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Abstract

Flash droughts are highly impactful, sub-seasonal to seasonal events that pose a

severe risk to agricultural production. The 2012 flash drought event in the United

States is a prime example, as this event resulted in tens of billions of dollars of

crop loss and caused longer-lasting effects to the overall US economy. This study

examined impactful flash drought events across two agricultural regions of the central

United States, spanning the 40-year period from 1981 to 2020. The two regions, the

Southern Great Plains and Midwest, were selected given the agriculturally-dense areas

in distinctively unique climate regions.

Using the standardized evaporative stress ratio (SESR), flash drought events were

selected based on several factors, including the overall spatial coverage, rapid on-

set, and spread across the region. The events, defined as abrupt agricultural flash

droughts (AAFDs), provide critical information regarding the timing of rapid drought

transition across different areas of the United States and the implications they bring

to agricultural producers. Initial results show that over the last 20 years, AAFDs

have increased in frequency across critical regions of agricultural growth. Within the

Southern Great Plains, essential findings within the timing of events illustrate how

AAFDs, in conjunction with a winter La Niña pattern, led to a consistently below-

average harvest of winter wheat the following growing season. Across the Midwest

domain, results indicate a greater seasonality in AAFD events, with a majority of

events transpiring during the late Spring and early Summer months.
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Chapter 1

Introduction

Within the past 20 years, research efforts have increased on a newly defined phe-

nomenon called flash drought. Flash drought was a term first introduced by Svoboda

et al. (2002), to describe the rapid onset of drought conditions within just a few

weeks. Compared to conventional drought events which occur on several months to

year timescale, flash droughts are subseasonal to seasonal events (Pendergrass et al.

2020) that include land-surface interactions in addition to atmospheric processes.

During flash drought events, there is an increased evaporative demand of the terres-

trial surface due to factors including temperature, humidity, and wind speed (Svoboda

et al. 2002; Peters et al. 2002; Anderson et al. 2011). Flash drought events rapidly

desiccate the soil, leading to decreases in evapotranspiration and rapid aridification

of the land surface within these regions (Hunt et al. 2014; Sánchez et al. 2016).

Initially, studies focused on defining key characteristics of flash drought events.

Otkin et al. (2018) established two key characteristics of flash drought: (1) rapid

intensification and (2) limited moisture/water availability in the surface. Further, a

region must transition from non-drought characteristics to a state of drought by the

culmination of the event. As a result, regions in drought-like states cannot undergo

a flash drought event.

As a relatively understudied phenomenon (Lisonbee et al. 2021), several meth-

ods to detect flash drought were proposed using a variety of land-surface and atmo-

spheric variables to identify the best metrics for event detection. Christian et al.

(2019b) proposed a methodology using standardized evapotranspiration (ET) and

potential evapotranspiration (PET) to calculate the standardized evaporative stress
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ratio (SESR). This ratio provides a quantity that relates to the overall evaporative de-

mand and moisture availability of the terrestrial surface at a point in time. Christian

et al. (2021) applied SESR to 4 global datasets to identify global regions of enhanced

flash drought events along with the evolution of temporal and spatial characteristics.

These results showed a majority of the 15 worldwide regions used for the analysis have

seen an increase in the overall occurrence of flash drought from 1980 to 2015. Other

robust and reliable flash drought definitions have been proposed in literature. The

standardized vegetation index (SVI) was one of the earliest metrics used to investi-

gate flash droughts (Peters et al. 2002), as this index provided information regarding

crop behavior during the 2000 Central United States flash drought. This method pro-

vided real-time information regarding degrading crop health conditions during this

flash drought event and conveyed potential for being used to monitor changes in veg-

etation health. The evaporative stress index (ESI) has been used in several studies

(Otkin et al. 2013, 2015; Nguyen et al. 2019), and is similar to SESR in that it uses

evapotranspiration and potential evapotranspiration measurements from satellites to

derive evaporative demand at the surface. The ESI methodology has been shown to

provide early onset awareness to regions that may be beginning to experience rapid

intensification into drought-like states. Additionally, the evaporative demand drought

index, EDDI, (Hobbins et al. 2016; Pendergrass et al. 2020; Parker et al. 2021) has

been used as an effective tool for capturing flash droughts and their understanding of

this subseasonal to seasonal phenomenon. Lastly, several studies have also used the

United States Drought Monitor categorical breakdowns as a metric to detect when

rapid intensification is ongoing in regions. Ford et al. (2015) proposed using this

drought monitoring system to distinguish varying intensities of drought events, not-

ing specific categorical thresholds that must be surpassed within a specific temporal

window to be quantified as a flash drought event. Their study set the threshold that

for an event to be considered a flash drought, a region must see a 3-category increase

2



in drought severity within an 8-week window. Pendergrass et al. (2020) proposed a

shorter duration definition, stating flash drought identification is reached for regions

that see a 2-category increase in drought severity within a 2-week window.

In addition to developing metrics to define these events, several studies have pro-

posed categorizations for flash drought events. For example, Mo and Lettenmaier

(2016); Koster et al. (2019); Li et al. (2020); Mo and Lettenmaier (2020) developed

methodologies to describe two main types of flash drought events: precipitation-deficit

and heat wave flash droughts. Precipitation-deficit flash droughts are classified as

events more directly caused by a significant lack of precipitation. Within the defi-

nition of precipitation deficit flash droughts, precipitation must fall to a minimum

during the onset of the event (Mo and Lettenmaier 2020). Heat wave flash droughts

are induced by a sustained period of enhanced temperature anomalies which results

in increased evaporative stress on the ground and decreased water availability. These

studies have provided significant insight into the main drivers behind flash droughts

on regional scales in many hotspot locations, including the United States and the Yel-

low River Basin in China. Mo and Lettenmaier (2020) found that across the United

States, precipitation deficit flash droughts are more commonly seen across regions of

the South, specifically the Southern Great Plains. Moreover, heatwave flash droughts

were more commonly seen in areas further north, with a maximum of events recorded

in regions of the Midwest and Ohio Valley.

With the development of methodologies to identify and classify flash drought, re-

search focused on major flash drought events to understand the processes and impacts

of these events. One of the earliest studies of rapid drought evolution included an

investigation of the 1988 North America Drought, a rapidly developing event that oc-

curred during the summer months. This rapid transition into drought was driven by

a quasi-stationary ridging pattern that set up across the central United States (Tren-

berth and Branstator 1992). While studies did not define this event as a flash drought,

3



it was shown to be a rapidly evolving drought and displayed several characteristics of

flash drought behavior. This event caused several major impacts, including restricting

flow on the Mississippi river during the months of June and July, resulting in billions

of dollars of loss within the barge industry (Changnon 1989). The 2012 flash drought

event was an impactful and disastrous event for agricultural producers, resulting in

tens of billions of dollars in damage to crops (Rippey 2015). From May to August

2012, temperature anomalies exceeding one standard deviation above climatology and

precipitation anomalies at least one standard deviation below climatology occurred

across the central United States (Hoerling et al. 2014). This sustained period of

anomalously warm temperatures, along with below-average precipitation concerning

climatology, enhanced the evaporative demand of the environment across the central

United States, leading to a rapidly developing flash drought encompassing millions of

square kilometers (Basara et al. 2019). Many regions across the central United States

recorded average soil moisture values below the 10th percentile during this temporal

window (Hoerling et al. 2014). Given the timing of this event concerning the growing

season of crops, such as corn, the flash drought event stunted agricultural growth

in several regions, resulting in severe losses for agricultural producers (Basara et al.

2013).

Other flash drought events within the 21st century have caused significant im-

pacts on agricultural regions. Just two years before the 2012 event, an expansive

flash drought evolved over portions of Russia during the summer of 2010, disrupting

the world economy. This event occurred over an agriculturally dense region of the

country, causing severe impacts on the yield of winter and spring wheat by 30 to 80

percent (Hunt et al. 2021). Wheat yields were so low that an export ban was posed

following this event (Christian et al. 2020). In 2017, the Northern Great Plains’ flash

drought resulted in severe consequences. Within three months, regions of Montana

and the Dakotas went from non-drought states to exceptional drought, the most severe

category listed within the U.S. Drought Monitor (He et al. 2019). This event resulted
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in billions of dollars of crop loss, causing significant impacts to agricultural producers

(Hoell et al. 2020). Flash drought events have repeatedly caused billion-dollar losses

to agricultural producers, resulting in severe hardships for these stakeholders and the

overall economy.

