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Abstract

This paper examines the estimated effect of consecutive hot/dry periods (i.e., drought) on food crop yields,
specifically Wheat. in the Upper Nile Basins countries of Ethiopia and Uganda. These countries rely on the
Blue and White Nile for irrigation for various food crops; however, the region’s weather is heavily affected
by the EI Nino Southern Oscillation which brings long periods of hot/dry weather. System dynamics
provides a method to model, simulate, and analyze the impact of El Nino and La Nina on the Blue and
White Nile Basin to determine the effect on the crop yield for wheat. The model is validated against modal
references based on observable trends drawn on regional historical data. Validation provides a goodness
of fit estimate necessary in using the model to project time-sensitive temporal scenarios going forward into
the current century. Additionally, there is potential to expand the model to other food crops in the region,
such as barley, maize, millet, and sorghum.
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1. Introduction

The Nile Basin, which covers Egypt, Ethiopia, South Sudan, Sudan, and Uganda, among others, is at
risk for climate-induced agricultural shocks. Many inhabitants of the region are engaged in subsistence
agriculture, and there is strong evidence that heat and drought can damage crop yields. Most agriculture in
the region is rain fed, making yields vulnerable to hot and dry conditions. Climate extremes in the region,
coupled with periodic water and food insecurity, contribute to migration, conflict, and humanitarian disaster.
By 2050, regional population is projected to more than double, imposing large additional demands on
already-stressed ecosystems and likely complicating regional water politics (Asseng, et al., 2018). As
climate change raises temperatures and modifies precipitation patterns, understanding the relationships
among compound extremes, water supply, and its demand for food and human well-being will be critical to
sustain development and avoid environmental and potentially humanitarian crisis in the region.

1.1. Background

The Upper Nile Basin has a diverse climate, rapidly growing population and is historically at risk for
climate-induced agricultural shocks. A large portion of the population in the region are engaged in
subsistence agriculture focused on a few cereal crops (African Union). Additionally, there is strong
evidence that heat and drought can decrease crop yields, especially when they co-occur in the same time
period (Kent, et al., 2017; Lesk, Rowhani, & Ramankutty, 2016; Lobell, Banziger, Magorokosho, & Vivek,
2011; Matiu, Ankerst, & Menzel, 2017; Zscheischler, et al., 2018). The compound effects of extreme
variations in climate in the region, especially dry-hot periods, periodic water and food insecurity, and a
history of geopolitical instability directly contribute to migration, conflict, and humanitarian disaster (Burrows
& Kinney, 2016; Coffel, et al., 2019). Additionally, the combination of these types of events have occurred
more frequently during a number of Upper Nile droughts in recent decades (Broad & Agrawala, 2000).

Rainfall in South Sudan, western Ethiopia, and Uganda feeds the two major tributaries to the Nile, the
Blue and White Nile, almost exclusively with parts of the Lower Nile Basin, Sudan and Egypt, receiving very
little precipitation and depending heavily on the Nile for water (Keith, Ford, & Horton, 2017). The
temperature and precipitation in the Upper Nile Basin is strongly influenced by the El Nifio—Southern
Oscillation and sea surface temperatures in the Indian Ocean and the Gulf of Guinea, thus impacting the
Nile River flow (Giannini, Saravanan, & Chang, 2003; Giannini, Biasutti, Held, & Sobel, 2008; Kim &
Kaluarachchi, 2009; Siam, Wang, Demory, & Eltahir, 2014; Taye, Ntegeka, Ogiramoi, & Willems, 2011).



