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ABSTRACT

A new methodology has been introduced to detect flash droughts. This method is based off a
new variable created called the drought index. This index is calculated using the cumulative
daily anomalies of soil moisture, precipitation, and surface temperature. The viability of this
methodology is tested using confirmed flash drought case studies from previous studies. The
advantage of the drought index is that it allows for the identification of the flash drought period
in a more objective manner than earlier studies.

While relatively uncommon, it is possible for flash droughts to develop in the
environment created post-landfall of an Atlantic Tropical Cyclone (TC). The new flash drought
detection method created was then used to detect flash droughts in the wake of landfalling
Atlantic TCs. Of the thirty landfalling Atlantic TCs examined between 2000 and 2018, only four
cases resulted in the development of a flash drought. Despite TCs causing an increase in soil
moisture, the decrease in precipitation and increase in surface temperature post-landfall in these
four cases resulted in the development of a flash drought. When these flash droughts did occur, it
was in conjunction with an already existing large-scale drought in the vicinity of the landfall.
This suggests that the flash droughts extended the reach of the large-scale droughts to the

landfall region of the TC.
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1. INTRODUCTION
1.1 — Flash Drought Definition and Development

Droughts can have devastating impacts for the regions where they develop. Extreme
drought events in the United States can cause disruptions and damage to society, natural
ecosystems, surface and groundwater supplies, and agricultural production (Otkin et al. 2018). A
common perception of drought is that it is a slowly evolving phenomenon, whose impacts are
non-structural and spread over a comparatively large geographical area. Furthermore, unlike
other natural hazards, the inception, maturity, and demise of droughts are not easy to assess.
Whenever drought impacts are assessed, they already are well underway or have passed.
However, recent studies have introduced the concept of a rapidly developing drought, called the
flash drought (e.g., Hunt et al. 2014, Otkin et al. 2013, 2018). They are characterized by rapid
intensification of a drought that initially begins as a meteorological drought but then transitions
to an agricultural drought (Christian et al. 2019). A meteorological drought refers to a
precipitation deficit over a time period while accounting for local climatological differences
(Otkin et al. 2018). An agricultural drought refers to plant and crop water requirements not being
met during the growing season, resulting in reduced plant and crop yield (Otkin et al. 2018).

The term “flash drought” has become more popular in the scientific community in recent
years, but there is a lack of consistency regarding the exact definition of a flash drought. Two
distinct approaches have been used to describe flash droughts in the scientific community: one is
based on the rate of intensification of the flash drought and the other is based on the intensity of
the flash drought (Otkin et al. 2018). However, Otkin et al. (2018) suggest that the definition of a
flash drought should focus on the rate of intensification of the drought instead of the duration of

the drought. Since an event that lasts only a few days and has minimal impacts would not be



considered a drought event, it should not be classified as a flash drought event either (Otkin et al.
2018). Longevity and impact are characteristics of any type of drought. The quality that
differentiates a flash drought from an ordinary drought is the rapid rate at which the drought
develops and intensifies. This definition proposed by Otkin et al. (2018) that focuses on the rapid
rate of intensification of the drought will be the flash drought definition used for the purposes of
this thesis.

Deficit in precipitation is a basic requirement for all droughts, but its presence alone is
not enough to lead to a flash drought (Otkin et al. 2018). Above-normal evaporation must also be
present for drought conditions to rapidly emerge (Otkin et al. 2018). Above-normal evaporation
may occur due to high temperatures, low humidity, strong winds, and clear skies (Otkin et al.
2018). However, these conditions do not all have to be present at the same time for above-normal
evaporation to occur. The combination of a deficit in precipitation and above-normal evaporation
leads to a soil moisture deficit due to the evaporative demand and a lack of precipitation to
replenish the removed soil moisture (Otkin et al. 2018). If these conditions are present for an
extended period, a drought will quickly develop.

The evolution of a flash drought is depicted in Fig. 1.1, which is borrowed from Otkin et
al. (2018). Below normal precipitation and above average atmospheric demand lead to enhanced
evapotranspiration and result in a depletion in soil moisture (Fig. 1.1). Low root zone soil
moisture causes evapotranspiration to decrease (Fig. 1.1). From there, vegetation and ecological

health will deteriorate, and an agricultural drought will begin (Fig. 1.1).



