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Abstract: Climate change and global warming have contributed to extreme weather events and
patterns, including severe flooding, earthquakes, wildfires, and drought. Drought happens to be the
deadliest catastrophic event around the world. Drought's impact on ecosystems and local
communities has been increasing in many parts of the world, including the United States and, most
importantly, the Corn Belt, which also happens to be the country's food basket. Drought prediction
and mitigation can be investigated through drought indices. The standardized precipitation index
(SPI) is considered the most reliable in this study. The index is the most reliable as it serves as one
of the most fundamental. It is used in this study to present the critical identifier for diagnosing the
intensity, duration, and frequency of drought severity. Additionally, SPI is a key identifier in
extreme precipitation events. It is comparable to various landscapes across a region and is simple
to use concerning its calculation process. This study focuses on the Midwest Corn Belt Region of
the United States, between the climate record from 2000-2023. This study is designed to understand
precipitation regimes and their impact on cropland cover and yield (condition monitoring and crop
progress) over the climate record. Results of the study showed drought affecting portions of the
region, especially during the first half of the period, with 2012 indicating peak severity plaguing
both corn belts. Generally, pre-2012 and post-2012 indicated the wettest conditions, especially in
2010, 2014, and 2016. While cropland cover highlighted the widespread distribution of corn and
soybean cover in both Corn Belts, crop condition and progress corresponded and responded well to
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shows that climate change has undoubtedly resulted in a temperature rise, exacerbating the
frequency and severity of heat waves and extreme precipitation events impacting parts of the United
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1. Introduction

Studies worldwide have indicated that the global climate has resulted in changes in temperature and
rainfall patterns, with many areas experiencing increasing global air temperatures. These projections are
expected to continue to increase over the next 90 years in many parts of the world, as evidenced by global
climate projection models (GCMs) (de Oliveira-Junior et al., 2025; Liu et al., 2013; Sakellariou et al., 2024;
Shrestha et al., 2020) This could result in a lower reduction of water supplies from increased evaporation
rates, as evidenced by rising temperatures (Liu et al., 2013; Sakellariou et al., 2024). In addition, ocean-
atmosphere projections predict that wetter regions will become wetter and drier regions will become drier
(Shrestha et al., 2020). Research on multiple climate processes has theoretically become socially and
economically valuable. Drought is a continuous and temporary state of precipitation deficit, leading to a
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reduction in water supplies, encompassing a larger area and extended period over time (Tsiros et al., 2020).
Drought has drawn the attention of environmentalists, meteorologists, hydrologists, geologists, and
agricultural scientists, as it is recognized as an environmental hazard (Mishra & Singh, 2010). As the climate
changes, drought will challenge and amplify societal demands due to water stress, food insecurity, and, most
critically, impacting national economies. In population growth, industry, energy, and agriculture sectors,
water availability has often exceeded demand in many regions worldwide (Liu et al., 2013; Mishra & Singh,
2010). Drought affects each of these sectors globally. The impacts of drought are highly synchronized across
society, the environment, and the economy (Meresa et al., 2023; Tsiros et al., 2020). As a result, research
indicates that climate variability will likely increase hydrological and meteorological droughts shortly
(Meresa et al., 2023). Moreover, climate change has influenced drought and precipitation events, leading to
demands in agriculture, livestock practices, and excessive runoff, which is likely to occur in the future. As
the severity and frequency of droughts increase, mitigation and adaptation strategies will be essential to
support economic stability by ensuring adequate water supply during future droughts (Shiru et al., 2019).

The frequency and severity of drought have increased across many regions worldwide (Sharafati ef al.,
2020). Severe drought strongly influences the carbon cycle over lush climates such as tropical rainforests.
For example, if the Amazon climate experiences more severe droughts under the influence of warming
temperatures, it would potentially shift the Amazon climate into a new climate phase. Many portions of
southeast Amazonia could be replaced by Savanna-like climates, influencing drier and warmer climates.
Furthermore, some models suggest that there may be an increase in air temperature, which may influence
increased carbon emissions, further accelerate forest degradation, and result in significant losses of carbon
stocks (Duffy ef al., 2015). Further north, in the United States, there has been an increase in the severity and
frequency of drought, particularly in the southwest United States, at the start of the 21% century. States
impacted include Arizona, California, Colorado, New Mexico, and Utah. In spring 2022, Lake Mead and
Lake Powell experienced their lowest levels. These impacts have led to landscape and ecosystem aridification.
Furthermore, (Wahl et al., 2022) presented that climate simulations have projected wetter climates in the
northern latitudes, while southern latitudes in the subtropical regions will become drier (i.e., American
Southwest). However, the exact locality for areas receiving more or less precipitation is uncertain.

Between 2000 and 2018, the United States experienced growing demand for agricultural output including
both crop yields and livestock production, which has been accompanied by a decline in overall agricultural
losses. These agricultural losses are related to a loss in crop production and profitability, especially in drought
stricken regions like the southwest and Midwest. In the United States, the first 18 years of the 21 century
have witnessed crop yield demand and livestock leading to reduced agricultural losses. This assessment
shows crop loss has yielded over a billion dollars, with an adjusted average loss of 6.97 billion dollars and
26 heat-related deaths yearly (Leeper et al., 2022). From 1989-2009, the loss contributed to 17.33 billion
dollars worldwide, while the average annual loss experienced an increase of 23.125 billion dollars, far
exceeding the costliest disaster of any other meteorological disaster (Wang ef al, 2022). From these
projections, droughts are expected to become more prolonged, frequent, and severe (Li ef al., 2020; Shrestha
et al., 2020). Understanding drought characteristics is essential as it provides key information for forecasting
and identifying drought. Strategies and procedures are developed to allow policy makers and stakeholders to
adapt practices for resilience. This has further aided the community to learn practices to further building
preparedness and response efforts to climate change. (Li ef al., 2020). Successful mitigation strategies and
planning can be organized through best practices of interactions and coordination between local, state,
regional, and national stakeholders. Specifically, these entities can provide mitigation and adaptation
strategies based on historical drought (Leeper et al., 2022). A drought is a non-preventable hazard, but
drought resilience strategies can be implemented in response to drought hazards. The spatial and temporal
characteristics are crucial for managing drought impacts and risks. Drought is a spatio-temporal process
commonly characterized by its duration, intensity, and spatial extent on a regional scale (Hosseini et al.,
2021). Communities can practice resilience and preparedness by understanding a drought's origin, evolution,
and behavior, which influence a community’s economic development and well-being. Drought is linked to
the deficit and decline in rainfall in a given time sequence of a season or year, and can occur in both low or
high-rainfall regions (Mishra & Singh, 2010; Wilhite & Glantz, 1985). Drought is a widespread climatic
event that can negatively impact agriculture productivity (cropland and rangeland) and ecological
biodiversity which can lead to food insecurity by reduced surface and ground water supply used for
hydropower and irrigation (Meresa et al., 2023). Reduced water supply also interferes recreational water use
affecting many economic and social activities (Mishra & Singh, 2010). The impacts of drought are most
significant in water-stressed communities. Drought's implications regarding water quality, human health, and
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critical infrastructure are less understood, which can result in indirect societal effects such as loss of
electricity or industrial cooling. These communities are likely to become more vulnerable as populations in
water-scarce environments grow, and the demand for water from agriculture, energy, and industry rises
(Leeper et al., 2022).