Prior work has shown that global climate models project increases in both the mean and variability of annual
mean due to stronger and more frequent El Nifio and La Nifia events (Cai, et al., 2014; Cai, et al., 2015;
Siam & Eltahir, 2017). Given the dependence on rainfall in the region, the resulting variability of Nile River
streamflow could increase and require additional water storage capacity on the Nile and its tributaries to
utilize and control the flow and prevent the risk of flooding (Taye, Ntegeka, Ogiramoi, & Willems, 2011;
Siam & Eltahir, 2017) (Siam & Eltahir, 2017). In addition to the effects on precipitation and water supply in
the region, these drastic fluctuations in climate will bring large increases in temperature across the region,
raising the frequency, intensity, and duration of heat waves, as well as increasing evaporative demand on
the soil and on the Nile River, its tributaries, and reservoirs.

1.2. Paper Organization

This paper is organized into four additional sections, a literature review, description of the system
structure, model output and analysis and then a conclusion section. The literature review presents a brief
introduction to system dynamics as a methodology and discusses some examples of its application to
climate change. Additionally, this section discusses the agriculture in the Blue and White Nile Basin and
the effect of hot and dry periods on crop yields. The third section focuses on the system structure and
presents the reference modes for temperature and crop yield in the region. This section also describes the
system structure through the use of causal loop diagrams that depict the reinforcing and balancing feedback
that drives the dynamic behavior. The fourth section presents the model results and the analysis of the
output. Historic data for wheat crop yields provides a reference mode to calibrate the data and this section
discusses some of the strengths and weakness of the model in this regard. Finally, the conclusion section
presents a summary of the work conducted this far and a path forward for future work in this area.

2. Literature Review

The literature review focuses on system dynamics, agriculture in the Blue and White Nile Basins, and
the effect of hot and dry periods on crop yields in general. System dynamics provides the underlying
methodology for the paper and is used to understand how the structure of a system drives the dynamic
behavior through accumulations and causal relationships. Overall, the agriculture in the Blue and White
Nile focuses on food stocks for the region and relies on several basic crops to include barley, maize, millet,
sorghum, and wheat. This region is heavily dependent on these cereal crops for substance and any impact
to the yield of these crops can have profound impacts on the population. Finally, the literature review
discusses the effect of hot and dry days on crop yields which is the fundamental behavior that the model in
this paper captures.

2.1. System Dynamics

System dynamics is a methodology to understand the dynamic behavior of systems using
accumulations, flows, and causal relationships within a system. It exposes the underlying structure of a
system and models the behavior over time to adjust individuals’ mental models of the system and test
potential policy alternatives. Forrester's (1968) work describes a system as “a grouping of parts that
operate together for a common purpose”. He further classifies two types of systems: open systems, in
which external variables affect the system, or closed systems where all variables are internal to the system
(Forrester, 1961). In his book, World Dynamics, he presents an example system model of the world that
described the interrelations between population, capital investment, geographical space, natural resources,
pollution, and food production (Forrester, 1971). The behavior of a system over time is the dynamics of a
system, which are often complex and non-linear in nature because of the system’s underlying structure
(Forrester, 1961). This complexity stems from feedback within the system, time delays between decisions
and effects, and the learning process of the system (Sterman J. , Business Dynamics: Systems Thinking
and Modeling for a Complex World, 2000). These attributes of systems make them difficult to understand
and identify the cause and effect relationships without an effective model of the system.

Within the management domain, Forrester (1961) described the potential for system dynamics to
assist decision makers understand the implications of their policies and potentially identify and mitigate



unintended consequences of their decisions. Applications of System Dynamics have provided insights
across several domains; including corporate policy, infectious disease, commodity markets, and drug
addiction, and commodity markets (Forrester, 1971). Companies and consultants have extensively used
System Dynamics for managing large, complex projects with a great deal of success. One area where
businesses utilize System Dynamics is in the development of corporate strategy and analysis of business
decisions after a crisis or complex problem triggers these shifts in business strategy. System Dynamics
assists in determining the root cause of the crisis and identifying potential consequences of alternative
courses of action (Sterman J. , Business Dynamics: Systems Thinking and Modeling for a Complex World,
2000). One of the main benefits of the system dynamics methodology is that it makes explicit causal
relationships between variables to understand how the underlying structure and accumulations affect the
behavior of the system over time.