While several case studies have analyzed the impacts of a single flash drought

event over an agricultural region, few have examined whether the same region has

experienced multiple flash droughts during the observational record. Events such as

the 2010 Russian flash drought and the 2012 and 2017 United States flash droughts

demonstrate the catastrophic impacts these events pose to agricultural producers, as

the timing, duration, and strength of these events have been shown to cause serious

problems to overall crop yield. In addition, these events convey how the timing of

flash droughts has significant impacts on the yield of crops based on their growing

season. For example, the 2012 flash drought event across the United States extended

into portions of the Southern Great Plains that are heavily used as agricultural land

for winter wheat. However, because this event occurred during the end of the growing

season/harvest for winter wheat, the yields seen from this crop were not as heavily

impacted (USDA, Economic Research Service 2015). A research gap includes fun-

damental understanding of how flash drought event frequency, timing, and impacts

have changed across agricultural regions. Because crop development is dependent on

atmospheric conditions including temperature, precipitation, and sunshine amongst

other factors (Sacks et al. 2010; Eck et al. 2020; dos Santos et al. 2022), flash drought

events have serious potential to enhance atmospheric conditions that are unhealthy

for crops. Moreover, depending on the timing of flash drought events, one crop type

may experience more impacts compared to others because of the distinct growing

seasons of crops. As such, this study examines the frequency, spatial extent, and

atmospheric drivers of flash droughts in the Southern Great Plains and Midwest re-

gions with specific focus on abrupt agricultural flash drought (AAFD) events and

the associated impacts following these events. To begin, initial results convey that
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flash drought remains a highly variable event spatially, even amongst climate regions

of the United States. The timing of flash drought onset also indicates the potential

ramifications this phenomenon could pose to stakeholders and agricultural producers

in both regions. The results indicate that further refinements to flash droughts can be

identified with respect to their abrupt spatial onset across a large proportion of the

region under analysis. The definition of abrupt agricultural flash drought (AAFD)

events will be further elaborated on below.
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Chapter 2

Date and Methods

2.1 Reanalysis and Crop Datasets

Several reanalysis variables were used to examine the impacts flash drought events

pose to crops in both regions. To begin, three ERA5 datasets of reanalysis data

were used. These datasets included daily averaged ET, PET, and soil moisture. ET,

PET, and soil moisture datasets were analyzed from 1981-2020. ERA5 ET and PET

reanalysis data is used for the identification of flash drought across both domains

(Hersbach et al. 2020). Soil moisture data was used as a second parameter to assess

surface soil moisture responses during and after flash drought events. Within the soil

moisture data, this study analyzed the top layer of soil moisture, measuring to a soil

depth of 7 centimeters. Although long-term droughts can cause a significant impact

to deep-layered soil moisture, soil moisture in the shallowest layers provides a better

method for monitoring short-term droughts (Xu et al. 2021).

Further, in the results section, the role of the El Niño Southern Oscillation (ENSO)

and its impact on abrupt flash drought events will be examined. To do so, the Oceanic

Niño Index (ONI) was used to determine the regime of ENSO at a point in time. ONI

(Trenberth and Stepaniak 2001) incorporates a 3-month running mean of sea surface

temperature (SST) anomalies within the Niño 3.4 region, defined by 5°S-5°N, 120°-

170° W. This region was selected as Trenberth (1997) determined Niño 3.4 is the

critical region of ocean-atmospheric interactions which regulate the teleconnection.

Moreover, studies including Flanagan et al. (2019) demonstrate sea surface tempera-

tures in this region of the Pacific Ocean are influential in driving circulation patterns
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which can lead to enhanced precipitation regimes across portions of the United States,

including the Southern Great Plains. As a result, ONI data from the Climate Predic-

tion Center (CPC) was implemented to determine the regime of ENSO at any time

during the study window.

Lastly, surveyed crop yields and crop condition reports were used for this study.

For the analysis of the Southern Great Plains, surveyed total crop yields of winter

wheat were examined by the United States Department of Agriculture, National Agri-

cultural Statistics Survey (USDA, NASS) yearly from 1981 to 2020 across Kansas,

Texas, and Oklahoma. Moreover, weekly crop condition reports of winter wheat were

also analyzed to determine the progression of winter wheat throughout various points

of the growing season. Within the Midwest domain, surveyed crop yields of corn

and soybeans in Iowa were analyzed from 1981 to 2020. Crop conditions of corn and

soybeans within the state were also examined for 2003 to convey the impacts that

a flash drought event had on these crops. Crop conditions and yields are assessed

through producers, agribusinesses, and traders each week through several modes of

communication, including a secured internet site, questionnaires, and by phone (Vogel

et al. 1999). In all weekly crop condition reports, crop conditions can fall into one of

five categorical conditions. Figure 2.1 lists all categorizations of crop yields and their

significance to what is expected in overall yields for the crop. Crops listed as ”good”

indicate that field prospects are average, and any crops listed in ”excellent” condition

indicate that yield prospects are expected to be above average. Crops grouped into

the other three categories, ”fair,”; ”poor,”; or ”very poor,” are expected to have some

variation of crop loss. Crops listed as ”very poor” indicate the potential for extreme

to total yield loss expected.
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Figure 2.1: Categorizations of crop conditions designated by the USDA NASS.
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2.2 Defining Critical Agricultural Zones

The motivation for this research stems from several studies (Peters et al. 2002; Basara

et al. 2019; Christian et al. 2020; Hoell et al. 2020; Hunt et al. 2021) which focused on

significant flash drought events that evolved across agricultural regions. Each flash

drought event had major impacts on agricultural producers and economic losses as

crop health and yields suffered. Although past studies have investigated regional

characteristics of flash drought across the United States (Christian et al. 2019a), this

study examined how flash drought varies on smaller spatial scales specifically linked

to high agriculture production zones.

A major goal of this study was to select regions within the United States that are

similar in geographic location yet situated in unique climate zones. While selecting

regions, planting maps from the USDA were used to validate the most concentrated

regions of crop use in the United States. Two regions of investigation were selected

for this analysis. The first study domain over the Southern Great Plains (Figure 2.3),

encompassing the region from the New Mexico/Texas border into central Oklahoma

and much of Kansas, is an essential provider of winter wheat in the United States.

Figure 2.2 illustrates the concentrations of winter wheat crops in the United States,

with the highest crop densities indicated by the darker green shades. Winter wheat is

of additional interest to investigate, given the impacts this crop faced during the 2010

Russian flash drought event (Hunt et al. 2021). Moreover, studies such as Zhao et al.

(2022) have shown that specific atmospheric conditions seen in flash droughts can

pose increased impacts on winter wheat health in the United States. In particular,

Zhao et al. (2022) illustrated that hot, dry, and windy events pose a severe risk to

winter wheat crop health during the heading-to-maturity phase of the winter wheat

growing season.

The second region encompasses all of Iowa and several surrounding states, includ-

ing northern Illinois and southern Wisconsin (Fig. 2.3). This region is agriculturally
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important for several crops, including soybeans and corn; Figure 2.2 also illustrates

concentrations of these crops planted across the United States, indicating millions of

acres of soybeans and corn are planted annually within the Midwest. Both of these

crops have been impacted by previous flash drought events, such as the 2012 flash

drought across the central United States (Basara et al. 2013; Jin et al. 2019). Nonethe-

less, other smaller-scale flash drought events likely have significantly impacted crop

health and yields. Quantifying and defining all flash drought events will help identify

the characteristic behavior and impacts of these events.

Figure 2.2: Planted crop acres for winter wheat (left), soybeans (bottom left), and
corn (bottom right) in 2021.
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Figure 2.3: Visual representation of the critical agricultural zones selected for inves-
tigation. The Southern Great Plains (SGP) domain is bounded by 32°- 40° N, 103°-
97° W. The Midwest (MW) domain is bounded by 40°- 45° N, 97° - 88° W.
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2.3 Flash Drought Identification using SESR

Flash drought events were detected using a modified framework for SESR from Chris-

tian et al. (2019b) and described in Christian et al. (2022). This methodology uses

ET and PET to calculate the evaporative stress ratio (ESR). ESR is a ratio of ET to

PET at one point in time and is calculated via the equation:

ESR =
ET

PET

Evapotranspiration describes the amount of water being evaporated into the en-

vironment from the surface as a function of temperature, relative humidity, and wind

speed (Pereira et al. 1999). Potential evapotranspiration reflects the expected amount

of water that should be evaporated into the environment based on the ambient atmo-

spheric conditions (Granger 1989). Potential evapotranspiration (commonly referred

to as ET0) is derived via the United Nations Food and Agriculture Organization

(FAO) Penman-Monteith approximation (Allen et al. 1998):

ET0 =
0.408Δ(Rn – G) + γ 900

T+273u2(es – ea)

Δ+ γ(1 + 0.34u2)

Within this equation, Rn is net radiation at the crop surface, G is soil heat flux

density, T is the mean 2-meter daily air temperature, (es - ea) represents the satu-

ration vapor pressure deficit, U2 is the 2-meter wind speed, Δ represents the rate of

change of saturation specific humidity with air temperature, and γ is the psychromet-

ric constant. The FAO Penman-Monteith approximation has previously been used in

literature to evaluate PET across agricultural regions (Sentelhas et al. 2010).

During flash drought events, ET significantly decreases as a result of decreasing

soil moisture availability. On the contrary, PET remains constant or even increases as

a result of increased temperatures as well as decreased atmospheric humidity during

flash droughts (Christian et al. 2020; Hoerling et al. 2014). Both of these factors
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result in a decreasing ESR in time (Christian et al. 2019a) and the higher evaporative

demand results in rapid soil moisture loss.

For this study, ERA5 reanalysis data of daily ET and PET were used for the

period spanning 1981 to 2020 to identify flash drought events. Further, the events

were restricted to the agricultural growing season, extending from March to October.

This is fairly consistent with previous studies that have investigated flash drought

during the growing season (Christian et al. 2019a, 2021). The months of March and

October were included in the defined growing season given crops being investigated in

this study have major growing stages during these months of the year. For this study,

events that started before March but extended into the growing season for at least

one pentad in time were included. Moreover, events that began rapid intensification

before the end of October were also included. Both datasets have a 0.25 x 0.25-degree

grid spacing, encompassing a spatial domain of 30 x 30 kilometers per grid point.

A limitation of using the ESR is that daily ET and PET values can fluctuate

significantly. Christian et al. (2019b) utilized pentads, or 5-day periods, during flash

drought events to better capture these changes in ESR. As such, daily ESR was

converted into averaged pentads, then standardized at each grid point for each pen-

tad in time, using the climatological average from the study period. This final step

produces the standardized evaporative stress ratio (SESR). SESR values are calcu-

lated into percentiles and used in the methodology for detecting flash drought events.

Fig A 2.1, taken from Christian et al. (2019b), provides a flow chart depicting the

calculation of SESR for this study.