1.2 — Impact of Flash Drought

Flash droughts have the capability of becoming much more devastating than a typical
drought event. The rapid manifestation of droughts can severely impact ecosystems, agricultural
productivity, manifest as heat waves, cause increased risk of wildfire development, deplete water
resources, and reduce air quality, causing a threat to public health (Anderson et al. 2013; Otkin et
al. 2013; Mo and Lettenmaier 2015; McEvoy et al. 2016; Wang et al. 2016; Yuan et al. 2018;
Christian et al. 2019; Nguyen et al. 2019; Christian et al. 2021). The 2017 flash drought across
the U.S. Northern Plains and Canadian Prairies can help illustrate some of these impacts.
Through late April and early May, conditions were warm and moist in Montana which would be
beneficial for the growing season (Jencso et al. 2019). However, above-normal temperatures and
wind speeds from the onset of the flash drought resulted in a decrease in soil moisture, and crop
conditions deteriorating by late May (Jencso et al. 2019). The area of Montana’s 2017 fire season
was the largest in the past 100 years (Jensco et al. 2019). Approximately 1.4 million acres and
2420 individual fires burned across Montana during the 2017 fire season, resulting in the loss of
food for wildlife and livestock, crop loss, injury to human health, and lost tourism revenue
(Jensco et al. 2019). Smoke from the wildfires also resulted in a deterioration of air quality in
Montana and negatively impacted human health. During the month of August 2017, there was
not a single day where all monitoring stations in Montana reported good air quality (Jensco et al.
2019). Water shortages were not a significant issue during the 2017 flash drought event, but
water shortages were experienced in the Canadian Prairies and by tribal nations in South Dakota
(Jensco et al. 2019).

Analyzing maps from the United States Drought Monitor (USDM) in conjunction with

this flash drought event in the U.S. Northern Plains and Canadian Prairies help to illustrate how



quickly the flash drought developed. Fig. 1.2, borrowed from Hoell et al. (2020), depicts the
USDM maps throughout the development of this flash drought event. The drought category level
increased from sporadic abnormal dryness at the end of April to extreme and exceptional drought
throughout Montana, North Dakota, and South Dakota by the end of July (Fig. 1.2). The USDM
is not the only tool for detecting flash drought, and it does not always indicate a flash drought
situation due to there being some subjectivity in the way that the organization determines when a
drought event is occurring. However, it is a good tool to use initially to develop an idea of how
quickly a drought is developing. Fig. 1.3, also borrowed from Hoell et al. (2020), presents the
factors that assisted this flash drought in developing quickly. From May to July, there was a large
decrease in soil moisture, a negative soil moisture anomaly, and a positive maximum
temperature anomaly in the U.S. Northern Great Plains (Fig. 1.3). In any drought situation, the
persistent presence of these three variables will allow the drought to rapidly develop. The three
variables also play a significant role in the development of the drought index used in this thesis.
Mo and Lettenmaier (2015) hypothesize that there are two types of flash droughts: heat
wave flash droughts and precipitation deficit flash droughts. Heat wave flash droughts typically
occur when high temperatures cause an increase in evapotranspiration and a decrease in soil
moisture. The lack of precipitation is important but not the major reason why the flash drought
occurs (Mo and Lettenmaier 2015). Precipitation deficit flash droughts result from a lack of
precipitation that then causes a decrease in evapotranspiration and an increase in temperatures
(Mo and Lettenmaier 2015). Heat wave flash droughts are particularly devastating for the
agricultural sector, where crop and livestock losses can have huge economic ramifications. They

are most likely to occur in the Midwest during the growing season (Mo and Lettenmaier 2015).