System dynamics has been used extensively to model climate change behavior over time and
influence potential policies through a better understanding of the dynamic behavior over time. Models have
examine the impact of the accumulation of greenhouse gases on the environment and the resulting increase
in global temperature (Sterman, et al., 2012). Likewise, system dynamics provides a means to challenge
mental models of climate change and describe the magnitude of the risks associated with potential impacts
of climate change to inform policies (Sterman J. D., 2011). In addition to the general application of system
dynamics to climate change; specific work has focused on the impact of climate on crop yields and
agricultural production in various regions, to include Africa (Stephens, et al., 2012).

2.2. Agriculture in the Blue and White Nile Basins

Rain-fed agriculture dominates water use in the Nile Basin outside Egypt, which relies almost
exclusively on irrigation. The major crops are cotton, rice, wheat, maize, sugar (cane and beet), berseem
(alfalfa), beans, fruits and vegetables. Seventy percent of the population throughout the Nile Basin can be
classified as subsistence farmers. This makes the region exceptionally vulnerable to climate extremes that
can decrease precipitation in the region as this change drastically increases the probability of wide spread
famine and unrest in the Nile Basin.

In Ethiopia, the agricultural sector dominates economic production, representing 50% of GDP, 90% of
exports (coffee, hides, live animals,vegetables), and 80% of manufacturing. Small-scale farmers produce 90%
of agricultural output, such as cereals (teff, maize, barley, wheat), pulses and oilseeds. Drought and food
insecurity regularly affects over 50% of the population, with over 90% of these people concentrated in rural
areas.

Agriculture dominates the Ugandan economy and society, contributing 44% of total outputand
employing 80% of the labor force. Production is concentrated in the south, with two growing seasons.
Domestic food crops are roots and tubers, maize, beans, sesame and sorghum.Uganda is the leading coffee
producer in Africa. However, coffee and other cash crops (cotton, tea and maize) are vulnerable to climate
and international markets.

2.3. Effect of Hot and Dry Days on Crop Yields

Climate extremes—particularly hot and dry years—can reduce crop yields and result in acute water
scarcity. These risks are particularly pronounced in the Upper Nile Basin, a chronically water stressed
agricultural region that includes western Ethiopia, South Sudan, and Uganda. While the causes of
humanitarian crises in the Nile Basin are complex and involve governance, conflict, and climate, nearly all
recent regional crop failures have occurred amid hot and dry conditions (Coffel, et al., 2019).

Hot and dry years can be defined as those conditions consistent with years of poor agricultural yield:
temperatures above the 83rd percentile and precipitation below the 20th percentile (Coffel, et al., 2019).
Regional water scarcity will continue to be a chronic issue for the Upper Nile from population growth alone,
but runoff deficits during future hot and dry years will amplify this effect, leaving an additional 5-15% of the
future population facing water scarcity. Climate change, along with the region's complex water politics,
dependence on subsistence agriculture, and history of geopolitical instability, places the region at risk of
severe food and water shortages as hot and dry years become more frequent. Adaptation and climate-
resilient water management policies informed by an understanding of compound extremes will be essential
to manage these risks.



3. System Structure

This section presents the behavior and structure of the agricultural system in the Blue and White Nile
River Basins. For the Blue Nile, the data focuses on the crop yields, maximum temperature, and
precipitation in Ethiopia. For the White Nile, the section uses data from Uganda on the same crops and
weather variables. The next portion of the section discusses the causal relationships in the system that
generate the dynamic behavior for crop yields in the region. Finally, this section discusses the stock and
flow structure of the system that provides the basis for modeling efforts of the dynamic behavior of the
system.

3.1. Reference Modes

System Dynamics focuses on the behavior of a system over time and a critical component of
identifying and understanding this behavior is through the use of reference modes. Reference modes are
representations of data over time that depict how the system behaves and can generally be classified into
one of several standard reference modes (Sterman J. , Business Dynamics: Systems Thinking and
Modeling for a Complex World, 2000). Often these reference modes include oscillation which indicates that
there may be delays in the system which result in the observed behavior as the system takes time to self-
correct.