The change in SESR between each pentad was also calculated using the same

process described above. Because the change in SESR values were standardized, they

can also be expressed and evaluated as percentiles. Thus, the standardized change in

SESR identifies how rapidly SESR values change between two pentads compared to

climatology. These percentiles were also used to analyze and calculate flash drought
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events. Finally, the Savitzky-Golay filter was applied to the SESR and the change

in SESR between pentads. This technique has been previously used in smoothing

data for other land-surface variables including the Normalized Difference Vegetation

Index (NDVI) and satellite-based Land Surface Water Index (LSWI) (Chen et al.

2004; Christian et al. 2022). With a total window length of 21 pentads, or 105 days,

this metric smooths the data to better represent the subseasonal-to-seasonal changes

of SESR.

This methodology was defined to capture drought events that rapidly developed

and intensified on a subseasonal-to-seasonal timescale. The three criteria used to de-

tect flash drought occurrence through SESR and the change in SESR are as follows:

1. The change in SESR over a flash drought event between each pentad is below

the 25th percentile.

2. SESR is less than the 20th percentile at the duration of the event.

3. Flash drought length is longer than 30 days (6 pentads).

The first criterion analyzes the pentad to pentad change in SESR. The 50th per-

centile of the change in SESR equates to the climatological average change in SESR

values between 2 pentads of time. Therefore, values of the change in SESR between

two pentads that fall below the 25th percentile reflect that SESR values are decreas-

ing at a rate that exemplifies a rapid transition event compared with climatology.

Values must remain below this threshold throughout the entire event, signifying that

rapid drought transition is ongoing through all pentads of the event. The second

criterion requires the environment to reach drought status during rapid intensifica-

tion; the requirement of SESR being less than the 20th percentile signifies that the

SESR percentiles have surpassed the drought threshold. Furthermore, this criterion
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solidifies that regions must not have previously been in drought before flash drought

occurs. The third criterion focuses on flash drought occurring within a subseasonal-

to-seasonal temporal window. It ensures that an event’s duration must be at least 30

days long. With a defined methodology for detecting flash drought events, preliminary

analysis of flash drought over these regions could begin.
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2.4 Defining Abrupt Agricultural Flash Droughts

(AAFDs)

Flash drought events differ in their spatial propagation over time. Figures 2.4a and

2.4b display the time series of flash drought from 2 years within the Southern Great

Plains domain and highlight the percentage of grid points with flash drought initi-

ation during a pentad in time. While the flash drought identification was met for

almost half the domain during 2007 (Fig. 2.4a), it began at very different periods

in time over several months. Assessment of the same time series analysis for 2003

conveyed significant differences in the temporal evolution compared to 2007. Fig-

ure 2.4b displays that flash drought initiation during 2003 occurred simultaneously

across a significant portion of the observed region at one point in time. During this

event over the summer, nearly all grid points began rapid drought transition within

a three-pentad, or roughly two-week, window in June. Events such as the 2010 Rus-

sian flash drought displayed very similar characteristics whereby the timing of flash

drought initiation occurred nearly simultaneously (Christian et al. 2020). Moreover,

additional studies have found that flash drought onset is occurring more rapidly in

time (Qing et al. 2022).
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Figure 2.4: (a) Time series of the percentage of grid points that entered flash drought
criteria at a pentad in time in the Southern Great Plains domain during the year
2007. The blue dashed line represents the raw data over each pentad, and the red
line marks a five-pentad running average using a centered difference approximation.
(b) Same as (a), but for the year 2003.
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As a result, this study will specifically focus on flash drought events that over-

spread an agricultural region at similar pentads in time. Given drought affects the

decision-making process for crops such as winter wheat (Klemm and McPherson 2018)

and affects the yields of winter wheat, corn, and soybeans across the study domains

(Mauget and Upchurch 1999; Zipper et al. 2016), it was of interest to define these

impactful episodes of rapid drought development. This subset of events is defined

as abrupt agricultural flash droughts (AAFDs); AAFDs describe a rapidly intensi-

fying drought simultaneously occurring across a domain with intensive agriculture.

To evaluate AAFD events across each study region which encompasses hundreds of

thousands of square kilometers of land with heavy agricultural usage, this study pro-

poses a methodology for identification with several vital criteria. These criteria focus

on three key event characteristics:

1. A peak of flash drought initiation across the region at one-time step. Within

this criterion, a consistent aerial region enters flash drought at the same time. The

peak is defined as Pentad 0, marking this study’s beginning of an AAFD event.

2. Secondly, within a defined temporal window from Pentad 0, a defined area must

transition into rapid intensification.

3. Flash drought initiation must decrease beyond the temporal window encapsulated

by Criteria 1 and 2. As such, this ensures that the defined area abruptly transitions

to flash drought at approximately the same time.

Based on the above criteria, sensitivity testing was conducted using four permu-

tations of contrasting spatial thresholds and temporal window of investigations over

both regions. Each permutation evaluated abrupt flash drought episodes over the
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40 year data set in order to analyze the frequency and timing of events across both

regions. The permutations and their associated combinations of spatial and temporal

thresholds (Figure 2.5) were tested for their sensitivity and to select a final definition

for AAFD events. Figures 2.6 and 2.7 illustrate the results of the sensitivity testing

across the Southern Great Plains and Midwest domains, respectively.

Figure 2.5: Illustration of the 4 permutations of sensitivity testing performed over
both regions to determine AAFD events from 1981 to 2020. Events collected must
have occurred over some part of the growing season, defined from March to October.

Beginning with the Southern Great Plains region, the initial sensitivity test out-

lined in Permutation 1 yielded 40 AAFD cases over the 40-year period. During several

of these years, multiple abrupt flash drought events occurred under these criteria. The
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analysis only accounted for the first flash drought occurrence over an area, thus sub-

sequent events occurred over different land areas that did not already surpass flash

drought identification during the year.

While each of the permutations used a slightly modified methodology, the results

varied considerably, providing more explicit guidance for the finalized AAFD defini-

tion. Permutation 2 retained the same temporal window criterion as Permutation 1.

However, expanding the spatial threshold criterion resulted in a decrease in recorded

events, as only 15 were recorded within this test. While Permutation 3 had a shorter

temporal window compared to Permutation 1 and retained the same spatial thresh-

old, the number of cases remained very similar (36 AAFD events). Permutation 4

had the same spatial threshold as Permutation 2, and temporal threshold as Permu-

tation 3, and yielded a similar AAFD frequency to Permutation 2 (14 AAFD events).

These results indicate that changes to the spatial threshold in Criteria 1 and 2 across

the Southern Great Plains region were more influential to changing the frequency of

AAFD events yielded in comparison to changing the temporal window in identifying

AAFD cases.
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Figure 2.6: Results of sensitivity testing across the Southern Great Plains domain.

Similar results were found for the Midwest region. Within Permutation 1, 42

AAFD events were recorded over the period. The year 2007 featured four separate

AAFD events. Like the Southern Great Plains region, the AAFD events recorded

in Permutation 2 across the Midwest decreased by more than half compared to Per-

mutation 1 (17 events). Permutation 3 yielded nearly the same number of events as

Permutation 1 (37 events), and Permutation 4 yielded 14 events, a slight decrease

from the number recorded in Permutation 2.

22



Figure 2.7: Same as Figure 2.6, except for the Midwest domain.

From these results, it is noted across both regions that expanding the spatial

threshold for consideration decreases the number of AAFD events. However, shrinking

the temporal investigation window for abrupt events slightly decreases the caseload

and better discriminates against flash drought events from being classified as abrupt

or not. Given that these events occur spontaneously and rapidly increase in spatial

coverage, a smaller temporal window best fits the flash drought events captured in

this study. Thus, the proposed definition of AAFD events in this research uses the

temporal window of Cases 3 and 4, consisting of a 9-pentad, or 45-day, total window.

Rather than relying on a variable percentile-based spatial threshold, a common

spatial definition to identify flash drought events would be preferable for both re-

gions. The Secretarial drought declarations posted by the USDA highlight spatial

regions that require government assistance due to drought-driven issues in any given

year. The 2020 map (Figure 2.8) shows that aside from the comprehensive and on-

going southwest drought, several smaller areas on the east coast and central United
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States required some form of government assistance following drought conditions in

2020. This also included a region across the Midwest covering tens of thousands of

square miles which requested disaster resistance. From initial analysis, it was found

that flash drought activity occurred over much of this region in 2020 (Figure 2.8),

signifying that rapidly intensifying drought events can pose severe consequences to

affected regions. Moreover, it indicates that small-scale regions which undergo rapid

drought development can experience significant impacts that must be accounted for.

Ultimately, this helped guide the spatial threshold being defined for the methodology

of these events, given it affected a major agricultural zone.

Figure 2.8: 2020 Secretarial Drought Designation Map illustrating counties of the
United States that required secretarial assistance due to drought conditions during
the year 2020 (USDA, Farm Service Agency 2020). The second diagram depicts the
affected region in the Midwest and illustrates which portions of the domain underwent
flash drought development in 2020.

Drawing from the sensitivity testing and adopting common spatial thresholds

across regions gives the final definition for abrupt agricultural flash droughts, as seen

in Figures 2.9 and 2.10:
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1. 37,500 square kilometers (∼ 15,000 square miles) must enter flash drought transi-

tion at one pentad. This time step is referenced throughout this study at ‘Pentad 0’

of an AAFD.

2. 75,000 square kilometers (∼ 30,000 square miles) must enter flash drought transi-

tion within two pentads from this peak, Pentad 0, mentioned in Criterion 1.

3. 20% or less of flash drought identification begins at the end periods of the 9-

pentad window of these events. The end periods include 3 to 4 pentads before and

after this peak of initialization, defined as Pentad 0.