1.3 — Flash Drought Hot Spots and Detection Methods

In a recent study using reanalysis data, Christian et al. (2021) identified large portions of
Brazil, Sahel, the Great Rift Valley, and India as hot spots for flash droughts. These regions
exhibited a frequency of occurrence of flash drought between 30 to 40% over a 36-year period.
They also noted secondary hotspots of flash droughts over the central and mid-western United
States and central Mexico in North America. They attributed these hot spots of flash drought to
strong land-atmosphere coupling, wherein the drying land surface rapidly translates to drying of
the overlying atmospheric column. The opposite can be true as well, where a drying atmospheric
column can cause drying of the land below. The positive feedback of decreased soil moisture,
less evapotranspiration into the atmosphere lowering the precipitation potential, and increased
surface temperature results in a greater likelihood of flash drought occurrence (Christian et al.
2021). Land-atmosphere coupling could be an important precursor to flash droughts, especially
in regions on the edge of climate transition zones that are more susceptible and sensitive to
coupling dynamics (Christian et al. 2021). Mei and Wang (2012) found the Great Plains to be a
hot spot for strong land-atmosphere coupling, with the Midwest and Southeast also exhibiting
strong land-atmosphere coupling. This is important to note because many of the flash droughts
that will be analyzed in this thesis occur in these regions.

Several studies suggest that the United States is one of the most affected countries by
both floods and droughts (Villarini et al. 2011; Retchless et al. 2014). Zhou et al. (2018) estimate
that in the decades between 1996 and 2016, the economic costs of 6520 floods per year was
3.986 billion US dollars per year while the average cost of 2427 droughts per year was 1.684
billion US dollars per year. The NOAA National Centers for Environmental Information actually

calculates that annual losses associated with droughts nears about $9 billion per year (NOAA



n.d.). Over the past three decades, droughts have ranked as the second costliest billion-dollar
weather disasters (NOAA n.d.).

The USDM is the organization that evaluates drought and flash drought conditions using
a variety of sources such as monitoring indices, soil moisture conditions, hydrological data, and
information from qualified observers (Misra 2020). Other researchers have devised their own
methods to detect flash droughts. Hunt et al. (2014) utilized two different drought indices, the
Standard Precipitation Index (SPI) and the Standardized Precipitation Evapotranspiration Index
(SPEI), to show how short-term drought indices could successfully be used to detect flash
droughts by looking at precipitation and evapotranspiration trends. The SPI calculates the
number of standard deviations that observed precipitation anomalies stray from the long-term
precipitation mean (Keyantash et al. 2018). Since the SPI has the limitation of not accounting for
evapotranspiration (and temperature as a direct result), the SPEI was developed to also consider
evapotranspiration. Both the SPI and SPEI have the limitation of needing to rely on 30-50 years
of data to model what drought conditions will look like in the future (Keyantash et al. 2018).
Otkin et al. (2013) make use of the evaporative stress index (ESI), which estimates
evapotranspiration using remotely sensed IR images. The ESI is calculated using a thermal-
infrared-based surface energy balance model called Atmospheric Land Exchange Inverse (Otkin
et al. 2013). This model can estimate evapotranspiration by remotely sensing the morning
increase of the land surface temperature in the contiguous US (Otkin et al. 2013). The final ESI
calculation is done by determining the ratio of evapotranspiration to potential evapotranspiration
(Otkin et al. 2013). Results determined that ESI can be used to detect the rapid onset of a flash
drought before the USDM can (Otkin et al. 2013). Christian et al. (2019) developed their own

methodology for flash drought detection based on the flash drought definition proposed by Otkin



et al. (2018). This study uses the Evaporative Stress Ratio (ESR) to identify flash drought cases.
The ESR is like the SPEI in that it is calculated using the ratio of evapotranspiration to potential
evapotranspiration (Christian et al. 2019). Unfortunately, the ESR also has the same issue as
earlier indices, being reliant upon modeled data. A major disadvantage shared by all the flash
drought detection methods is that they cannot identify a flash drought using directly observed
and analyzed variables. This disadvantage prevents flash drought events from being monitored or
forecast in real-time and serves as motivation for developing our own flash drought index.

1.4 — Link Between Tropical Cyclones and Flash Drought

Landfalling tropical cyclones (TCs) cause some of the costliest damage to the nation,
largely from flooding and wind damage. However, far less attention has been paid to the post-
landfall period when the likelihood of a sustained dry and warm period can cause human misery,
fatalities, and lead to collateral losses. In many of these cases, the heat stress from high wet bulb
temperatures in the days after landfall become life threatening, as was evident from the tragic
deaths from heat stress during the post-Hurricane Irma (2017) period in Hollywood, Florida
(Berman et al. 2017).