Figure 1 presents the reference modes for Ethiopia from 1969 until 2018 and includes both data on
crop yields and temperature. The data for crop yields captures the primary food crops for the region which
includes barley, maize, millet, sorghum, and wheat. The Food and Agriculture Organization (FAO) of the
United Nations maintains a robust database of crop yields across the globe, which provided the data for
the reference modes in this paper (United Nations, 2021). For Ethiopia, crop yields appear to be growing
over time, especially since 2004; however, they do demonstrate some oscillation over time. The maximum
average monthly temperature is captured on the secondary access of the chart and provides a potential
cause to the fluctuations in crop yield (World Bank Group, 2021).

Figure 2 presents similar data for Uganda for both the yield data from the FAO and climate data from
the World Bank Group. It includes the same crops that were presented for Ethiopia over the same
timeframe; however, for Uganda the crop yields do not appear to grow in a similar fashion. Additionally,
there is a sharp increase in Maize in 2007 as Sorghum drops off after a relatively steady yield rate from
1969 to 2006. This behavior indicates that there might be reinforcing behavior for crops that tend to do
well, or poorly, that eventually effects their yield rates. In both instances, Ethiopia and Uganda it is
extremely difficult to identify any trends and further analysis is needed to represent a reference mode for
modeling.
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Figure 1: Crop Yield and Temp in Ethiopia (1969-2018) Figure 2: Crop Yield and Temp in Uganda (1969-2018)

Coffel et al. (2019) introduced the concept of analyzing the impact of dry-hot years on the crop yield
and used a normalized crop yield for the region. For this analysis, the paper continues to focus on Ethiopia
and Uganda; however, it limits the crops to only wheat through the modeling process. For Ethiopia, the



wheat yield is growing exponentially, indicating reinforcing feedback in the system that masks the impact
of dry and hot periods on the yield. Figure 3 presents the normalized crop yield deviations for wheat in
Ethiopia and the number of dry and hot months in the year. The analysis identifies a hot or dry month as
any month where the temperature is greater than one standard deviation from the mean or precipitation is
one standard deviation less than the mean for the month. It also depicts the Ethiopian Civil War from 1974
to 1991 with the eventual independence of Eritrea in 1993, which coincides with a large decrease in the
normalized crop yields. Also, between 1995 and 2012, a series of years with both hot and dry periods
coincides with crop yields well below the normalized yield.
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Figure 3: Normalized Crop Yields and Hot/Dry Months for Ethiopia

For Uganda, there are similar trends for both the number of dry and hot months as well as its impact
on the normalized yield. In the case of Uganda, the actual crop yield for wheat is trending downwards,
especially from 2000 to 2016, which coincides with a significant number of months that are dry and hot.
Figure 4 presents the normalized yield deviation and the number of days that are hotter or dryer than normal
for Uganda. It also depicts two major conflicts in Uganda, the Uganda Bush War (1980-1986) and the
Second Sudanese Civil War (1995-2005). As shown, most of the periods of low crop yields are related to
periods of dry and hot months and provide a reference mode for the yield of wheat in Uganda.
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Figure 4: Normalized Crop Yields and Hot/Dry Months for Uganda



3.2. Causal Relationships

Causal Loop Diagrams are a key component of system dynamics which represent the feedback
structure within a system using signed diagrams. In closed systems, casual loops differ from discrete,
event-oriented perspectives of individual causes and effects in that any cause is an effect on another
variable (Richardson, 1991). These diagrams describe the behavior of the system by talking through the
loop to tell the story of the interactions within the system (Meadows, Randers, & Meadows, 2004). Causal
loop diagrams identify the feedback structure of a system with the two types of individual feedback loops:
reinforcing and balancing loops. Richardson (1991) describes a reinforcing feedback loop as a chain of
cause and effect relationships that amplify a change in any one of the variables. A change to any variable
in the loop in one direction propagates through the loop to change the original variable in the same direction,
so these loops have the potential to grow exponentially (Meadows, Randers, & Meadows, 2004). Balancing
feedback loops work to diminish the effect of a change in a system and restore balance to a system
(Richardson, 1991). In System Dynamics, balancing feedback loops bring a system back to a desired level
or a level constrained by the system.