Figure 2.9 illustrates a flow chart diagram to distinguish the classification of AAFD

events. Furthermore, Figure 2.10 provides a depiction of an AAFD event over the

Midwest region in 1987 to provide a visual representation of the temporal window

being used for AAFD analysis within each criterion. Criteria 1 and 2 focus on defining

events that encompass a broad area of land and likely have tangible impacts (e.g.,

Federal drought declarations). Criterion 1 focuses on ensuring an event has a clear

starting point associated with the region entering into drought. The spatial thresh-

olds for Criteria 1 and 2 were selected using Figure 2.8 as a reference. As described

above, in 2020, a small area of western Iowa and eastern Nebraska needed govern-

mental assistance due to drought affecting these regions. This area, roughly covering

20 to 30 thousand square miles, was used as a baseline measurement for the spatial

extent in Criterion 2, given that much of the area underwent rapid drought inten-

sification. Regarding the spatial properties in Criteria 1 and 2, it was chosen that

the flash drought coverage in these areas can, but does not have to, be continuous in

space to surpass the thresholds set. Given the Secretarial drought designation maps
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shown in Figure 2.8, it is evident that isolated regions within a state may require

additional assistance due to localized drought impacts. Thus, enforcing a continu-

ous spatial domain within the criteria would likely neglect some flash drought events

which could be severe enough to pose impacts. Lastly, Criterion 3 constrains the

event coverage to be maximized within the 5-pentad window defined in Criterion 2.

The 20% benchmark was consistently used throughout each case of sensitivity testing

and within the final definition as this value is continuously used within this study as

a defined lower bound. Thus, to keep in continuity with the study, this value was set

and ensures events have a core window of major flash drought development.

Figure 2.9: Flowchart diagram illustrating AAFD event criteria.

26



Figure 2.10: Physical representation of the Abrupt Agricultural Flash Drought
methodology. It is annotated over a figure adapted from Figures 2.4a and 2.4b,
but for an AAFD event recorded in the Midwest domain in 1987.

27



Chapter 3

Results

3.1 Spatiotemporal Occurrence of Flash Drought

The coverage of flash drought has varied significantly during the study period. Figure

3.1 displays the year-to-year spatial coverage of flash drought across both domains

during the study period. Within Figure 3.1a, across the Southern Great Plains, flash

drought coverage varied from less than 10 percent during some years (e.g., 1993 and

1996) to over 80 percent (e.g., 2000). Years with suppressed flash drought coverage,

including 1993 and 1996, were pluvial years with above-average rainfall across the

domain region that even produced significant flooding across the Midwest and Plains

in 1993 (Bell and Janowiak 1995). This surplus in precipitation limited evaporative

demand and flash drought experienced during these years. Conversely, years such

as 2000 and 2012 yielded increased spatial coverage due to the more significant flash

drought events that evolved during those years (Basara et al. 2013; Peters et al. 2002).

Within the Midwest region, a similar trend in spatial coverage was observed. The

pluvial year of 1993 resulted in suppressed flash drought coverage across the Midwest,

with less than 10% of the area reaching flash drought criteria during the year (Figure

3.1b). However, in 1988, 2008, and 2012, rapid drought development occurred across

at least three-quarters of the Midwest region.
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Figure 3.1: (a) Time series analysis of flash drought coverage from 1981 to 2020 (blue
line) across the Southern Great Plains domain. The black dashed line represents a
5-year running mean. (b) Same as (a), but for the Midwest region.
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Furthermore, temporal analysis reveals that the occurrence of when flash drought

occurs has changed with time in both the Southern Great Plains and Midwest. In

the Southern Great Plains, results initially show a peak in flash drought occurrence

between April to June (Figure 3.2), with reduced activity present throughout the sum-

mer. A slight increase in flash drought occurrence is recorded during the fall months

of September and October. These results follow consistently with flash drought activ-

ity in the western portions of the United States, as these regions typically experience

a slight increase in flash drought occurrence in the fall (Christian et al. 2019a). When

the study period is divided into two 20-year intervals, the temporal variability of the

flash drought events yields differences in the timing of onset and occurrence. The

first 20-year period spanning 1981 to 2000, illustrates that the late spring and sum-

mer months of May, June, and July had the highest occurrence of flash drought,

with a secondary peak seen in the transition month of September (Fig. 3.2). Con-

versely, the second 20-year period from 2001 to 2020 displays two prominent periods

of flash drought development during the months of April and October (Fig. 3.2). A

pronounced increase in activity was also recorded in February, as over 10 percent of

flash drought occurrences within this region between 2001 to 2020 started during this

month.
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Figure 3.2: Temporal occurrence of flash drought across the Southern Great Plains
domain from 1981 to 2020 (top panel) and from 1981 to 2000 versus 2001 to 2020
(bottom panel).

Within the Midwest agricultural region, the peak flash drought coverage occurred

in the Spring months of April and May (Figure 3.3), slowly diminishing in occurrence

during the summer and early fall months before a slight peak in October. From 1981

to 2000, more than 25% of all flash drought events began in April while the more

recent 20-year period revealed flash drought occurring slightly later in the year, with
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peak activity extending from May to July. From 2001 to 2020, approximately half of

the flash drought events began during these three months.

Figure 3.3: Same as Figure 3.2, but for the Midwest domain.

Lastly, the spatial climatology of flash drought occurrence was assessed. Figures

3.4 and 3.5 display the spatial variability of flash droughts over the SGP and Mid-

west regions, respectively, via the percentage of years whereby flash drought events

were observed. Overall, the average grid point in the SGP region experienced a flash
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drought in 40% of the years examined. While some areas within the domain expe-

rienced a flash drought in nearly three-quarters of the years, others experienced a

flash drought in less than 30% of the period (Figure 3.4). The southwestern quadrant

experienced fewer years with a flash drought while subregions in the north-central

and eastern portions of the domain had increased occurrence. Past studies have

demonstrated that over different regions of the world, flash drought occurrence can

significantly vary across a small domain (Christian et al. 2019a; Edris et al. 2022;

Lisonbee et al. 2022). These results further illustrate that flash drought behavior is

highly heterogeneous, even across a mesoscale domain.

Figure 3.4: Percentage of years across the Southern Great Plains a flash drought
event initiated during the defined growing season of March to October from 1981 to
2020.
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Similar to the Southern Great Plains, the Midwest also experiences a large vari-

ability of flash drought events spatially (Figure 3.5). In the Midwest, there is a slightly

higher average for the percentage of years a grid point experiences flash drought across

the domain (45%). Many Midwest locations experienced flash droughts in over half

of the years, while some areas experienced a flash drought in less than a third (Figure

3.5). The regions with the highest flash drought occurrences are generally seen in

the southern portions of the domain, with less flash drought occurrence across the

northern section of the region.

Figure 3.5: Same as Figure 3.4, but for the Midwest domain.

3.2 Abrupt Agricultural Flash Drought Analysis

3.2.1 Southern Great Plains

3.2.1.1 Spatial and Temporal Characteristics

Over the 40-year period, 32 AAFD events occurred within the Southern Great Plains

region. Each event recorded across the Southern Great Plains can be examined in
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Table A.1, depicting several key event characteristics, including timing, intensity, and

spatial coverage. Initial analysis began by spatially plotting each of the events across

the Southern Great Plains domain and dividing them into two 20-year periods (Figure

3.6). These results reveal that the occurrence and aerial coverage of these events has

increased over time. Moreover, shifts have occurred in relation to AAFD hotspots. For

example, across much of western and central Oklahoma, only 1 to 4 AAFD events

were recorded from 1981 to 2000; however, results show 6 to 8 AAFDs occurred

over much of this region from 2001 to 2020. Some of the highest concentrations

of these events are collocated over extremely agriculturally dense portions of winter

wheat, particularly in the eastern half of the domain south of Kansas (Lollato et al.

2017). Given plants and crops increase the moisture return out of the ground (Pereira

et al. 1999) in response to increased evaporative demand, agricultural systems are

particularly susceptible to these rapid drought events. Increases in the frequency of

these events pose a high risk to stakeholders, as abrupt drought initiation results

in decreased windows of time for agricultural producers to mitigate against these

widespread events.
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Figure 3.6: Spatial maps of AAFD events across the Southern Great Plains. This
includes a spatial map of the number of AAFD events from 1981 to 2000 (top left),
spatial map of the number of AAFD events from 2001 to 2020 (top right), and a
histogram distribution of the changes in frequency of AAFD events at each grid point
between the two 20-year periods.

Following spatial analysis of AAFDs over the SGP region, other event character-

istics, including timing, event intensity, and aerial coverage, were analyzed, and are

illustrated in Figure 3.7. AAFD events occurred consistently throughout the 40-year

period. The 1990s featured several pluvial years, including 1993, which resulted in

only 6 AAFD events during the second decade of the study. This prolonged period of

above-average precipitation is highlighted in Figure A.2, depicting the average yearly
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precipitation across Oklahoma to highlight this anomalous period of above-average

precipitation. This surplus of precipitation reduced evaporative demand within the

environment, thus inhibiting major flash drought development. Nonetheless, it high-

lights that in active pluvial periods, abrupt flash drought activity can remain a threat

to this region. When analyzing the timing of events by month, AAFD initiation was

observed every month of the growing season except for August. Further, results show

that 11 of the 32 events started in September or October, indicating that fall AAFD

events are prominent across this domain. These events, which occurred during the

last two months of the study’s defined growing season, were recorded in each decade,

further conveying that fall abrupt flash droughts have consistently occurred during

this study window.

Following the timing of AAFD events, the rate of change into drought was inves-

tigated to determine AAFD event intensity. To define event intensity for this study,

the domain which entered flash drought within two pentads of the peak initialization

(Pentad 0) was examined for each event, equating to a five-pentad temporal window.