The Midwest is home to an agriculturally intense region that is home to one of the most essential crop
commodities in the world, corn. Drought has been increasing over many parts of the world, including the
United States. Understanding drought impacts on a region, such as the Corn Belt, is essential as it identifies
the spatial and temporal assessment of drought, allowing this research to fill in the gap for understanding
drought and its influence on crop yield. Drought is difficult to quantify, which can lead to uncertainty.
Furthermore, drought is highly complex and may vary from region to region. And while one area within the
region may be experiencing drought, another area may not experience drought at all. Even so, many
communities have their own holistic approach for identifying drought impacts related to the demand of
resources and its impact on the economy. Numerous drought indices have been developed to account for this
uncertainty using rainfall, snowpack, streamflow, and other water supply indicators to provide
comprehensive picture (Liu ef al., 2013). For example, the standardized precipitation index (SPI) and the
standardized precipitation evapotranspiration index (SPEI) are excellent indices for identifying
meteorological drought. (Acharki et al., 2023; Li et al., 2020; Stagge et al., 2015). In addition, there are other
remote sensing derived indices including enhanced vegetation index (EVI), evaporative stress index (ESI),
normalized difference vegetation index (NDVI), vegetation condition index (VCI), temperature condition
index (TCI), vegetation drought response index (VegDRI), vegetation health index (VHI), normalized
difference water index (NDWI), land surface water index (LSWI), as well as soil adjusted vegetation index
(SAVI), Palmer drought severity index (PDSI), standardized anomaly index (SAI), soil moisture anomaly
(SMA), Palmer Z Index, aridity index (Al), and combined drought indicator (CDI) (Acharki et al., 2023;
Ayugi et al., 2022). Monitoring meteorological drought has also been done using the PDSI , SPI, and SPEI
(Sharafati et al., 2020; Sun et al., 2023). Some indices present unique strategies over other indices. In this
study, we evaluate the processes of precipitation regimes and drought severity using the Standardized
Precipitation Index of the Midwest Corn Belt Region, USA. This index can help us understand the effects of
wet and dry regimes across different climate zones within a region. This index can also help us understand
how these drought conditions impact one of the world’s most populous crops (corn and soybeans) by
presenting patterns and trends related explicitly to crop yield and production within the corn belt region, as
will be assessed by this index. The study will also aid us in understanding the relevance of these impacts
from the beginning of the 21st century to the most recent period of the climate record. Together, this research
can aid in developing mitigation and adaptation plans designed for these agricultural communities in
preparation for future drought impacts.

2. Study Area and Methods

2.1. Study Area

The Midwest Corn Belt is located along the heartland of the United States, extending from the central
and northern Great Plains into the Upper Midwest (Ort & Long, 2014; Panagopoulos et al., 2015; Suyker &
Verma, 2012) (Figure 1). This region can be described through the five different physiographic regions from
west to east: the Great Plains, Central Lowlands, the Ozark, and the Driftless Area. The Corn Belt is defined
as the region from the Great Plains stretching eastward towards the Central Lowlands that intersects the
Ozark to the south and Driftless Areas to the north. The remainder of the provinces to the east are along the
southern and eastern portions of the region, making up the northern portions of the Ohio River Valley: Ozark
Plateaus, Coastal Plain, Interior Low Plateaus, and Appalachian Plateaus (Fenneman, 1917). Ten states define
the Midwest Corn Belt. These include the states of North Dakota, South Dakota, Nebraska, lowa, Minnesota,
Wisconsin, Illinois, Indiana, Michigan, and Ohio. The study area can be divided into two sub-regions: the
Eastern Corn Belt and the Western Corn Belt. The Eastern Corn Belt comprises Wisconsin, Illinois, Indiana,
Michigan, and Ohio (Auch ef al., 2013). The Western Corn Belt comprises North Dakota, South Dakota,
Nebraska, Towa, and Minnesota. Two major river systems divide the region, tangent to one another, known
as the Mississippi River and the Ohio River. The headwaters of the Mississippi River are located in Minnesota,
and the Illinois flows southward towards Iowa and Illinois. Further south, the Ohio River meets the
Mississippi River in Illinois and flows eastward towards southern Ohio. Interestingly, this region is native to
the provinces that make up the valley of the Ohio River in the Eastern Corn Belt (Figure 1).
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In the Western Corn Belt, the climate of the Great Plains is assessed by its geographic position within
North America. Precipitation decreases drastically from southeast to northwest. Annual precipitation ranges
from more than 32 inches in southeast Iowa to less than 16 inches in western portions of North Dakota.
Annual temperature extremes show the January average temperature ranges from —5 degrees Fahrenheit in
Northwest Dakota to 15 degrees Fahrenheit in southeast Nebraska and southern Iowa. Normal daily
maximum temperatures in July range from values more than 90 degrees Fahrenheit in southern portions of
Nebraska to around 70 degrees Fahrenheit in northeast Minnesota (Rosenberg, 1987). In the Eastern Corn
Belt, the climate is maintained by factors including latitude, continental location, large-scale circulation, and
the presence of the Great Lakes. Average annual temperatures from 1980-2010 range from 40 degrees
Fahrenheit in the North Shore and Upper Peninsula to 55 degrees Fahrenheit in southern Illinois and Indiana.
Average winter temperatures from DJF range from 10 degrees Fahrenheit in northern Wisconsin to 30 degrees
Fahrenheit in southern Illinois, Indiana, and Ohio. DJF refers to climatological season winter months of
December, January, February (Chen et al., 2024). Total annual precipitation ranges from 25 inches in the
north of Michigan to as much as 45 inches in the southern portions of Illinois, Indiana, and Ohio. Summertime
precipitation in JJA has annual maximum rainfall from the western portions of Wisconsin and minimum
precipitation along Michigan's upper peninsula. Refer to Figure 1 below.
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Figure 1. Study area. Corn Belt Region Provinces. The map shows provinces from west to east along the Western
and Eastern Corn Belt; Great Plains, Coastal Lowland, Superior Upland, Ozark Plateau, Coastal Plain, Interior
Low Plateaus, and Appalachian Plateaus. Credit by Esri.