In natural and engineered systems delays, either information or material, often exist which increase
the dynamic complexity of these systems. These delays are generally a key contributor to the dynamic
behavior of systems and create problems, as they are difficult to capture in a mental model of the system.
In material delays conservation of matter applies, so no units will be lost during the delay, but the delay will
cause the inflow to differ from the outflow, thus resulting in an accumulation (Forrester, 1961). Whereas in
information delays, the information may lose value over time, so the accumulation of information may
diminish over time as people make decisions based on old information (Sterman J. , Business Dynamics:
Systems Thinking and Modeling for a Complex World, 2000). These delays can have dramatic effects on
a system’s behavior over time and may cause a system to overshoot is goal; potentially resulting in the
eventual collapse of the system as the growth causes irreversible damage (Meadows, Randers, &
Meadows, 2004).

Figure 3 presents the first in a series of causal loop diagrams that aid in the understanding of the
structure of the system that produces the observed dynamic behavior for crop yields in both Ethiopia and
Uganda. The “More Demand” feedback loop is a very simple reinforcing feedback loop that captures the
fact that farmers will expand the planting of successful crops. As Crop Demand increases, farmers will
increase the Area Harvested for a specific crop for both financial reasons as well as their ability to meet the
demand for food. As the Area Harvested increases, all else equal in the system, the Crop Production,
amount of crops reaped, will also increase. As Crop Production increases it will also increase the Crop
Demand for a specific crop as it become a steady part of the food system. It is likely that there is a delay,
at least a planting season long, between the Crop Demand and the Area Harvested as farmers will need
additional resources to plant a larger share of a certain crop. Not noted on this diagram is the limitation to
growth given the amount of arable land.
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Figure 5: CLD for More Demand



This is evident in the data which shows a relationship between the production of wheat in both Ethiopia
and Uganda between 1969 and 2018 (United Nations, 2021).  Figure 4 presents the data for Ethiopia’s
wheat production and area harvested. The comparison of the previous year’s production to the current
year's area harvested generates a correlation of 0.893, indicating a potential relationship between the
success of the prior year’s harvest on the area cultivated in the next year. Figure 5 presents a similar
relationship for wheat production in Uganda, where the correlation is 0.867 between the prior year’s
production amount and the next year’s area harvested. This relationship is an important aspect for
modeling the production as it demonstrates the reinforcing behavior between the production and the area
harvested.
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Figure 6: Ethiopia’s wheat production and area harvested Figure 7: Uganda’s wheat production and area harvested

The next causal loop diagram captures the need for water, which could potentially balance out the
desire to plant more of a certain crop. Figure 4 presents the “Need for Water” causal diagram that is a
balancing feedback loop in the system. Previous work has documented the linkages between cultivated
land and the need for various resources to include water as a major requirement for agriculture (Turner,
Menendez, Gates, Tedeschi, & Atzori, 2016). As the Area Harvested increases, it also increases the Water
Required which in-turn decreases the Water Ratio. The Water Ratio has a positive interaction with the
Crop Yield, so when it decreases so does the Crop Yield. When the Crop Yield, the amount of a crop that
is actually harvested compared to how much is planted, decreases the Crop Production also decreases.
To complete the feedback loop, the decrease in Crop Production decreases the Crop Demand and the
Area Harvested; thus closing the loop as balancing feedback.
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Figure 5 presents the “Technology Upgrade” causal loop diagram that captures the feedback
associated with increases in technology to improve crop yield. As Crop Yield increases, so does the Crop
Production even as the Area Harvested remains constant as farmers yield more crops per acre. With an



increase in Crop Production, the Profits also begin to increase which enables farmers to increase their
Investment in technology that can improve yield. Other system dynamics modeling efforts documented a
similar structure to capture the allocation of the land to crop production and resource requirements
(Stephens, et al., 2012). After a delay for the technology to develop or be implemented, the Crop Yield
begins to increase and reinforces the initial behavior of the system.