This timeframe was selected as a simple way to examine event progression for more

than 80 percent of the AAFD event area, as this threshold must be met in Criterion

2 for AAFD identification. Next, the overall change in the standardized evaporative

stress ratio (SESR) for the following six pentads was recorded over this defined re-

gion, equating to 30 days of investigation. This temporal window was selected to

keep continuity with the flash drought duration outlined within Criteria 3 of the flash

drought identification via SESR. For each grid point within this 5-pentad temporal

window, the departure of SESR is averaged across the region. Following this, values

were averaged temporally and expressed as an average rate of change in SESR per

pentad in time.

Across the Southern Great Plains region, the intensities of AAFD events are

decreasing with time. Changes to intensity may be linked to the overall aridification of

the ground in the Southern Great Plains. It has been shown that the 100th meridian,
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used to define the drier west from the moister east (Salley et al. 2016), may no longer

mark this boundary. Studies including (Flanagan et al. 2017) have shown drought

conditions can affect the location of this boundary and cause it to progress further

eastward. Moreover, further studies have illustrated that soil moisture anomalies

have and are likely to decrease in time across the Southern Great Plains (Dai 2013).

As a result, it is likely that conditions within this domain have and will continue to

become more arid in time (Seager et al. 2018). Semi-arid regions require relatively

less evaporative demand to enter drought, thus reducing event intensity as the ground

can only deteriorate to a certain extent. This logic also provides insight into overall

flash drought occurrence. The southwestern portions of this domain experienced flash

drought in only 25 to 40 percent of the years. The aridification of the ground over

these regions is ongoing, causing these regions to be in semi-permanent drought-like

states. One of the criteria for flash drought events is that a region must rapidly enter

into drought. Any area in drought cannot experience a flash drought. As a result,

these regions which remain in drought-like states will experience fewer flash drought

events.

A final characteristic investigated for AAFD events was the spatial coverages of

flash drought within each abrupt event. For each AAFD defined, at least 37,500

square kilometers of land entered flash drought criteria at one pentad. Moreover,

several recorded events encompassing a significantly larger area entered rapid drought

transition simultaneously. Between 2003 and 2012, five events (2003, 2004, 2006,

2008, 2012) recorded over 140,000 square kilometers of land beginning rapid drought

intensification at one pentad in time. Four of these events began in the Spring and

Summer months, while the event recorded in 2012 began at the end of October into

the late Fall months of November and early December. When analyzing the average

spatial coverage of Pentad 0 for each month of the year, May and July saw the greatest

spatial regions entering flash drought at one pentad in time. Conversely, the spatial
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thresholds are lower during later months such as September and October. During

many of these AAFD events which occurred later in the growing season, some regions

may be neglected from the event area as it is not the first flash drought occurrence a

grid point within the domain has undergone during a specific year. Nonetheless, these

results demonstrate that within the last 20 years, numerous flash drought events have

simultaneously initiated across hundreds of thousands of square kilometers of winter

wheat croplands.
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Figure 3.7: Properties of AAFD events across the Southern Great Plains domain.
Plots within this diagram include the number of events per decade from 1981-2020
(top left); the number of events by month (top right); the intensity of AAFD events
in time, expressed in units of change in SESR per pentad (bottom left); and the
total aerial coverage of AAFD events at Pentad 0 for each month of the year (bottom
right).

3.2.1.2 AAFD timing in relation to ENSO

Across the Southern Great Plains, teleconnections can be essential in preconditioning

the synoptic environment to impact crop health and yields (Mauget and Upchurch

1999). Given that crops are susceptible to changes in temperature and precipitation,

different teleconnection regimes can pose dramatically different impacts on crops.

40



One of the significant teleconnections which cause fluctuations in precipitation and

temperature across the United States is the El Niño Southern Oscillation (ENSO).

ENSO, dictated by temperature anomalies recorded over regions of the Pacific Ocean,

includes two main phases: El Niño and La Niña (NOAA, NCEI 2009). Using the

Oceanic Nino Index (ONI), anomalies of the sea surface temperatures (SSTs) provide

information regarding the ENSO phase and strength, which is then expressed as an

anomaly number. When ONI becomes less than or equal to -0.5, it is stated that

the atmosphere is in a La Niña regime. When ONI is greater than or equal to 0.5,

this phase of ENSO is referred to as El Niño. ONI values that fall between these

thresholds are considered to be in the neutral stage of this teleconnection. Across the

Southern Great Plains, La Niña periods typically result in decreased precipitation

due to a northward shift of the Jetstream due to amplified ridging off the West Coast

(Trenberth and Branstator 1992; Shabbar and Yu 2009). Moreover, it is known that

certain phases of this teleconnection can generally affect winter wheat crop yields.

Across the southeastern United States, La Niña regimes on average lead to higher

winter wheat yields (Woli et al. 2015) whereas winter La Niña regimes from November

to January lead to statistically significant lower yields across the central United States

(Mauget and Upchurch 1999). Thus, it was of interest to investigate if abrupt flash

drought events occur more commonly in specific regimes of ENSO, and the effect

these regimes may have on crop yields.

Figure 3.8 indicates the ENSO signal through ONI during the 32 AAFD events

recorded across the Southern Great Plains. Figure 3.9 then illustrates each ONI value

into bins to view as a histogram. Overall, there is a slight increase in AAFD events

occurring with negative ONI values, specifically those between 0 to -0.5. Nine events

occurred during a La Niña phase as opposed to only four AAFDs during the El Niño

regimes. Furthermore, no abrupt flash drought events have occurred in conjunction

with an El Niño phase within the last 20 years. Previous studies, including Chen

et al. (2019), suggested that La Niña regimes increase flash drought across the central
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United States. Sustained periods of La Niña conditions were recorded from 1998-2001,

2010-2012, and, most recently, from 2020-2022. Major flash droughts were recorded

during these extended periods of the La Niña regime (Peters et al. 2002; Basara

et al. 2013, 2019). These results are also seen within the AAFD database across

the Southern Great Plains, as multiple abrupt flash droughts were recorded over the

first 2 extended periods (Table A.1). Given that the winter La Niña regime typically

results in decreased precipitation across the Southern Great Plains, investigation of

this ENSO phase concerning abrupt flash drought timing and subsequent impacts

followed.

Figure 3.8: 3-month averaged ONI from 1981 to 2020. The blue (red) line marks the
threshold needed for ONI to be considered a La Niña (El Niño) phase. Black stipples
represent SGP AAFD events and is plotted for the month that Pentad 0 was recorded
for each abrupt flash drought.
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Figure 3.9: Histogram distribution of the three-month averaged ONI value during
peak initialization for an AAFD event within the Southern Great Plains domain.

3.2.2 Midwest

3.2.2.1 Spatial and Temporal Characteristics

Analysis was also performed for the United States Midwest region for AAFD events.

Across this region, 23 events were captured during the 40 years (Table A.2). While

only nine events occurred from 1981 to 2000, 14 were recorded from 2001 to 2020

with eight in the most recent 10-year period. Spatial analysis of these events provides

essential insight into the potential changes in location and occurrence of abrupt flash

droughts being documented within this region of the country.

Figure 3.10 illustrates the spatial coverage of Midwest AAFD events across the

two 20-year study periods of 1981-2000 and 2001-2020. From 1981 to 2000, the

highest occurrence of these events was recorded across the southeast portion of the

domain, with far eastern Iowa and northern Illinois recording the greatest frequency of
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events. During the following 20-year period, the frequency and hotspot of abrupt flash

droughts changed. The most significant increases in abrupt flash drought occurrence

were observed across central portions of the domain, extending from southern Missouri

into southern Wisconsin, encompassing most of Iowa. Increases in AAFD coverage

are illustrated in Figure 3.10 as well, as the histogram conveys an overall increase in

AAFD events across a large majority of the region. In some locations, the number of

AAFD events experienced between 2001 to 2020 increased by three to seven compared

to the earlier period.

Figure 3.10: Same as Figure 3.6, but for the Midwest region.

AAFD characteristics were also examined for the Midwest region, as seen in Fig-

ure 3.11. Assessment of AAFD events by decade reveals AAFD events occurred in

every decade across the Midwest domain, with a decrease in event occurrence during

the pluvial period over the 1990’s. The timing of AAFD events across the Midwest re-

gion varies considerably from the Southern Great Plains region. Across the Midwest,
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AAFD events initialized in every month of the growing season aside from September.

A clear peak in events exists during the late Spring and early summer months. More

than a quarter of all AAFD events started in May, and over half (13 of 23 AAFD

events) were initiated during April, May, and June. This highlights that abrupt flash

drought behavior in the Midwest is most prominent during the late spring and early

summer months. On the contrary, only two AAFD events were recorded across the

Midwest during the fall months of September and October. This result differs signifi-

cantly from Southern Great Plains, as over a third of the AAFD events recorded in the

SGP domain started in September and October. These temporal results demonstrate

that abrupt flash drought behavior and timing are highly variable even amongst these

two spatially close regions.

Within the Midwest a slight increase in AAFD intensity over time was observed.

During the nine events recorded from 1981 to 2000, the most ”intense” abrupt flash

drought occurred in 1987 with an average departure of SESR of -0.263 standard

deviations per pentad. Between 2001 and 2020, out of the 14 events observed, six

had a more vigorous intensity than the AAFD in 1987. Moreover, four of these

six events were recorded between 2014 and 2017. AAFD intensity for each event in

the Midwest is displayed within Figure 3.11, confirming that event intensity in time

differs from what was seen in the Southern Great Plains. While there may not be a

significant trend of increasing event strength, evidence demonstrates that AAFDs in

the most recent decade have recorded a larger departure in SESR values during the

rapid intensification process. Furthermore, it conveys that flash drought occurrence,

timing, and intensification have changed in time uniquely across the Midwest and

Southern Great Plains domains.

