droughts in the west coast and prevent dramatic increases in total supply chain costs. 

Hence, policies aimed at localizing food supply chains can be more precisely designed 

regarding the seasons and locations that would contribute to decentralize broccoli 

supply chains while improving the economic and environmental performance. 

Growers could identify actionable strategies regarding optimal production reallocation 

investments to minimize costs. We note that a modest broccoli production decrease in 

California constitute a large increase in the east coast and can therefore substantially 
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alter the product flows in the eastern markets, especially in the spring and winter 

seasons. For example, the decreased shipments from California to Florida under the 

medium draught scenario constitute a 4% of the spring production in California. This 

represents 53% of the total production in Florida in the spring.  

 

Third, our results suggests environmental effects of decentralizing broccoli 

supply chains due to the increased drought intensity in California. Our results suggest 

a linear reduction of the average distance travelled by fresh broccoli in the eastern 

markets when the drought intensity level rises. This result is not surprising, since less 

broccoli volumes are transported from the west coast to the eastern markets under all 

California draught scenarios. The reduced distances traveled by broccoli are associated 

with reduced carbon footprint: a 25% decrease of food miles in winter under the high 

scenario could roughly translate into a reduction in diesel fuel usage of 1.2 million 

gallons per winter, which is equivalent to a reduction of 58 trucks per year with 25.9 

million pounds emissions of  𝐶𝑂2 according to the U.S. Energy Information 

Administration (EIA, 2014).  

 

CHAPTER 6: CONCLUSION 
 

This paper conducts an integrated analysis of the impact of various drought 

scenarios on the economic and environmental performance of fresh vegetable supply 

chains, focusing on the case of broccoli in the U.S. We developed a production-

transportation model of the U.S. fresh broccoli industry to analyze the effects of 

decentralizing a vegetable supply chain in response to the increased drought intensity 

in the west coast on production patterns, product flows, supply-chain costs, and food 
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miles. The reallocation of production to the east coast in response to the severe 

droughts in California would lead to a modest increase the total supply-chain costs. In 

the worst scenario (high level), the total supply-chain costs would increase by 1% due 

to additional shipments from east coast locations with higher unit production cost than 

California, although transport costs decrease due to shorter distances traveled by the 

product However, an essential prerequisite of such land reallocation and a 

decentralized supply chain network is the viability of increased food localization. 

Without appropriate varieties well adapted to growing environments in the east coast, 

the right post-harvest infrastructures, and strong policy support for food localization, 

the barriers supply chain re-configuration in response to extreme weather events are 

difficult to overcome. 

 

Our results suggest that impacts of broccoli production reallocation in response 

to severe droughts in major crop production areas are seasonal, in particular on 

product flows. The seasonality is critical for highly perishable products, i.e. fresh 

broccoli in our case. In the meanwhile, the frequency and intensity of severe droughts 

also vary by seasons and their impact on food production differs in dry seasons and 

wet seasons. Thus, in order to fully understand the implications of the decentralized 

supply chains with optimal economic and environmental performance, food industry 

practitioners need to identify and employ strategies considering optimal production 

reallocation investments and supply-chain costs by seasons and locations. We expect 

the main results to be generalizable to other fresh produce supply chains. The model 

and the procedure we use to determine the optimal locations and magnitudes of land 
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reallocation in response to the increased drought intensity levels can be applied to 

other vulnerable fresh produce supply chains as well.  

 

Although we simulate impacts of severe droughts in California by associating 

production volumes and drought intensity level, the increased severe droughts might 

also influence the supply chain configuration by irrigation water costs. Due to the 

anticipated increase of long-lasting severe droughts in California, it is possible that 

water pricing in the west coast would be re-evaluated in the future. It is expected that 

the water costs for agricultural irrigation might be higher than before due to the 

exacerbated water stress. In this case, the production-transportation model might be 

expanded to solve for the cost-minimizing locations and seasons in the east eastern 

markets if the irrigation water in the west coast becomes costly for famers. Although 

we show that simulated broccoli acreage increases in this study are a small fraction of 

total fresh vegetable acreages, failure to account for the opportunity cost of acreage 

expansion in alternative regions is a limitation of the study. With the increasing 

broccoli demand and projected increase of severe droughts in the west coast in the 

future, the acreage increases in the east coast might represent a higher share of the 

total fresh vegetable acreage in this region. Therefore, future research should include 

alternative crops that might compete with broccoli for land in each eastern state in the 

model.  
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Appendix A: Lists of demand nodes in the optimization model  

 