In addition to investments in technology that may increase yield, farmers can also invest in Irrigation
to mitigate the effects of long periods without precipitation. Figure 6 presents the “Irrigation Investment”
reinforcing feedback loop that captures the feedback associated with improvements to irrigation
capabilities. As Investment increases, so does Irrigation which also increases the Water Available. The
Water Available increases the Water Ratio and improves Crop Yield. This then goes into the “Technology
Upgrade” loop as both Crop Production and Profits increase which allows for farmers to increase their
Investments. A portion of the Investment goes towards Irrigation and closes out this reinforcing feedback.

@ *  water
Available

Irrigation
Irrigation Investment
+
b Crop d @ Area
eman
. Harvested * Water
More Demand Required
te)
Crop +
Production M Need for Water
-/ +
Water Ratio
+
Profits @ Crop Yield :’_/
Technology +
Upgrade
+
Investment

Figure 10: CLD Irrigation Investment

The final causal loop diagram describes the exogenous variable’s impact on the system structure. At
this point in the modeling effort, the EI Nino Effect, which affects both the Annual Precipitation and
Temperature, is exogenous to the system. However, it is well documented that the EI Nino-Southern
Oscillation directly impacts the weather patterns in the Blue and White Nile region (Giannini, Saravanan, &
Chang, 2003) (Giannini, Biasutti, Held, & Sobel, 2008). Figure 7 depicts where these variables interact
with the system and impact the overall feedback in the system. The Annual Precipitation directly relates to
Water Available in a positive manner, so as it increases so does the Water Available. However, this is not
the only affect in the model as a portion of the precipitation can be lost to run off or not captured by the
current irrigation system. The Annual Precipitation, when compared to the Normal Precipitation, also
decreases the Dry-Hot Periods as the region gets more precipitation that normal. The Temperature is
compared to the Normal Temperature to generate a Temperature Ratio, so when it is warmer than normal
this ratio increases and affects the Dry-Hot Periods. This Dry-Hot Period variable influence the Crop Yield
as found in previous work where extended periods of high temperatures and low precipitation decrease
yield (Coffel, et al., 2019).
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Figure 11: CLD Overall System Structure

3.3. Stock and Flow Structure

This section presents and discusses the stock and flow structure of the model that drives the dynamic
behavior of the system and helps to better understand the includes two sub-models that focus on the impact
of El Nino and La Nina on dry-hot periods in the region and the other focuses on the crop yield and
production in the region. For this model, the stock and flow structure only models the behavior of Wheat,
one of the primary food crops in the region. Additionally, the model represents one country in the region
based on the initial conditions which can be altered and calibrated to capture the behavior of other countries.

One of the important aspects of the model is the impact of El Nino and La Nina have on the region’s
temperature and precipitation. In times of La Nina, a cooling of the Pacific Ocean, the Nile River Basin
experiences increased temperatures and decreased amounts of precipitation (Siam, Wang, Demory, &
Eltahir, 2014). Additionally, these events are becoming more frequent and increasing in intensity, leading
to longer periods of drought in the region (Cai, et al., 2015). NOAA tracks the average temperatures of the
Pacific Ocean to measure the El Nino-Southern Oscillation with a three-month moving average temperature
and any period that is +/- 0.5° C is considered a Nino event (National Weather Service, 2021).