2.2. Data

The data used for this study include CHIRPS (Climate Hazards Group InfraRed Precipitation with Station
Data) which provides precipitation data from 1981 such as UCSB-CHG/CHIRPS/DAILY (or monthly),
GridMET Drought dataset, cropland cover data, yield data, and crop condition/progress monitoring datasets
(Funk et al., 2015). The CHIRPS dataset was adopted by the U.S. Geological Survey (USGS) and the
University of California at Santa Barbara to provide global precipitation at high spatial resolutions. These
were set at resolutions of 0.05 degrees and 0.25 degrees, providing precipitation data from 1981 to the present
(de Oliveira-Junior ef al., 2021; Du et al., 2024; Lopez-Bermeo et al., 2022). Cropland cover data_was used
to analyze and create the maps for cropland cover for the years in the climate record (Han ef al., 2012). Yield
data from USDA NASS crop statistics were used to aid in calculating cropland cover for the crop types
designed to quantify measured crop types in Bushels per hectare over the entire region. Crop
condition/progress was used to create a condition progress table to indicate the percentage of crop cover
compared to drought/wetness years (Boryan et al., 2011). All the data used for this research were accessible
via Google Earth Engine.
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2.3. Methods

The standardized precipitation index is widely used to assess meteorological drought on various
timescales. This precipitation data is typically distributed as a Pearson Type III or gamma distribution and is
lastly categorized into a normal distribution as this is demonstrated in Eqs 7&8 (Schneider et al., 2013). We
demonstrate how the SPI equation works in the following paragraph.

The first step in presenting the calculation of the SPI is to assess a probability density function that
describes the long-term series of observations (Eq. 1-4). Second, the cumulative probability of an observed
precipitation amount is computed once the distribution is examined. The inverse normal (Gaussian function)
is then processed to the likelihood, which defines the SPI. The values of SPI are positive (negative) for greater
(less) than the median precipitation. The departure from zero results in a probability of the severity of wetness
or aridity that can be used for risk assessment. Following these steps from (Guttman, 1998; Guttman, 1999),
the gamma distribution as in (Eq.1) (defined by (Angelidis et al., 2012; Bouaziz et al., 2021; Liu et al., 2021;
Lloyd-Hughes & Saunders, 2002; Sonmez et al., 2005) can be described as follows:

__1 a-1,-x/B

900 = 5o xele (M)
a>0 a is a shape parameter.

B >0 B is a scale parameter.

x>0 X is the precipitation amount.

n-1 niny-1 e . .
I'(a) =lim : = [ y*leVdy I'(a) is the gamma function.
n—-oo =0 y+v 0

where G(x) It is the average likelihood of the data series being converted into an incomplete gamma
distribution. According to (Lloyd-Hughes & Saunders, 2002), I'(«) It is a unique arithmetic approach that
expands on the implication leading to the final equation.. To fit the distribution, the parameters of « and f§
need to be estimated. Therefore, these parameters are calculated for each station, for each time scale of
interest (3 months, 12 months, 48 months, etc.), and for each month of the year. This process can be examined

as follows:
a=i<1+ /1+ﬂ) )
44 3

_x
p== (3)
For n observations, we have
A=In(x) - 222 “4)

Integrating the probability distribution function (Eq 5) concerning x and inserting the estimates of a and 8
gives an expression for the cumulative probability G(x) for an observed amount of precipitation occurring

for a given month and time scale.
—_ (¥ __ 1 * a,-x/B
G(x) =[5 glx)dx = Fr@ fo x%e dx 5)

which can be expressed as the incomplete Gamma function. As the gamma function is undefined at x = 0 and
a precipitation distribution may contain zeros, the cumulative probability becomes:

Hx)=q+ (1 -q)Gx) (6)
Statistically, g = P(x = 0) > 0 where P(x = 0) It is the probability of zero precipitation (Eq 6). The

cumulative probability distribution is converted into the standard normal distribution to yield the SPI (Eqs 9-
11). Moreover, it can be transformed into the standard normal random variable Z with mean zero and variance
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of one, which is the value of the SPI. The Z or SPI value in Eq 7&8 is more easily obtained computationally
using an approximation designed by (Bouaziz ef al., 2021; Lloyd-Hughes & Saunders, 2002), which converts
the cumulative probability to a standard normal random variable Z as follows:

t—Co+Cit+Cot?

Z=5SPl=—(t— ot tee) for 0 < H(x) < 0.5 (7
— SPJ = +(f — t=CotCittCat?
Z =SPl = +(t — o rtos) for 0.5 < H(x) < 1 8)

Where t is given as

_ 1
t= [In [(H(x))z] for 0 < H(x) < 0.5 (9)

_ 1
t= /m [—(1_H(x))2] for 0.5 < H(x) < 1 (10)

Co = 2.515517 C; = 0.802853 C, = 0.010328 (11)
d, = 1432788 d, = 0.189269 d; = 0.001308

For crop yield, the data was calculated to represent bushels of total production as the first method for the
analysis. First, the raster layer is 30 meters by 30 meters in spatial resolution. The total area in resolution is
900 m?. To find the location in acres, square meters were converted to acres to get the total area in acres.
Lastly, the total area (acres) and crop yield data were converted to bushels per acre to get the overall
production in bushels per acre using the equation below. These calculation steps were applied for Corn and
soybean crops individually, and then all crop types combined. The resolution of the dataset was 30 m. The
total area of the dataset was 900 m. The total length of the pixel was given in meters (m). The total resolution
area was multiplied by the pixel length to get the total area in acres.

e Resolution=30m

e Area
o 30m *30m=900m?
o Count * 900 m?