Studies by Scoccimarro et al. (2020) and Sobel and Camargo (2005) suggest that tropical
cyclones can induce drought-like conditions to nearby regions while passing through. For
example, Sobel and Camargo (2005) found that the large-scale environment in the primary
region of TC activity, lagging the accumulated cyclone energy by about two weeks, becomes far
less conducive for cyclogenesis due to the reduction of sea-surface temperature (SST) and
precipitable water, and an increase in outgoing longwave radiation. In other words, tropical
cyclones induce a SST reduction in the primary region of tropical cyclone activity in the Western

North Pacific (WNP) (Sobel and Camargo 2005). These tropical cyclones also induce cooling,



drying, and a reduction of outgoing longwave radiation in a zone partially overlapping the
primary region of tropical cyclone activity. However, these conditions are primarily induced to
the south and west of the region of primary tropical cyclone activity (Sobel and Camargo 2005).
Some of these conditions, like the reduction of precipitable water and an increase of outgoing
longwave radiation over land can also lead to the rapid intensification of drought. Scoccimarro et
al. (2020) found that there is a significant negative correlation between the WNP Accumulated
Cyclone Energy (ACE) and precipitation over the Maritime Continent. In fact, Scoccimarro et al.
(2020) showed that the typhoon induced drying of the Maritime Continent results in the onset of
their dry season. They found that TCs induce a net moisture flux divergence over the Maritime
Continent, leading to the onset of their dry season. Scoccimarro et al. (2020) suggest that a
possible explanation is that tropical cyclones can cause eastward wind anomalies at lower
latitudes that transport vertically integrated water content away from the Maritime Continent.
During high ACE years (i.e., an active tropical cyclone season), there is less water available for
local precipitation over the Maritime Continent (Scoccimarro et al. 2020).

A study by Schenkel and Hart (2015) also came to a similar conclusion as Sobel and
Camargo (2005) and Scoccimarro et al. (2020) about WNP TCs and their impact on the large-
scale environment around them. They found that large TCs can cause cooling and drying to their
synoptic-scale environment for approximately 40 days. This cooling and drying is caused by a
combination of the TC, TC-induced Rossby waves, and the Madden-Julian Oscillation (MJO)
(Schenkel and Hart 2015). TC-induced Rossby waves discharged from the south and east of TCs
were found to likely cause westward propagation of anomalous cooling and drying of the
environment (Schenkel and Hart 2015). It was found that favorable environments for TC-

induced Rossby wave dispersion resulted in stronger cooling and drying of the environment in



the wake of a TC (Schenkel and Hart 2015). These TC-induced Rossby waves are triggered in
large TCs but absent in smaller TCs (Schenkel and Hart 2015). Additionally, the region of
negative SST anomalies is greater for large TCs and is lesser for small TCs (Schenkel and Hart
2015). The cooling and drying of the synoptic-scale environment results in unfavorable
conditions for future TCs. This study along with Scoccimarro (2020) and Sobel and Camarago
(2005) focus on the WNP, but the results from both studies reveal that TCs can have an impact
the dynamics of other environments that they pass through.

1.5 — Thesis Objectives

The main objective of this thesis is to determine the incidence of flash droughts over the
United States (US) from landfalling Atlantic tropical cyclones. This objective is motivated by the
studies conducted over the WNP, which exhibit similar impacts from tropical cyclones (Sobel
and Camargo 2005; Scoccimarro et al. 2020). To fulfill the objective, we introduce a new
methodology to detect flash drought, which is simple and easier to implement than some of the
existing definitions. This methodology is verified with historical, documented flash droughts by
the USDM. Following this verification, we then examine all cases of landfalling Atlantic tropical
cyclones in the US between the years of 2000 and 2018 for flash droughts.