Figure 12 presents a summary of this data and indicates the El Nino periods, greater than + 0.5° C,
and La Nina periods, less than -0.5° C. For the purposes of modeling the dynamic behavior of the system,
the Nino effect is considered exogenous to the model and the El Nino Southern Oscillation Effect variable
captures this behavior.
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Figure 12: Oceanic Nino Index from 1969 to 2018 (National Weather Service, 2021)

Figure 13 presents the stock and flow structure for the Dry-Hot Periods which captures the impact of
the El Nino Southern Oscillation Effect on the Temperature and Precipitation in the region which results in
the Dry-Hot Periods. In general, the ocean temperatures fluctuate by about +/- 1.5° C during periods of El
Nino or La Nino and the model captures this level of fluctuation (National Weather Service, 2021). The
current model does not capture the observed increase in frequency or intensity of the effect; however, this
could be added as the model matures (Cai, et al., 2015). The model then determines if a given period is
hot, Temperature greater than one standard deviation from the Average Temperature, or dry, Precipitation
less than one standard deviation from the Average Precipitation. When both conditions are met, the period
is designated as Dry and Hot and begins to accumulate in the Dry-Hot Periods.
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Figure 13: Stock and Flow Diagram for Dry-Hot Periods

The second portion of the stock and flow model focuses on the crop yield for wheat in a given country
and the resulting crop production. Figure 14 presents the stock and flow model for this portion of the system
and include three stocks for the Crop Yield — Wheat, Area Harvested — Wheat, and the Desired Area
Harvested — Wheat. The desired area harvested is based on the amount of production, so as the region
produces more wheat, farmers in the region will want to plan more of the crop to take advantage of the



success. However, this takes some time to both adjust the desired area harvested as well as the actual
area harvested, so the model uses two delays to capture this behavior. The Crop Production — Wheat
variable is the product of both the yield and the amount harvested and can be calibrated to historic
production in the country.
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Figure 14: Stock and Flow Diagram for Crop Yield

The structure in Figure 13 and Figure 14 is linked through the Dry-Hot Period stock in Figure 13’s
model and the Decrease in Wheat Crop Yield — Dry-Hot Period variable in Figure 14’s portion of the model.
As the number of dry-hot periods increase it also decreases the rate at which the crop yield decreases by
affecting the fractional decrease in wheat yield. So, as more dry-hot periods occur and become more
severe, the crop yield for wheat decreases. During dry-hot periods, the crop yield of sustenance crops, like
wheat, decreases due to the drought conditions in the area (Coffel, et al., 2019).

There are some shortcomings in the model that need to be refined to improve the accuracy of the
model in representing the crop yield in the Nile River Basin. The focus of this model was on the impact of
rainfall and temperature, which appear to be major contributing factors to crop yield in the area; however,
it does not examine infestations, improvements in technology, fertilizers, or insecticides. This leaves room
for improvement in the model and the subsequent analysis. First, the growth of the crop yield is currently
an exogenous variable based on historic growth rates of the wheat yield in Ethiopia and Uganda. The
model could be improved to account for improvements in technology or irrigation in the region, fueled by
increased production and thus profits. Likewise, further research could identify other causes of decreases
to crop yield, something like conflict in the region, which may affect production. As noted earlier, the final
model improvement could incorporate the increase in the frequency and severity of the El Nino periods
which result in increased periods of drought in the region, like observed in the 1990s.

4. Model Results and Analysis

Overall, the model generates consistent behavior with historic data for the crop yield of both Ethiopia
and Uganda. Although it is a relatively basic model for understanding the impact of dry-hot periods on the
crop yield for these countries, by calibrating the model with the fractional increase in decrease in wheat
yield the model output is similar to historic data. The FAO data from the United Nations provides an



excellent reference mode for the model and depicts the impact that dry-hot periods can have on the region’s
production of Wheat.