Next, the total area is converted from m? to acres as follows:

e Area (Ac)
o Aream? *0.000247 =
e  Total production (BU)
o Area (Ac) * Yield * (%) = Total Production (BU)

The first step introduces the resolution of the dataset that is represented in m?. The second calculation
process represented three different quantities of crops. While the above equation indicates the calculation for
total production (BU), the analysis was conducted in a modified format. The first and second crop types in
this research are corn and soybeans. The last quantity is the sum of all crop types, in addition to corn and
soybeans, that make up the entire Corn Belt. The overall production was represented in finalized units. m2.
Corn, soybeans, and all crops were categorized accordingly, placing each in a pie chart for each year to
represent these quantities. Crop condition and crop progress were the second methods used for the analysis.
Even though this step is part of the calculation process, it will not be treated as the calculation. In this
procedure, there are three rows. The first graph shows good, excellent crop progress and conditions (Figure
2 on next page). The second graph represents the percentage or type in each condition category (excellent,
good, fair, poor and very poor). The third graph represents the progress percentage (planted, emerged, silking,
dented, matured, etc.). For this research, we will stick to the first row. The condition progress is recorded for
each type of crop. The colored line represents the time series for the first five years. The lines run from April
to October. At the end of each line, the crop progress is processed in a table. On the right side is a list of all
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crops grown from January to December. As observed, all crops are harvested from May to September, as
denoted in Figure 2b. The first part of the figure is the crop time series. The second part is seasonal crops

(Figure 2).
(a) Crop Time Series (b) Seasonal Crops
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Figure 2. (a) Crop progress and condition grown in ND, 2018, of condition year (1st graph), percent by
condition type (2nd graph), and average. Plant growth stage across the growing period (3rd graph) and (b)
Seasonal crops of annual variation of crop types grown in the U.S. Credit by USDA.

3. Results and Discussion

This study provides a detailed assessment of drought variability across the Corn Belt, examining its spatial
and temporal patterns over more than twenty years. Using the standardized precipitation index, clear
distinctions are made between periods of extreme, severe, moderate, and non-significant drought. These
classifications reveal how dry and wet conditions shift over time and also show how drought severity directly
affected crop yields for corn and soybeans throughout the region. The analysis shows that drought years often
led to significant drops in crop productivity, while years without drought generally resulted in higher-than-
average yields. The results are discussed in two parts. Section one discusses the relationship between wet and
dry conditions over the region using the SPI index (Mishra & Singh, 2010; Wilhite & Glantz, 1985). Section
two discusses the wet and dry conditions and their influence on crop yield (Green et al., 2018; Mishra &
Singh, 2010; Wilhite & Glantz, 1985). The results can be discussed using the drought classification: extreme,
severe, moderate and no significant drought. All five of these classes are distributed through the years over
the entire climate record. The second section discusses these classifications using the cropland cover and
crop quantities (crop yield assessment) and crop harvest and progress affected directly by these drought
classifications. For assessing crop yield impacted by drought, values from crop progress and condition
(Figure 2a) were interpolated onto a table represented in 3.2 of this chapter. Threshold levels were used to
assess each crop yield class impacted by each classification of drought. The following thresholds are defined
as follows: extreme drought (35 percent or less), severe drought (40 percent or less), and moderate drought
(45 percent or less). Non-significant drought differs. It is used to describe much of the region, including all
states, that was under an area that indicated no drought. Therefore, to make the classification more specific
and consistent with the results, threshold levels were defined as above average (60—79 percent) and well
above average (80 percent or greater). These two thresholds were defined as productive (above average) or
extremely productive (well above average) thresholds. These thresholds were used based on the statistical
probability at which these values corresponded to on each drought classification.

3.1. Relationships Between Wet and Dry Conditions Over the Corn Belt Region Over 20
Years

In 2012, major drought coverage extended in the Eastern and Western Corn Belt regions. Widespread
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extreme dry conditions extended from Nebraska and South Dakota, spreading eastward to Ohio and Michigan
(Figure 3a). Widespread extreme conditions dominated most of these states, with Nebraska and South Dakota
representing a much larger area of widespread extreme dryness (Shrestha ef al., 2020). In the East Corn Belt,
widespread extremely dry conditions were observed in Wisconsin, Indiana, and portions of Ohio (Auch et
al., 2013; Mishra & Singh, 2010; Wilhite & Glantz, 1985). Portions of Illinois and Michigan also indicated
extreme conditions, but these conditions were not as widespread as in these other states (Figure 3).

(a) 2012 Z\ (b) 2023

SPI

I +2.0 and above (extremely wet)
B +1.50 to +1.99 (very wet)
+1.0 to 1.49 (moderately wet)
-0.99 to +0.99 (near normal)
-1.00 to -1.49 (moderately dry)
| -1.5 to -1.99 (very dry)
I -2.0 and below (extremely dry)

Figure 3. Extreme dryness (—2.0 and below) over the entire corn belt; (a) 2012; (b) 2023. Figure representing
the region that represented extreme dryness during the years of extreme drought. Displayed using the SPI
index.

In 2023, numerous pockets of severe to extreme dryness were observed along a diagonal extending from
North Dakota into sections of lowa and Wisconsin (Ort & Long, 2014; Panagopoulos ef al., 2015; Suyker &
Verma, 2012) (Figure 3b). Many states indicated frequent pockets of these drought episodes, especially in
Minnesota, where severe to extreme dry pockets were present in numerous places across the region (Meresa
etal.,2023).

The intensity and coverage of severe droughts were the greatest, especially in 2002 and 2006, along the
Western Corn Belt. Despite severe conditions in the eastern states in 2011, 2002, and 2006 experienced
numerous and widespread impacts. Impacts were mainly along the west and east corn belt in 2002, with 2006
indicating severe impacts along the Dakotas and into Minnesota.

(a) 2002 (b) 2006 (c)2011

SPI

I 2.0 and above (extremely wet)
I +1.50 to +1.99 (very wet)
+1.0 to 1.49 (moderately wet)
-0.99 to +0.99 (near normal)
-1.00 to -1.49 (moderately dry)
| -1.5 to -1.99 (very dry)
I -2.0 and below (extremely dry)

Figure 4. Severe dryness (—1.5 to —1.99) over the entire corn belt; (a) 2002, (b) 2006, (c) 2011. Figure
representing the region that represented severe dryness during the years of severe drought. Displayed using
the SPI index.