Lastly, the spatial extent of each event was examined across the Midwest region.

Over this domain, there was high variability in the spatial coverage of events recorded

at Pentad 0. The most outstanding spatial coverages during abrupt flash droughts

occurred in July; however, significant flash drought coverage also occurred for events
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that began during February and April. In each of these months, over 100,000 square

kilometers began a rapid drought transition within one pentad.

Figure 3.11: Same as Figure 3.7, but for the Midwest region.

3.2.2.2 AAFD timing in relation to ENSO

The timing of AAFD events in the Midwest in conjunction with ENSO was also

investigated within this study, Figure 3.12 depicts AAFD events in the Midwest

in relation to ONI. Figure 3.13 further illustrates these ONI values in a histogram
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distribution. In comparison to the Southern Great Plains domain, more events did

occur in the Midwest domain during an El Niño regime. The Midwest had 8 AAFD

events occurring during an El Niño pattern, double the number of cases experienced

during the same regime across the Southern Great Plains. Several Midwest events

(1982, 1987, 1991, and 1992) were initiated during an El Niño regime from April

to June. Figure A.3 illustrates the precipitation anomalies and trends across the

United States during the El Niño phase for these three months. There are vast

differences in precipitation anomalies between the Southern Great Plains and the

Midwest during these El Niño regimes in the late spring/early summer timeframe.

Across the Southern Great Plains domain, El Niño regimes during this time typically

lead to above-average rainfall periods. In contrast, negative precipitation anomalies

are seen across most of the Midwest. Prolonged periods of precipitation deficits during

these regimes can aid in the development of flash drought across the Midwest while

supporting suppressed flash drought activity across the Southern Great Plains with

climatologically increased periods of precipitation.

Figure 3.12: Same as Figure 3.8, but for the Midwest region.
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Figure 3.13: Same as Figure 3.9, but for the Midwest region.
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Chapter 4

Discussion

4.1 Southern Great Plains

Every year, tens of millions of acres of winter wheat are harvested across the South-

ern Great Plains. Kansas has repeatedly yielded the greatest winter wheat harvest in

this region. In 2022, 364 million bushels of winter wheat were harvested in Kansas,

and almost 200 million bushels were collected in Oklahoma and Texas cumulatively

(USDA, NASS 2022). Figure 4.1 illustrates the timing of each growing stage of winter

wheat from 2015 to 2020 for the state of Oklahoma, following closely to the grow-

ing seasons of winter wheat in Texas and Kansas. During September to October,

winter wheat is planted across the region with emergence a few weeks later followed

by dormancy during the winter. As surface temperature warms during the months

of March and April, winter wheat matures with crop harvest during the late spring

months into early summer. The exact timing of the harvest depends on the atmo-

spheric conditions throughout the spring time frame and by latitude, as crops further

south within the domain typically have an earlier harvest than those farther North

(Sacks et al. 2010).
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Figure 4.1: Crop growing season calendar for winter wheat in Oklahoma, including the
planting stage (brown lines), emergence (green lines), jointing (gray lines), heading
(maroon lines) and harvest (periwinkle lines). The solid line (dashed line) represents
the timing of winter wheat during the 2019-2020 (2018-2019) growing season. The
thinly dashed line represents a five-year average from 2015-2019. (USDA, NASS)

From an agricultural perspective, it is well-known that soil moisture is critical for

the health of winter wheat (Kansas State College of Agriculture and Applied Science

1936). Moreover, this fact becomes extremely important when assessing winter wheat

behavior across this domain. Within the Southern Great Plains, the soil moisture

has a periodic, seasonal cycle that occurs each year. Illston et al. (2004) studied

these changes across Oklahoma and found that soil moisture at several soil depths

varies seasonally. Specifically, a rapid decline in the Fractional Water Index begins

during the summer months of July into August and September. At the beginning

of fall, a sharp increase in soil moisture occurs due to decreased ET and increased

precipitation. As a result, flash drought events during this window of fall recharge

may pose a severe risk to the suitability of soil during the winter wheat growing

season. To address this question, analysis began to understand how these abrupt

flash drought events coinciding with critical times during the moisture cycle of soil

affect crop health and overall yields.

Data from the USDA analyzing crop conditions were used to investigate the impact

of flash drought events on crops during different times of the growing season. Crop

conditions are examined through weekly crop progression data from the USDA NASS
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that is evaluated to track winter wheat during the Spring months. From 2001-2020,

seven years occurred (2005, 2008, 2010, 2012, 2013, 2016, 2017) where abrupt flash

drought events initiated between July and October (Table A.1). More specifically,

2005, 2008, 2012, and 2017 recorded an AAFD beginning in October, when winter

wheat planting was underway.

Figure 4.2 displays the percentage of winter wheat crops in good and excellent

health across Oklahoma from 2001 to 2020. During years with an AAFD between

July and October, winter wheat sustained reductions in crop health the following

growing season. In all but one of these years, the percentage of winter wheat crops in

good and excellent health persistently remained less than 30 percent, up to the time of

harvest. Further, the six worst crop condition reports occurred when an abrupt flash

drought was recorded in the prior year from July to October. Moreover, during all

other years from 2001 to 2020, the percentage of crops listed as ”excellent” or ”good”

was, on average, much higher, even during years that recorded abrupt flash drought

events within the primary growing season in the Spring. One example is 2012, as

this flash drought impacted most of the central United States and was recorded as

an AAFD event in the SGP domain beginning in early April (Table A.1). At the

end of the 2012 winter wheat growing season, reports showed that the overall yield

significantly recovered compared to the yields seen in all three states during the prior

growing season in 2011 (USDA, Economic Research Service 2015). Focusing on 2011,

while no abrupt flash droughts were recorded during the growing season, an abrupt

flash drought was recorded during the previous summer between growing seasons

(initiated mid-July 2010). Drought conditions persisted through the fall and winter

months into the spring across the Southern Great Plains (Figure A.4), resulting in

decreased yields in all 3 states from the year before. These results demonstrate that

abrupt flash drought events from July to October may severely impact winter wheat

health and yields during the following growing season. As a result, future efforts

focused on understanding if AAFD events from July to October consistently impact
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winter wheat conditions the following year within Oklahoma and the Southern Great

Plains overall. Furthermore, it led to the investigation as well of understanding what

winter patterns could drive unhealthy growing conditions for winter wheat crops, such

as soil moisture, during the following spring.

Figure 4.2: Time series analysis of weekly crop conditions during winter wheat grow-
ing seasons across Oklahoma from 2001-2020, highlighting the percentage of crops
listed in good or excellent condition. Red lines indicate the crop conditions for winter
wheat of years which followed an AAFD event recorded between July to October. All
other growing seasons are included as black lines.

Nine of 15 AAFD events (1988, 1995, 1999, 2005, 2008, 2010, 2016, 2017) during

the 40-year period which began between July to October also occurred in conjunction

with a winter La Niña. All winter La Niña periods from 1981 to 2020 are illustrated

in Table A.3. In some of these years, La Niña conditions were also present during the

summer; however, during some part of these winters, a La Niña signal was present.

During the winter months across the Southern Great Plains, precipitation is limited

(Seager et al. 2018). In La Niña regimes, precipitation departures are more pro-

nounced (Pu et al. 2016). Figure 4.3 illustrates this point even further, displaying
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the temperature and precipitation distributions experienced December to February

during each of the 3 ENSO regimes (El Niño, Neutral, La Niña) for several climate

divisions located within the Southern Great Plains domain (Climate Prediction Cen-

ter). Across much of the western and central portions of the domain, El Niño regimes

typically result in larger amounts of precipitation across the domain. Moreover, dur-

ing neutral and specifically La Niña periods within these regions, an overall decrease

in precipitation occurs within the area along with increased temperatures. Although

the overall amount of rain varies, these departures are significant for the time of the

year they are occurring. This led the investigation of how La Niña regimes may

impact winter wheat crop yields across each state in the SGP domain.

Figure 4.3: DJF averaged temperature and precipitation box and whisker plots for
regions 45, 54, and 55 during El Niño, Neutral, and La Niña regimes. Each plot
illustrates the distribution of temperature and precipitation during these months for
each active regime from 1950 to present day (Climate Prediction Center 2023).

,
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Figure 4.4 depicts the winter wheat yields across Kansas, Oklahoma, and Texas

from 1981-2020. Black and red stipples represent the yields of winter wheat obtained

during the growing seasons of years that followed a winter La Niña. Black stipples

indicate winter wheat yields following an abrupt flash drought recorded from July to

October of the prior year with a La Niña winter regime. Red stipples are indicative

of years without an AAFD from July to October with a winter La Niña signal. The

results indicate that for a majority of years where (1) an abrupt flash drought late in

the calendar growing season followed by (2) a La Niña winter period, winter wheat

yields were reduced during almost every year across all three SGP states. Moreover,

crop yields were much closer to a standard yield during years without an abrupt flash

drought in the last summer or fall and a winter La Niña regime.
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Figure 4.4: (a) Winter wheat yields from 1981 to 2020, reported from the USDA
NASS for the state of Kansas. Yields are reported in units of bushels per acre. Black
stipples represent the yields of years following a July to October AAFD event and a
winter La Niña. Red stipples indicate crop yields of years following a winter La Niña
pattern and no July-October AAFD event. (b) Same as (a), but for Texas. (c) Same
as (a), but for Oklahoma.