4.1. Ethiopia — Wheat

Ethiopia’s crop yield for wheat has been growing exponentially over the last several decades and the
area harvested has also been increasing as depicted in the previous section. Figure 15 presents the model
output for the crop yield for wheat in Ethiopia, which increases over time with some oscillation that aligns
with dry-hot periods in Ethiopia driven by the EI Nino Southern Oscillation. Overall, the model’s output of
the crop yield follows the historic data very closely. Figure 16 presents the area harvested for wheat in
Ethiopia from 1969 to 2018 for both the historic data and the model. The output for the area harvested,
specifically for wheat, does not follow the historic data quite as well as it does not capture a large decrease
from 1977 to 1994; however, the general trend is similar.
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Figure 15: Model Output - Ethiopia Wheat Yield Figure 16: Model Output - Ethiopia Wheat Area Harvested

4.2. Uganda - Wheat
Uganda’s wheat yield remains relatively consistent over time with a slight decrease from 1969 to 2018;

however, it is much higher than the yield in Ethiopia. Figure 17 presents the wheat yield for Uganda and
compares the model baseline output with the historic data. Similar to Ethiopia, the oscillation of the yield is
not quite as severe in the model but follows the general trend of the historic data. Figure 18 presents the
area harvested for wheat, which for Uganda is somewhat consistent from 1969 to 2000, but then grows
rapidly after 2000. This indicates that there may be additional structure in the system that the model does
not capture that may be driving the behavior for the area harvested.
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Figure 17: Model Output - Uganda Wheat Yield Figure 18: Model Output - Uganda Wheat Area Harvested

One area where the model could be improved is in capturing the magnitude of fluctuations of the crop
yield in both Ethiopia and Uganda based on the El Nino Southern Oscillation. It is well documented that
the crop yields in the region are highly related to dry-hot periods which can greatly affect the crop yield for



these food crops (Coffel, et al., 2019). The model does capture some of the oscillation, but not quite to the
extent that is evident in the historic data which may be important for future analysis of the impact of the
decrease in crop yield on the population.

5. Conclusions

This paper presents an adaptable system dynamics model of the crop yield, specifically for wheat, in
the Upper Nile Basin countries of Ethiopia and Uganda. It models the documented relationships between
dry-hot periods and decreased crop yields in the area and provides calibrated output for both countries.
Additionally, it shows some relationships between the success of a crop yield and the area harvested as
seen in the reference modes from historic data. Overall, it provides a basis for further analysis to identify
potential impacts to population and risk for conflict in the region.

5.1. Key Takeaways

The causal relationship between hot and dry periods on crop production is well documented and
historic data provides a means to validate the model of crop production for a given country. Although the
model presented is relatively simplistic in its structure, it is able to model the historic behavior of wheat
production and yield in both Ethiopia and Uganda. The model does take into account the fluctuations in
temperature and precipitation brought on by the El Nino Southern Oscillation in the region; however, it does
not accurately reflect the magnitude of this effect and could be improved in future iterations of the model.
Additionally, the model does not account for the observed increase in both frequency of El Nino events or
the intensity of these events that has been observed in recent years.

5.2. Future Work

Future work in this area will focus on three major areas: first to expand the current model to incorporate
other cereal crops in the region to include barley, maize, sorghum, and millet; and second to improve the
accuracy of the area harvested model by identifying additional causal relationships; and finally, to determine
and model the impact of poor crop yields on the population. The model in this paper solely focuses on
wheat in the two countries and provides a basis for modeling other cereal crops that are essential to the
region. Additionally, there will be feedback loops between the various crops that may impact the area
harvested as there is a limited amount of arable land in the region. Currently, the model does not closely
model the historic behavior for the area harvested for wheat in Uganda, potentially because of missing
relationships for the demand for crops that should be addressed by future work. The final piece of future
work will be the most important aspect of the model which will identify when the climate induced affects on
crop yield begin to impact the population in the region and potentially lead to conflict. The aim of the final
model will be to inform decision makes on the importance of countering the effects of climate change in the
region or at least mitigating the effect on future crop yields as the population doubles in the next thirty years.
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