In 2002, drought conditions were observed from the North Dakota border and into South Dakota,
stretching southward towards Nebraska (Figure 4a). Moderately arid conditions were along the northern
portion of this boundary, especially in South Dakota (Meresa et al., 2023; Mishra & Singh, 2010). Going
southward, conditions worsened from severe to extreme, especially along the Nebraska border (Shrestha e?
al., 2020).

In 2006, severe to extreme dryness was observed, especially along the western portions of the Dakotas,
extending into Minnesota along the northern portion of the state (Figure 4b). Coverage was widespread along
this region of the west belt, especially along the western sections of the Dakotas. Here, severe dryness was
numerous with some sections indicating extreme dryness. In moderate drought years, 2013 and 2021
experienced numerous and widespread coverage of severe drought throughout most of the region (Meresa et
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al., 2023; Mishra & Singh, 2010; Wilhite & Glantz, 1985). While 2013 was the greatest drought year
recovering from the 2012 major drought, impacts were still widespread in coverage and intensity throughout
the entire region, especially along the southern corn states (Auch et al., 2013; Meresa et al., 2023). Drought
coverage extended from Nebraska and stretched into Indiana (Figure 5b). Conditions of severe dryness, with
some pockets of extreme dryness, were observed, especially in [llinois (Figure 5).

(b) 2015

[ +2.0 and above (extremely wet)
I +1.50 to +1.99 (very wet)

+1.0 to 1.49 (moderately wet)
-0.99 to +0.99 (near normal)
-1.00 to -1.49 (moderately dry)
-1.5 to -1.99 (very dry)

I -2.0 and below (extremely dry)

Figure 5. Moderate dryness (—1.00 to —1.49) over the entire corn belt. (a)2013, (b) 2015, (c) 2017, (d) 2021
Figure representing the region that represented moderate dryness during the years of moderate drought.
Displayed using the SPI index.

The year 2021 indicated drought impacts mainly along the west corn belt, but in numerous pockets, with
drought increasing northeastward towards the Superior Northland, sustaining the most significant impacts
(Leeper et al., 2022; Mishra & Singh, 2010; Sakellariou et al., 2024). Moreover, while the Eastern Corn Belt
indicated wetness, the Western Corn Belt showed significant dryness impacts (Figure 5d). Much of the Great
Plains extending northeast to northland shore regions encompassed a greater expanse of dryness, especially
near the northland shore, where more widespread dryness was observed (Shrestha ef al., 2020). The Great
Plains experienced pockets of dryness from Nebraska to North Dakota (Ort & Long, 2014; Panagopoulos et
al., 2015; Suyker & Verma, 2012). Pockets were scattered throughout these states, especially towards the
west. Specifically, the southwest border of Nebraska experienced patches of intense and severe impacts along
this subregion of the Western Corn Belt (Auch ef al., 2013). Regionally, dryness increased from southwest to
northeast, where much of Minnesota's north shore had the most significant impacts along the northeast corner
of Lake Superior and into the border of Canada. While 2015 and 2017 indicated impacts from drought, they
were not as extreme as the other years described. In 2003, much of the Western and Eastern Corn Belt
exhibited moderately wet conditions despite spotty sections of drought in western sections of the Dakotas
and eastern Nebraska (Figure 6a). In 2004, moderate wetness was much more widespread than in the previous
year, and it was prominent in both Corn Belts (Figure 6b). Drought remained in northern sections of the
region (Figure 6).
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(a) 2003 (b) 2004 (c) 2005

A

SPI

I +2.0 and above (extremely wet)
B +1.50 to +1.99 (very wet)
+1.0 to 1.49 (moderately wet)
+0.99 to +0.99 (near normal)
+1.00 to -1.49 (moderately dry)
B 1.5 to -1.99 (very dry)
B -2.0 and below (extremely dry)

Figure 6. No significant drought. Near normal (-0.99 to +0.99), moderately wet (+1.0 to 1.49), very wet
(+1.50 to +1.99), and extremely wet (+2.0 and above). (a) 2003; (b) 2004, (c) 2005; (d) 2007; (e) 2008; (f)
2009; (g) 2010; (h) 2014; (1) 2016; (j) 2018; (k) 2019; (1) 2020. Figure representing the region that represented
near-normal to extreme wetness during the years of non-drought. Displayed using the SPI index.

In 2005, widespread moderate wetness conditions were observed along the northern half of both corn
belts. Very wet conditions can be observed over eastern Michigan while southern sections of the region
remained in drought (Liu ef al., 2013; Sakellariou et al., 2024; Shrestha et al., 2020). In 2007, widespread
drought-free conditions were observed in the region's interior, with excessive wetness increasing towards the
middle (Figure 7d). Here, a section of excessive wetness can be observed overlapping the Western and
Eastern Corn Belt Regions, extending towards the eastern states of the Eastern Corn Belt Region (Auch et
al., 2013). In 2008, widespread drought-free conditions were observed throughout the region, especially
towards the west, where drought improved along Lake Superior's northland region and the Ohio Valley
(Figure 6¢). Widespread wet conditions were observed along the Western Corn Belt, especially in the western
states of the Great Plains. Much of the region experienced moderate to severe wet conditions along the
Eastern Corn Belt. Severe wetness was along sections of southeast Wisconsin, southern sections of Illinois
and Indiana, and northern Michigan. While drought conditions have shown significant improvement along
Northland Superior and the Ohio Valley, widespread moderate wetness was dominant throughout the region.
Overall, pockets of severe to excessive wetness were scattered throughout the region (Leeper et al., 2022;
Meresa et al., 2023). In 2009, moderate wetness conditions dominated much of the landscape, especially the
Western Corn Belt Region, where severe to extreme wetness was present along the panhandle of Nebraska
and southeast sections of lowa (Figure 6f). Drought conditions improved along the northern Great Lakes. In
2010, much of the region experienced widespread extreme wetness conditions, making it the wettest year in
this drought-free group, especially along the Western Corn Belt (Meresa ef al., 2023; Mishra & Singh, 2010;
Ort & Long, 2014; Panagopoulos ef al., 2015; Suyker & Verma, 2012). This pattern was extended from the
southern Great Plains into the northern Great Lakes Region, putting a significant dent in the drought in this
area. While the Eastern Corn Belt exhibited wet conditions, especially in the western states, this region was
not as intense. Moderate wetness was the main culprit along the eastern portions of the area. While 2014 and
2016 experienced widespread wetness intensity, they were not as widespread as 2010. In 2014, much of the
region experienced a drought-free year, with many areas indicating moderate wetness (Wilhite & Glantz,
1985). Severe to extreme wetness was noted along the western portion of the Dakotas and southern sections
of the Western Corn Belt (Nebraska and Iowa). In 2016, both belts also experienced moderate wetness (Figure
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61). A boundary of extreme wetness was observed dividing this line, which could be extended from the Ohio
Valley and into the northern Prairie Pothole region states (Ort & Long, 2014; Panagopoulos ef al., 2015;
Suyker & Verma, 2012). This was a diagonal of intense wetness covering most of the region, which extending
from North Dakota, stretching southeastward towards Illinois and Indiana. Similar to 2016, 2018, and 2019
experienced widespread moderate wetness with excessive wetness along the Great Plains into much of the
Prairie Pothole states and sections of Indiana and Ohio (Auch et al., 2013). Conditions were not as intense as
receding years, but still indicated pockets of severe to extreme wetness along these areas (Figures 6] & 6k).