For the first time, we are attempting to diagnose incidence of flash droughts from
landfalling Atlantic TCs. Unfortunately, the legacy of officially diagnosing flash droughts has
resided with the USDM, wherein they look at rapid deterioration of the drought categories to
posteriorly claim the occurrence of flash drought. Their flash drought categories are based off
coarse analysis and is subjectively modified based on consultation with local state climatologists,
drought monitors, and water resource managers, However, to diagnose incidence of flash

droughts in the wake of landfalling Atlantic TCs, we must rely on relatively high-resolution data



because the size of TCs is usually small relative to the droughts of the Midwest and Western US.
Furthermore, unlike the USDM flash drought definitions that are based on weekly maps, we
must examine the flash drought evolution on a daily interval. Finally, we also to want to develop
an index that could be easily adapted to forecast data. Therefore, there is an urgent need to
propose a flash drought index that is objective. This flash drought index should be based on
easily observed and analyzed variables. It should also be capable of being monitored or
forecasted at a daily interval. In this regard, we propose a new drought index that meets these
needs.

In the following chapter, the data used in this study and the methodology to detect flash
droughts will be discussed. The results are presented in Chapters 4 and 5, wherein we show the
efficacy of the methodology followed by the detection of flash drought cases after TC landfall.

The concluding remarks are provided in Chapter 6.
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Figure 1.1: Typical evolution of a flash drought (borrowed from Otkin et al. 2018)
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Figure 1.2: USDM maps depicting the evolution of the U.S. Northern Great Plains and Canadian
Prairies flash drought from the summer of 2017 (borrowed from Hoell et al. 2020). The U.S.
Northern Great Plains states of Montana, North Dakota, and South Dakota are outlined in blue.
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(a) Three-Week Soil Moisture Change (b) Rapid Soil Moisture Declines in May-july
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Figure 1.3: (a) The 3-week soil moisture percentile decline from 18 May 2017 (shaded) and
percentile rank of the decline (contours). (b) Percentage of top 3-week soil moisture percentile
declines occurring in May—July for 1916-2017. (c) May—July 2017 precipitation anomaly
(shaded; mm day ') and percentile rank (contours). (d) May—July 2017 maximum temperature
anomaly (°C) and percentile rank (contours). The thick and thin contours in (a), (c), and (d)
indicate the top percentile and quintile, respectively. Soil moisture is based on the UCLA Surface
Water Monitor. Precipitation and temperature are based on nClimGrid/CLIMGRID (Vose et al.
2014). Precipitation and temperature ranks are adapted from Hoell et al. (2019a). Figure
borrowed from Hoell et al. (2020).
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2. DATA

The data used for the detection of soil moisture in this thesis is NASA’s Soil MERGE
(SMERGE; doi:10.5067/PAVQY 1IKHTMUT) root-zone (0-40cm) soil moisture dataset. The
SMERGE product is developed by merging North American Land Data Assimilation version 2
(NLDAS-2) with satellite-based moisture retrievals to produce 0.125° gridded, daily Root Zone
Soil Moisture (RZSM) for the conterminous United States (Rui and Dong 2021; Rui and Mocko
2021). RZSM is the volumetric soil moisture with units of m*m=. This dataset is in a netCDF
format and spans multiple decades (January 1979 to May 2019; NASA 2021). The spatial extent
of the soil moisture data is 25°N to 53°N and 67°W to 125°W. In order to merge the satellite-
based soil moisture retrievals with NLDAS-2 data, the soil moisture retrievals had to be linearly
interpolated from 0.25-degrees to 0.125-degrees (NASA 2021).

The data used for the detection of precipitation is the NASA Integrated Multi-Satellite
Retrievals for Global Precipitation Mission (IMERG) Final Run gridded, daily, global,
precipitation (Huffman et al. 2020) dataset available from 2000 to the present at 0.1° grid
resolution. NASA and the Japanese Aerospace Exploration Agency (JAXA) developed the
IMERG dataset together from their Global Precipitation Measurement (GPM) mission (NASA
2021). The algorithm used to create this precipitation dataset is intended to calibrate, merge, and
interpolate satellite microwave precipitation estimates with other precipitation estimators (NASA
2021). These other estimators include microwave-calibrated IR satellite estimates and
precipitation gauge analyses over the whole globe (NASA 2021). There are also IMERG Early
Run and IMERG Late Run datasets, but the IMERG Final Run data is used because it has better
fidelity as opposed to the 4-hour and 12-hour latency of the early and late runs (NASA 2021;

Tang et al. 2016; Liu et al. 2016; Xu et al. 2019). The IMERGE Final Run also uses datasets
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such as the MERRA2 (Gelaro et al. 2017), ERA-5 (Hersbach et al. 2019), and ERA-Interim (Dee
et al. 2011) for reanalysis (Huffman et al. 2019).