To quantify how anomalous winter wheat crop yields are during specific groups

of years, statistical testing was conducted using bootstrap testing. This statistical

technique required obtaining 10,000 random samples of data from the crop yields re-

ported across each state. This technique allows one to understand where crop yields

respectively fall onto this distribution to illustrate the departures that may be noted
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during specific years. Furthermore, given each dataset had a unique distribution, this

statistical technique was applied, as bootstrapping can work on any statistical dis-

tribution. Prior to completing statistical testing, crop yields were linearly detrended

as advancements in crop biodiversity have caused general increases in wheat produc-

tivity over time (University of Minnesota 2023). Results from the statistical testing

illustrate the impacts AAFD events in conjunction with a winter La Niña pattern

have on crop yield (Figures 4.5-4.7). To begin, focusing on Texas (Figure 4.5), sta-

tistical testing concludes on average, winter La Niña conditions result in decreased

winter wheat yields overall during the 40-year period, concurring with previous stud-

ies (Mauget and Upchurch 1999). However, a breakdown of La Niña years into those

that had an AAFD prior to the Winter between July to October versus years that

did not yield critical results. During years without an AAFD during that time, win-

ter wheat yields are anomalously high, with the average yield at or above the 80th

percentile across Texas. On the contrary, during years with a July to October AAFD

followed by a winter La Niña pattern, crop yields on average are anomalously low.

Across Texas, winter wheat yields during these years were on average at or below

the 20th percentile. Within Oklahoma (Figure 4.6), winter wheat yields during years

with both a July-October AAFD and winter La Niña regime are also anomalously

low, on average below the 20th percentile. During La Niña winters without an AAFD

occurring prior, yields were on average above the average recorded over the 40-year

period. Across Kansas (Figure 4.7), similar results arise. While crop yield departures

are not as significant compared to Texas and Oklahoma winter wheat yields, it is still

noted that AAFD events in conjunction with a winter La Niña pattern on average

result in decreased winter wheat yields. Moreover, evidence also suggests that during

years with a winter La Niña pattern and no AAFD event, winter wheat yields are

typically above average.
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Figure 4.5: Bootstrapping (n = 10,000 iterations) statistical testing for winter wheat
yields across Texas from 1981-2020. The plot contains the probability density function
of winter wheat yields (green line), 20th percentile threshold (dark black line), 80th
percentile threshold (black dashed line), average yield during all La Niña years (blue
line), average winter wheat yield during years with an AAFD from July to October
and winter La Niña (red line), and average winter wheat yields for years without an
AAFD from July to October and a winter La Niña (yellow line).
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Figure 4.6: Same as Figure 4.5, but for Oklahoma.

Figure 4.7: Same as Figure 4.5, but for Kansas.
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These results indicate that a La Niña pattern can lead to decreased winter wheat

yields the following year. However, these most significant departures are experienced

during years when both a winter La Niña regime is in place and an abrupt flash

drought period occurred during the previous summer or fall. Given that these ar-

eas experienced a flash drought during the summer or fall, ground conditions have

significantly reduced soil moisture due to reduced precipitation. These prolonged

precipitation and soil moisture deficits, stemming from these flash drought events, re-

sult in stressed crop conditions for the duration of the winter wheat growing season,

causing significantly lower winter wheat yields.

The differences in soil moisture anomalies can be compared between the two groups

of years to quantify these departures in soil moisture. Soil moisture composite anoma-

lies are illustrated for each group of years at three timesteps: the beginning of July,

the beginning of December, and the beginning of March. Figure 4.8 displays the

composite anomalies for the eight years where an AAFD from July to October oc-

curred in conjunction with a winter La Niña. Figure 4.9 illustrates the composite

anomalies for the six years where an AAFD did not occur from July-October, but a

winter La Niña was present. At each time interval, statistical testing via bootstrap-

ping (n = 5,000 iterations) was also completed to determine if soil moisture anomalies

were statistically significant for the group of years when compared to climatology. At

the beginning of July, soil moisture anomalies for both groups of years remain close

to climatology. However, during years with an abrupt flash drought recorded from

July to October, statistically significant negative moisture anomalies were prevalent

across most of the southern United States in early December. For the years when no

flash drought occurred, there were positive soil moisture anomalies across much of the

Southern Great Plains at this time. By the beginning of March, we see that for years

with an abrupt flash drought followed by a winter La Niña pattern, soil moisture

anomalies have returned to climatology across most of the Midwest and Southeast.

However, these statistically significant negative soil moisture anomalies continue to
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persist across portions of the Southern Great Plains. During years with just a winter

La Niña regime, soil moisture anomalies remained above climatology for the start of

the growing season.

Statistical testing was completed as well to determine the magnitude of difference

in soil moisture anomalies present across this region at the start of the Spring growing

season (beginning of March) via bootstrapping (n = 5,000 iterations with a signif-

icance level to the 95th percentile). These results displayed in Figure 4.10 confirm

that a statistically significant difference in the soil moisture anomalies was present at

the start of the growing season across a majority of the Southern Great Plains region

when comparing these two groups of years. Moreover, we see there is a sharp cutoff in

these soil moisture composite differences further east and north. These results further

highlight that deficits in soil moisture beginning with an AAFD event persist through-

out the winter and into the spring, likely negatively affecting winter wheat yields in

the Southern Great Plains. Moreover, this analysis also demonstrates that La Niña

patterns alone do not decrease winter wheat yields the following growing season. The

combination of an abrupt flash drought followed by a winter La Niña pattern leads to

extended periods of soil moisture desiccation, resulting in lower winter wheat yields

on average across the SGP region.
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Figure 4.8: Composite standardized soil moisture anomalies for years when an AAFD
occurred from July-October across the Southern Great Plains domain followed by a
winter La Niña regime. The plots contain the averaged soil moisture anomalies for
three pentads of time: The beginning of July (top figure), the beginning of December
(middle figure), and the beginning of March (bottom figure). Hatching indicates
statistically significant departures in soil moisture anomalies to the 95th percentile
through bootstrapping (n = 5,000 iterations).
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Figure 4.9: Same as Figure 4.8, but for years with a winter La Niña but no July to
October AAFD recorded across the region.
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Figure 4.10: Soil moisture anomaly composite difference at the start of March for
years following a July-October AAFD and winter La Niña versus years with just
a winter La Niña. Hatching indicates regions that have a statistically significant
difference in soil moisture anomalies between the 2 data groups, tested to the 95th
percentile through bootstrapping (n = 5,000 iterations).
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4.2 Midwest

Over the 40-year period of this analysis, results demonstrated that the overall fre-

quency of flash drought within the Midwest peaks during April and May, with a

general decline seen into the summer months before a short peak again in October.

Further temporal analysis revealed that over the most recent 20-year period, the peak

in these events occurred during May, June, and July.

Corn and soybeans are two of the most populated crops across the Midwest region

and both crop-growing seasons are illustrated for the state of Iowa in Figures 4.11 and

4.12, respectively. Corn is typically planted in April to early May, whereas soybean

planting occurs a few weeks later. Both crops reach maturity during the months of

July and August while harvest then takes place from September to November. As

a result, an increase in flash drought coverage between the late Spring and Summer

months may be highly impactful across this region as it occurs in the early growth

and maturing stages of both crops.

Figure 4.11: Crop growing season calendar for corn in Iowa, including the planting
stage (brown lines), emergence (green lines), silking (pink lines), doughing (purple
lines), denting (light blue lines), maturity (brown lines) and harvest (periwinkle lines).
The solid line (dashed line) represents the timing of corn during the 2020 (2019)
growing season. The thinly dashed line represents a five-year average from 2015-
2019. (USDA, NASS)
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Figure 4.12: Crop growing season calendar for soybeans in Iowa, including the plant-
ing stage (brown lines), emergence (green lines), blooming (pink lines), setting pods
(purple lines), coloring (light blue lines), dropping leaves (gray lines) and harvest
(periwinkle lines). The solid line (dashed line) represents the timing of soybeans
during the 2020 (2019) growing season. The thinly dashed line represents a five-year
average from 2015-2019. (USDA, NASS)

Further exploration of abrupt flash drought events across the Midwest suggests

increased impacts and vulnerability to crops across the region. As seen in Figure

3.11, over 50% more AAFD events affected the Midwest domain from 2001 to 2020

versus those yielded from 1981 to 2000. Further, across the central portion of Iowa,

areas experienced 6 to 8 more AAFD events from 2001 to 2020 compared to 1981 to

2000. Analysis of the timing of abrupt flash drought events revealed that more than

half of these cases started during April, May, and June.

It is known that prolonged periods of precipitation deficits can aid in the develop-

ment of flash drought across the Midwest (Basara et al. 2013; Hoerling et al. 2014). In

addition to teleconnections causing precipitation fluctuations, significant changes in

the yearly distribution of precipitation in the Midwest have been noted. Wang et al.

(2015) investigated the seasonal precipitation transition across the central United

States, illustrating this significant decrease in rainfall experienced during the early

Summer. Moreover, additional analyses focused on trends in this transition show

that the precipitation departures are becoming larger across the north-central United

States. On the contrary, trends in precipitation departures across the Southern Great

Plains are decreasing, indicating that this precipitation change is less intense. These
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results provide insight into this peak timing of abrupt flash droughts across the Mid-

west. Given the Midwest depends on spring rainfall, below-average rainfall during

these spring months leaves the ground in a more vulnerable state. Furthermore,

if a prolonged period of increased temperatures occurs in the late spring or early

summer time frame, increased crop vulnerability to flash drought exists for several

reasons. First, precipitation rapidly declines, decreasing the moisture supply of water

to the soil. In addition, crops including corn and soybeans have already emerged

from the soil. Thus, increased evapotranspiration into the atmosphere will occur

from increased plant growth and climatological warming of temperatures. Without

precipitation, these factors aid in the desiccation of the ground, which can pose severe

impacts, especially given these events occur at key stages in crop development.