3.2. Impact of Drought Conditions on Crop Yield in the Region

In the extreme drought years, corn and soybeans represented widespread distribution throughout the
region, originating from North Dakota down into Nebraska and extending eastward towards Illinois, Indiana
and Ohio (Brandes ef al., 2016; Green et al., 2018; Ort & Long, 2014; Panagopoulos et al., 2015; Pefia-
Gallardo et al., 2019; Prince et al., 2001; Suyker & Verma, 2012; Wilson et al., 2022)(Figures 7a & 7b).

(a) 2012

Cropland Cover
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B sovbean
Hay

B wheat

Oats

B other

Mon Cropland

Figure 7. Cropland cover of extreme drought years. Figure describing corn, soybean, hay, wheat, oats, and
other cropland over the Corn Belt Region. (a) 2012 crop cover, (b) 2023 crop cover. Crop cover is not a
measure of drought impacts but of crop rotation, plantations, and depletion.

Regarding the drought impacts, crop yield experienced very low levels for both crops, especially for corn
yield. These threshold levels as defined in introduction of this chapter most impacted the Eastern Corn Belt.
Crop production and harvest of corn were low for the following states: Nebraska, lowa, South Dakota, Illinois,
Wisconsin, Indiana, Michigan, and Ohio (Green et al., 2018; Liu et al., 2013). Corn was exceptionally low,
and the lowest crop progress was 30% or less in some states over other years, especially for lowa, South
Dakota, Illinois, Indiana, Michigan, and Ohio, with Illinois representing the lowest production and harvest
(Fadhli et al., 2020; Green et al., 2018). As for soybeans, threshold levels were not as low, but some states
indicated below threshold levels (Prince et al, 2001). These states included Nebraska, South Dakota,
Wisconsin, and Illinois. Nebraska represented the lowest threshold level. (Table 1). Corn and soybean
quantities were less in the year, 2023 (Figure 8). While these quantities were less for this year corn still
indicated a greater quantity than soybeans (Green et al., 2018; Leeper et al., 2022). In 2023, corn and soybean
quantities were larger than in the preceding year.
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Table 1. Crop production thresholds of extreme drought. Table 1 describes the impacts of corn and soybeans
for the years impacted by extreme drought in the Corn Belt Region. The table demonstrates the impacts of

South North . . . . . . .
Dakota Dakota Minnesota | Illinois | Wisconsin | Indiana | Michigan Ohio

2012 32 20 25 57 59 7 36 12 27 16
2023 51 51 48 57 40 55 53 68 47 87
Soybean
2012 23 32 27 - 60 40 26 27 39 36
2023 40 51 45 - 44 48 60 67 48 81
(a) 2012 (b) 2023
Total Landcover Total landcover

14% 13%

‘10 - . 12%

76% 75%

Corn m Soybean m Total Corn m Soybean m Total

Figure 8. Total landcover distribution of extreme drought years. Crop quantities of corn (orange), soybean
(green), and total overall crop distribution of the Corn Belt Region. Not a reflection of drought impacts.
Credit by CropScape.

During the severe drought years, corn and soybeans were distributed throughout the southern states
(Green et al., 2018). The prevalence of crop diversity (other crops) blended in, especially during the earlier
periods (2002 and 2006), but then decreased towards 2011. Oats were also introduced, especially during the
beginning period (2002), and have since risen throughout the period (2006 and 2011). Soybean concentrations
were also prevalent, especially in the eastern states. Crop cover is not a measure of drought impacts but of
crop rotation, plantation, and depletion. (Figure 9). For drought impacts, 2011 indicated minimal impacts.
And 2002 experienced the lowest yields for both crops, especially in the Eastern Corn Belt, with soybean
indicating the lowest yield in Ohio of around 12%. While soybeans were also impacted, low corn yield was
much more frequent for these states (Indiana and Ohio). These quantities ranged from 13-35% harvest. While
2006 and 2011 experienced low levels, they were less impactful than 2002 (Table 2).

(c) 2011 N
A Cropland Cover

Corn

B sovbean
Hay

B wheat
Oats

B cther

Mon Cropland

Figure 9. Cropland cover of severe drought years showing corn, soybean, hay, wheat, oats, and other cropland
over the Corn Belt Region. (a) 2002 crop cover, (b) 2006 crop cover, and (c) 2011 crop cover.
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Table 2. Crop production thresholds of severe drought. Table 2 describes the impacts of corn and soybeans
for the years impacted by extreme drought in the Corn Belt Region. The table demonstrates the impacts of

Year Nebraska Towa St Vol Minnesota | Illinois | Wisconsin | Indiana | Michigan Ohio
| Dakota | Dakota

2002 33 71 42 59 73 35 65 26 44 13
2006 57 73 32 36 68 73 62 72 71 72
2011 79 59 72 57 57 45 79 36 64 59
Soybean

2002 23 65 43 - 72 39 67 32 53 12
2006 62 75 50 - 66 73 65 74 73 67
2011 77 65 64 - 55 51 75 43 68 64

(a) 2002 (b) 2006 (c) 2011

Total Landcover Total Landcover Total Landcover
5% gy 7% 13%

4 P -

T7%

90%

B6%

Corn ® Soybean m Total Corn m Soybean m Total Corn m Soybean m Total

Figure 10. Total landcover distribution of severe drought years. Crop quantities of corn (orange), soybean
(green), and total overall crop distribution of the Corn Belt Region. Not a reflection of drought impacts.
Credit by CropScape.