1 Arizona 

2 California  

3 Bridgeport-NewHaven, CT1 

4 Hartford-Norwich, CT2 

5 CapeCoral-Lakeland-Naples-NorthPort-Tampa, FL1 

6 Deltona-Orlando-PalmBay-PortSaintLucie-PompanoBeach, FL2 

7 Gainesville-Jacksonville-Ocala-Pensacola-Tallahassee, FL3 

8 Atlanta-Chattanooga-Columbus, GA1 

9 Augusta-Savannah, GA2 

10 Boston, MA1 

11 Springfield, MA2 

12 Worcester, MA3 

13 Baltimore-DC-Hagertown, MD 

14 Portland, ME 

15 Charlotte-Asheville-Hickory, NC1 

16 Durham-Winston-Greensboro-Raleigh-Fayetteville, NC2 

17 Wilmington, NC3 

18 Atlantic City, NJ 

19 Trenton, NJ 

20 Buffalo-Rochester-Syracuse-Utica,NY1 

21 Albany-Poughkeepsie, NY2 
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22 NYC, NY3 

23 Binghamton, NY4 

24 Erie, PA1 

25 Pittsburg-Youngstown, PA2 

26 Scranton, PA3 

27 Allentown-Harrisburg-Lancaster-Philadelphia-Reading-York, PA4 

28 Providence, RI 

29 Columbia, SC1 

30 Greenville-Spartanburg, SC2 

31 Charleston-Myrtle Beach, SC3 

32 Lynchburg-Roanoke, VA1 
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Appendix B: OLS regression models of drought intensity level and production  

In𝑝𝑡 = 𝛽0 + 𝛽1𝐷0𝑡 + 𝛽2𝐷1𝑡 + 𝛽3𝐷2𝑡 + 𝛽4𝐷3𝑡 + 𝛽5𝐷4𝑡 + 𝜖𝑡                              (8) 

In𝑝𝑡 = 𝛽0 + 𝛽1𝐷0𝑡−1 + 𝛽2𝐷1𝑡−1 + 𝛽3𝐷2𝑡−1 + 𝛽4𝐷3𝑡−1 + 𝛽5𝐷4𝑡−1 + 𝜖𝑡           (9) 

In𝑝𝑡 = 𝛽0 + 𝛽1𝐷0𝑡−2 + 𝛽2𝐷1𝑡−2 + 𝛽3𝐷2𝑡−2 + 𝛽4𝐷3𝑡−2 + 𝛽5𝐷4𝑡−2 + 𝜖𝑡          (10) 

In𝑝𝑡 = 𝛽0 + 𝛽1𝐴𝐷0𝑡 + 𝛽2𝐴𝐷1𝑡 + 𝛽3𝐴𝐷2𝑡 + 𝛽4𝐴𝐷3𝑡 + 𝛽5𝐴𝐷4𝑡 + 𝜖𝑡                (11) 

In𝑝𝑡 = 𝛽0 + 𝛽1𝐷0𝑡 + 𝛽2𝐷0𝑡−1 + 𝛽3𝐷0𝑡−2 + 𝛽4𝐷1𝑡 + 𝛽5𝐷1𝑡−1 + 𝛽6𝐷1𝑡−2 +

𝛽7𝐷2𝑡 + 𝛽8𝐷2𝑡−1 + 𝛽9𝐷2𝑡−2 + 𝛽10𝐷3𝑡 + 𝛽11𝐷3𝑡−1 + 𝛽12𝐷3𝑡−2 + 𝛽13𝐷4𝑡 +

𝛽14𝐷4𝑡−1 + 𝛽15𝐷4𝑡−2 + 𝜖𝑡       (12) 

In𝑝𝑡 = 𝛽0 + 𝛽1𝐷0𝑡−1 + 𝛽2𝐷0𝑡−2 + 𝛽3𝐷1𝑡−1 + 𝛽4𝐷1𝑡−2 + 𝛽5𝐷2𝑡−1 + 𝛽6𝐷2𝑡−2 +

𝛽7𝐷3𝑡−1 + 𝛽8𝐷3𝑡−2 + 𝛽9𝐷4𝑡−1 + 𝛽10𝐷4𝑡−2 + 𝜖𝑡                                                 (13) 

In𝑝𝑡 = 𝛽0 + 𝛽1𝐷0𝑡 + 𝛽2𝐷0𝑡−2 + 𝛽3𝐷1𝑡 + 𝛽4𝐷1𝑡−2 + 𝛽5𝐷2𝑡 + 𝛽6𝐷2𝑡−2 + 𝛽7𝐷3𝑡 +
𝛽8𝐷3𝑡−2 + 𝛽9𝐷4𝑡 + 𝛽10𝐷4𝑡−2 + 𝜖𝑡                                                                       (14) 
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