Within the Midwest, both soybeans and corn have seen positive trends in their

overall yield due to technological advancements (Ling Wang et al. 2018). Nonethe-

less, abrupt flash drought events can impact crop conditions and overall yield. For

example, consider the case of 2003. This event was documented by Hunt et al. (2014)

and Chen et al. (2019) and was associated with profound impacts on crop health

and overall crop yield productivity at the end of the growing season. Via the AAFD

analysis, this event surpassed all 3 criteria and was included in the table of events.

Figure A.5 displays the region of the Midwest domain that met all criteria outlined.

Figure 4.13 displays the yield productivity expressed in bushels per acre across Iowa

from 1981 to 2020 for corn and soybeans, highlighting the yields of corn and soybeans

in 2003. Although a significant decline in crop yield was observed for soybeans, a

more normal yield was recorded for corn.

66



Figure 4.13: (a) Corn yields reported from the USDA NASS for Iowa from 1981 to
2020, expressed in terms of bushels per acre. The black star stippled highlights the
corn yield across Iowa in 2003. (b) Same as (a), except for soybeans.
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Figure 4.14 displays the evolution of flash drought initialization in 2003 across

the Midwest region with the percentage of corn and soybean crops which fell into

the category of being either ”good” or excellent.” Similar to the analysis completed

across the Southern Great Plains region, any crop not listed as “excellent” or “good”

falls into a category where the expected yield is below normal. This specific abrupt

flash drought had a peak initialization into flash drought recorded on July 25. Thus,

for at least 30 days across the region, the evaporative demand was significant enough

for the region to enter into drought criteria rapidly. During these following weeks of

rapid drought intensification, a significant decline was recorded shortly after in the

overall crop health of corn and soybeans. By September, both corn and soybean crop

conditions had rapidly deteriorated. In two months, the percentage of soybeans listed

in ”good” or ”excellent” condition dropped from 80% to less than 20%. A significant

drop in the corn’s crop health was also recorded, with a slight recovery noted at the

end of the growing season for this crop. At the end of the growing season, while corn

saw a slight decrease in crop productivity, soybean productivity dropped by more

than 20 percent across the state. The differences in the relative yield of soybeans

versus corn during this growing season are likely a result of slightly different growing

seasons for each crop. During July and into August, the process of blooming and

setting pods occurs with soybeans. It has been shown that drought conditions and

high evaporative demand over this time result in some of this crop’s most tremendous

yield losses (Staton 2020; Wang et al. 2022). Rapid drought transition during this time

causes a reduction in the number of seeds, one of the most significant contributors to

decreased soybean crop yields in general (Licht and Archontoulis 2017). This AAFD

event occurred during one of this crop’s most critical growing stages, resulting in the

decreased yield productivity observed across the state during 2003.

When assessing the growing stages of corn concerning when this event occurred,

this event took place during the doughing stage of the crop. Drought and evaporative

stress around the time around silking pose the most significant impacts on crop loss
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for corn (Licht and Archontoulis 2017; Heiniger 2018). Given that the silking period

ended when the abrupt flash drought initialized across the region, it likely had less of

an impact on the overall yield of corn retrieved across the region. Changes were seen

to the overall health of this crop; however, the corn crop this year likely was mature

enough to remain resilient for a more neutral overall yield.

Figure 4.14: Flash drought initialization (blue dashed line) during 2003 across the
Midwest region, with a 5-pentad rolling average (red line). The black (green) line
represents the percentage of soybeans (corn) that fell into the category of being des-
ignated ”good” or ”excellent.”
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Chapter 5

Summary and Conclusions

This study presents an analysis of flash drought behavior over two agriculturally de-

pendent regions in the United States. Previous studies (Al-Kaisi et al. 2013; Klemm

and McPherson 2018) have confirmed drought impacts both the decision-making pro-

cess of agricultural producers and the overall yields captured at the end of growing

seasons. Via the AAFD definition which examines abrupt flash drought events on a

subseasonal to seasonal scale, several important conclusions were made including:

• Across both regions of the United States, there has been an increase in these rapid

drought transition events. Specifically, within the Midwest, there was more than a

50% increase in the number of events recorded over the second 20-year period. More-

over, the decade of 2011-2020 recorded almost as many AAFD events compared to

the 20-year period from 1981 to 2000.

• Within the Southern Great Plains domain, an increase in rapid drought transition

has occurred across much of Oklahoma. Within the Midwest, the highest concentra-

tions of these events were recorded across the central portions of the domain, located

over the heart of the corn belt in Iowa.

• In the Southern Great Plains, abrupt flash droughts consistently occurred dur-

ing almost every month of the defined growing season. Furthermore, a slight peak in

events was recorded during the fall months of September and October. This behavior

differed significantly from the AAFD events recorded in the Midwest. Within this
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region, more than half of the recorded events began between April and June. This

concentration of events within this late Spring to early summer time frame is likely

tied to the rapid decrease in precipitation experienced during many years across the

Midwest domain (Wang et al. 2015). This analysis provides context and understand-

ing of the most vulnerable periods of rapid drought development across the Midwest.

Moreover, it conveys as well that these rapid transitions into drought occur most

commonly in conjunction with the growing season of crops such as corn and soybeans.

• Across the Southern Great Plains, AAFD events that occur after the harvest of

winter wheat (July to October) have a negative effect on crop health and yields the

following year when the growing season ends across Texas, Oklahoma, and Kansas.

Typically during the fall months, a seasonal increase in soil moisture occurs (Illston

et al. 2004), allowing the ground to return to a more moist state for the dormant

winter months. When AAFD events occur during this critical period, soil mois-

ture anomalies persist and remain anomalously dry through the winter into the early

spring, causing a negative effect on crop health and overall yields. These July-October

AAFD events, in conjunction with a winter La Niña pattern, lead to the deterioration

of soil moisture, posing a negative impact to the winter wheat crop conditions and

yields across Texas, Oklahoma, and Kansas.

• Within the Midwest, a case study of the 2003 abrupt flash drought event show-

cased the rapid effects flash drought development can pose to the crop health and

yields of corn and soybeans. Across the Midwest region, a significant decline in crop

health was observed just weeks after the start of AAFD events resulting in major

crop losses for soybeans given the AAFD occurred in conjunction with one of the

most drought-vulnerable stages for this crop. It was found that corn across this re-

gion surpassed a critical maturity stage, resulting in less pronounced crop loss and

a relatively normal yield when compared to soybeans. This case study highlights
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that the timing of flash drought development on the scale of weeks can pose different

effects to crops within the same region based on their distinct growing seasons.

Following the examination of abrupt flash drought behavior across these important

regions of agricultural productivity, additional work is needed to gain knowledge

of these and similar events as well as event predictability. With two databases of

AAFD events for both regions now created, future work can focus on understanding

the atmospheric drivers that aid in the development of these events. Case stud-

ies have provided sufficient evidence demonstrating that rapidly intensifying drought

events can occur from quasi-stationary high-pressure systems which typically results

in anomalously warmer temperatures and anomalously less precipitation (Trenberth

and Branstator 1992; Hoerling et al. 2014). Given abrupt flash drought timing is

unique across the two regions, this suggests that the primary atmospheric drivers for

these events are likely different across both regions. Synoptic analysis of atmospheric

variables for these events could provide evidence for understanding the atmospheric

patterns which favor abrupt flash drought development across the Southern Great

Plains versus the Midwest.

Moreover, flash drought events have been recorded in conjunction with other ex-

treme weather events, such as heat waves. For example, the 2010 Russian flash

drought was driven by an intense heatwave across Russia which resulted in the deaths

of 55,000 people (Hoag 2014). Understanding the relationships between these two sub-

seasonal to seasonal phenomena may provide additional clarity into the prediction of

flash drought behavior. Lastly, another vital analysis to be completed following this

study would be analyzing the timing of these extreme events in the United States

with other extreme events across other portions of the world. For example, during

the Summer of 2003, while a significant flash drought developed across the United

States, record heat waves were recorded at similar times across Europe and east-

ern Asia (Bouchama 2004; Huang et al. 2010). Across both Europe and Asia, these
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events were directly attributed to the deaths of tens of thousands of humans. More-

over, during the Summer of 2022, a similar situation occurred, as record heatwaves

and drought development were recorded across the three same global locations during

the same temporal window. Given these events occurred concurrently, analysis of the

atmospheric conditions responsible for causing these events in 2003 and 2022 will fur-

ther our understanding of compound extreme weather events on the sub-seasonal to

seasonal scale, and the vulnerability regions may have to abrupt flash drought during

these periods.
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1 Appendixed Images and Tables

Figure A.1: Flowchart illustrating the pentad-based calculation of the standardized
evaporative stress ratio (SESR). This figure is taken from Christian et al. (2019b).
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Figure A.2: Yearly averaged precipitation (black dots) across Oklahoma from 1895
to 2022. The smoothed line represents a 5-year weighted average (Oklahoma Clima-
tological Survey, 2023).
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Figure A.3: Average precipitation anomalies experienced across the continental
United States during El Niño regimes from April to June. The years included in
this figure all had El Niño signals over these months from 1950 to present day. (Cli-
mate Prediction Center, CPC)

85



Figure A.4: United States Drought Monitor map at three points in time: (a) July 6,
2010; (b) December 7, 2010; and (c) March 1, 2011.
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Figure A.5: Aerial coverage of the Midwest domain which underwent flash drought
development during the AAFD which started on July 25, 2003.
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Table A.1: AAFD events across the SGP region.

Table A.2: AAFD events across the Midwest region.
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Table A.3: Winter La Nina periods defined within this study.
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