Low crop quantities were indicative of missing data on cropland cover for these years (Figure 10). While
missing data returned to normal levels, this indicated an increased production of tremendous quantities of
one-quarter of the overall distribution for both crops. Overall crop cover distribution is the largest in 2002,
of around seven-eighths, but then decreased to three-quarters of the distribution in 2011. In moderate drought
years, corn and soybean concentrations increased throughout the severe drought years (2002, 2006, and 2011).
Crop patterns remained stagnant and consistent throughout the period, with little to no change. (Figure 11).

Table 3. Crop production thresholds of severe drought. Table 3 describes the impacts of corn and soybeans
for the years impacted by severe drought in the Corn Belt Region. Table demonstrates the impacts of drought
on crop yield in the region.

South North

Nebraska Towa Dakota Dakota Minnesota | Illinois | Wisconsin | Indiana | Michigan Ohio

Corn

2013 68 49 65 51 59 67 47 73 68 84
2015 76 84 80 71 88 56 79 48 72 52
2017 64 66 48 54 82 63 71 59 56 69
2021 71 62 21 16 37 70 72 70 73 79

Soybean

2013 69 42 54 - 55 63 43 68 58 72
2015 74 77 78 - 83 60 80 51 66 53
2017 64 64 53 - 69 60 74 58 43 58
2021 74 63 24 - 36 72 73 69 63 67
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Figure 11. Cropland cover of moderate drought years. Figure describing corn, soybean, hay, wheat, oats, and
other cropland over the Corn Belt Region. (a) 2012 crop cover, (b) 2023 crop cover. Crop cover is not a
measure of drought impacts but of crop rotation, plantations, and depletion.

For drought impacts, 2021 indicated the most impactful crop yield impacts for both crops along the
Western Corn Belt, with both crops severely impacted. Moreover, the Western Corn Belt was most impacted.
The threshold level fell within severe limits for corn yield, especially in the west. Severe threshold levels
were reported for South Dakota, North Dakota, and Minnesota. North Dakota indicated the lowest threshold
levels. For soybeans, impacts were not as low but still within severe limits, with South Dakota indicating the
lowest level. While earlier years exhibited drought conditions throughout the region, they did not experience
severe threshold levels and instead witnessed unusually productive levels, especially in 2015 (Table 4). Crop
quantities showed that in 2013 and 2015, less than one-quarter of the distribution was displayed as corn and
soybean cover. The years 2017 and 2021 indicated a gradual increase in corn and soybean quantities. Overall
crop distribution remained consistent with little to no change in distribution throughout the period. (Figure
12).

(a)2013 (b) 2015

Total Landcover Total Landcover

14%

‘ 10%

76%

Corn m Soybean m Total Corn mSoybean m Total
(c) 2017 (d) 2021

Total Landcover Total Landcover

13% 13%

75%

Corn m Soybean m Total Corn m Soybean m Total

Figure 12. Total landcover distribution of moderate drought year. Crop quantities of corn (orange), soybean
(green), and total overall crop distribution of the Corn Belt Region. Not a reflection of drought impacts.

During non-drought years, corn and soybeans started with an early period (2003—2005) of crop diversity
blended with corn and soybean distribution but then decreased with more cropland cover of corn and soybean
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concentrations after 2007. Crop diversity was prevalent but was more observable in the southern sections of
Illinois and Indiana, along with Wisconsin and Michigan. (Figure 13). In 2009 and 2010, much of the
landscape was unchanged (Figures 13f & 13g). New plantations of hay were added to sections of eastern
South Dakota in 2010. From here, the crop was a dominant practice along the corn/soybean belt areas. It
spread to other locations, such as North Dakota, lowa, and Nebraska. Corn and soybean distribution was
distributed from the Western Corn Belt from North Dakota down into Nebraska, extending eastward towards
the east belt states, presenting permanent land cover practices throughout the period (Auch et al., 2013).
While crop rotations became prominent in this region, crop diversity decreased (after 2005), preserving more
corn and soybean concentrations (after 2007) and blending other crops such as hay and oats (after 2010). In
terms of non-drought impacts, above to well above average threshold levels were indicated, especially during
the middle period, where numerous conditions indicated the wealthiest production. Both 2010 and 2016
experienced the highest productivity of these conditions, where numerous reports indicated well above
average production throughout the region (Leeper ef al., 2022; Meresa et al., 2023; Mishra & Singh, 2010).
For both crops, Nebraska, North Dakota, Minnesota, and Wisconsin all experienced maximum thresholds.
Minnesota indicated the most significant levels of production. Above to well-above-average conditions were
represented throughout the region, especially corn yield, which indicated numerous maximums in 2010. lowa,
North Dakota, Minnesota, and Wisconsin were among the wealthiest productive states for both crops in 2016.
While both crops were among their maximum and most productive harvest of any other year, corn yield
indicated the greatest productivity, making it one of the most valuable crops harvested in the region (Green
et al., 2018; Ort & Long, 2014; Panagopoulos ef al., 2015; Suyker & Verma, 2012) (Table 4).

A

Cropland Cover
Corn

Il soybean
Hay

B wheat

Oats

B cther

MNon Cropland

(d) 2007

Figure 13. Cropland cover of no significant drought years. Figure describing corn, soybean, hay, wheat, oats
and other cropland over Corn Belt Region. (a) 2003, (b) 2004, (c) 2005, (d) 2007, (e) 2008, (f) 2009, (g) 2010,
(h) 2014, (i) 2016, (j) 2018, (k) 2019, (1) 2020 crop cover years. Crop cover is not a measure of drought
impacts but of crop rotation, plantations, and depletion.

In crop quantities, the overall distribution of crop cover showed more cropland cover of overall
distribution, displaying more than seven-eighths of the overall distribution as evidenced by missing data
(2003-2005), but then started to decrease from 2007-2015 (Green et al., 2018). High quantities of corn and
soybeans were dominant in 2016 and 2018, showing exactly one-quarter of the distribution, but decreased
slightly to less than one-quarter in 2019 and 2020. (Figure 14).
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Table 4. Crop production thresholds of no significant drought. Table 4 describes the impacts of corn and
soybeans for the years impacted by non-significant drought in the Corn Belt Region. The table demonstrates

South North
Dakota Dakota

Corn

2003 51 43 56 41 53 67 33 65 60 74
2004 80 76 74 36 63 84 57 84 55 73
2005 67 77 62 70 75 22 65 54 66 47
2007 82 73 73 74 46 77 46 52 31 51
2008 77 65 78 70 67 72 61 59 54 38
2009 80 69 71 62 49 62 62 56 71 76
2010 81 70 74 84 87 53 84 56 74 63
2014 76 76 74 73 66 84 72 77 72 78
2016 73 83 57 83 87 83 86 70 67 47
2018 79 69 72 66 76 80 68 70 56 82
2019 73 67 65 52 57 55 67 36 42 37
2020 59 47 78 59 80 66 81 62 65 51

Soybean

2003 27 16 47 - 21 46 16 45 37 57
2004 63 73 65 - 47 76 58 78 54 68
2005 61 77 63 - 73 34 56 57 56 59
2007 80 76 73 - 56 77 61 43 38 54
2008 70 62 66 - 56 72 46 49 37 28
2009 80 69 71 - 62 62 49 62 56 71
2010 78 73 67 - 84 53 83 54 70 59
2014 75 73 77 - 67 80 71 75 60 75
2016 77 81 65 - 83 82 85 77 72 63
2018 79 66 61 - 72 81 72 71 73 78
2019 71 66 57 - 54 49 64 33 44 35
2020 66 49 68 - 78 67 82 63 67 57

4. Conclusions

This research was designed to investigate the effects of precipitation regimes on drought severity and
their influence on crop yield and production (Sun et al., 2023). This research demonstrated the need to assess
the parameters of wetness and dryness regimes given by the index of SPI. In this research, the focus of this
paper was on the climate and weather effects dedicated to drought assessment and its impact on crop
production and yield from 2000 to 2023, as categorized through the four classification groups. While the
three classifications were under drought, one class was under non-significant drought.

This research indicated a clear picture of widespread coverage and intensity, followed by numerous
pockets of drought conditions throughout the region. Drought coverage and severity were widespread and
numerous throughout both regions, mainly for extreme, severe, and moderate drought categories (Hosseini
etal.,2021; Li et al., 2020; Shrestha ef al., 2020). In extreme cases, 2002, 2006, 2012, and 2013
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Figure 14. Total landcover distribution of no significant drought years. Crop quantities of corn (orange),
soybean (green), and total overall crop distribution of the Corn Belt Region. Not a reflection of drought
impacts.

experienced widespread impacts, especially in 2012, where most of the region was under widespread extreme
dryness. For non-drought, a persistent wet pattern started to plague the region, especially during the last two-
thirds of the period, especially in 2010, 2014, and 2016. These years indicated perhaps the most significant
patterns of wetness, especially along the Western Corn Belt of the western Great Plains and the northern
Great Lakes Region (Auch et al., 2013; Green et al., 2018; Ort & Long, 2014; Panagopoulos et al., 2015;
Suyker & Verma, 2012). This analysis concluded that the research results support the evidence of drought
severity and its influence on crop production. Specifically, climate change can alter weather patterns, leading
to drought stress among plants such as corn and soybeans (Fadhli ez al., 2020; Green et al., 2018; Sakellariou
et al., 2024). In this research, the four classifications correlated well with the results in terms of crop
production. As crop production varied between the crop types, results revealed similar patterns in terms of
the different regimes of these classes. Specifically, the corn and soybean yields were plentiful throughout the
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period (S. Li et al., 2021; Pefia-Gallardo ef al., 2019; Prince et al., 2001). While missing data affected the
overall results, heavy concentrations of crop diversity were widespread, especially during the early decadal
period of some of the drought classes, especially in the corn and soybean distribution cover. Overall, corn
and soybeans mixed with oats (later in the period) were distributed along the southern corn belt states. The
analysis showed that these widespread and intense drought episodes impacted crop production. While
drought conditions were numerous, crop yields were severely affected in the region throughout these drought
periods, especially in 2002, 2012, and 2021 (Aghelpour ef al., 2021; Pefia-Gallardo ef al., 2019; Prince et al.,
2001; Yoon et al., 2020). The most significant impacts were between 2002 and 2012 and 2021, indicating
the lowest yields of both crops compared to any other year. Non-drought years indicated numerous above to
well above average levels of wealthy crop production for both crops. Crop production indicated wealthier
conditions throughout the period, with 2010 and 2016 indicating the most significant levels than any other
year, especially along the northern Great Lakes states from North Dakota and Minnesota stretching
southeastward towards Illinois (Green ef al., 2018; Ort & Long, 2014; Panagopoulos et al., 2015; Suyker &
Verma, 2012).

Overall, this research supported the need to understand the four drought types. It also demonstrated the
hypothesis that meteorological drought is the leading drought type influencing the economic, environmental,
and social sectors. Therefore, extreme climate events such as drought and extreme precipitation have been
on the rise in other countries and other sections of the western hemisphere (Gattoni et al., 2025; McGranahan
& Wonkka, 2024; Weaver & Bruner, 1948). This research supports the evidence that there has been an
increase in drought conditions and that the severity and intensity of drought has increased, especially in the
concentrated corn and soybean belts, with an uptick in wet conditions along the Great Plains to the northern
Great Lakes (L. Li et al., 2020; Shrestha et al., 2020; Wahl et al., 2022). This research has also demonstrated
the need to understand further drought and its impacts on crop yield, allowing communities to provide
adaptation measures for resiliency and mitigation responses for future occurrences of drought in the future
(Leeper et al., 2022; L. Li et al., 2020; Shiru et al., 2019; Shrestha et al., 2020).

Data Availability Statement: Data, climate, cropland cover, and yield are available online for open-access
use at https://climatedataguide.ucar.edu/climate-data/chirps-climate-hazards-infrared-precipitation-station-
data-version-2, crop cover data -  https:/nassgeodata.gmu.edu/, and yield data -
https://www.nass.usda.gov/Data_and_Statistics/index.php, and crop yield data https://www.nass.usda.gov/
Research_and_Science/Cropland/SARS1a.php for data-ready access.
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