The data used for the detection of surface temperature is NOAA’s Climate Prediction
Center gridded, daily, global, land surface temperature (NOAA 2020) dataset and is available
from 1979 to the present at 0.5° grid resolution. This surface temperature is in netCDF format
and spans the entire globe (NOAA 2020). The temperature data included within has a daily-

temperature maxima, temperature minima, and a mean temperature (Shi 2021).
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3. METHODOLOGY

Flash drought, as mentioned earlier, refers to the rapid intensification of drought, and this
is the definition followed in this thesis as well. Since flash drought has a significant impact on
agriculture (Hoell et al. 2020), the focus to diagnose flash drought is usually based on changes in
drought indices that are computed over short time periods, and which are sensitive to soil
moisture, evapotranspiration, evaporative demand, and vegetation health (Otkin et al. 2013).
Some studies have shown that variables that account for the balance between supply and demand
of surface moisture are better predictors of flash drought than surface temperature and
precipitation by themselves (Ford and Labosier 2017; Otkin 2018). However, all these studies
require the root zone soil moisture to rapidly decrease in association with flash drought
(Seneviratne et al. 2010; Yuan et al. 2018).

In this study, we use the daily SMERGE root zone soil moisture along with surface
temperature and precipitation to diagnose flash drought in the continental US. These variables
are areal averaged over a radius of 500 km around the identified regions of the flash drought
from earlier studies. Flash droughts identified from previous studies were used to develop an
index in order to make the index as accurate as possible. The choice of this radius is pertinent to
the case of landfalling TCs and is explained further later in the methodology. However, this
choice of the radius does not influence the diagnosis of the spatial extent of the flash drought,
which is explained later. We compute the daily cumulative anomaly (D)) of soil moisture,

precipitation, and temperature, separately, as:
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Where, overbar denotes area average and
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Where, Sk, P, Tk are daily cumulative anomalies of soil moisture, precipitation, and
temperature, d’ is the daily area averaged soil moisture (s '), precipitation (p '), temperature (t )

anomalies, k is the time index in days starting from the n day to the m™ day. The daily anomaly,
dy is given by:
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Where, dx are the daily area averaged soil moisture or temperature or precipitation and d

represents the corresponding climatology for day £, respectively. The daily cumulative anomaly

(Di) curves are then normalized by their standard deviation to make them unitless:
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Where,

Then a combined, normalized cumulative anomaly curve, which will be called the

drought index cumulative anomaly curve (C) is computed as:
Cr = Sk + P + (=T))

(6)

The idea of this drought index cumulative anomaly curve is to isolate the conditions of
the flash drought characterized by rapid decrease in soil moisture and precipitation and an
increase in surface temperature. It will be shown in the next chapter that the flash drought period
can be easily recognized from the time series of Cx which will show a rapid decline, with
negative values over the flash drought period. To gauge the spatial extent of the flash drought,
we first compute Cjx at every grid point, /, and then diagnose its temporal correlation with Cx.

Then, the regions with statistically significant correlations are identified to define the spatial
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extent of the flash drought. These regions of high correlation will suggest a similar temporal

evolution of the drought index as in Cx.

In the first half of the next section, we will ascertain the efficacy of this methodology
with known cases of flash drought, as diagnosed by the National Drought Mitigation Center
using the USDM maps (Otkin et al. 2018). After testing the potency of the methodology, reliance
on previous defined flash droughts is no longer needed. Subsequently, we apply this
methodology to examine the incidence of flash drought in the wake of all landfalling, named
Atlantic TCs from 2000-2018. In the case of landfalling TCs, the use of the effective radius of
500 km to area average soil moisture, temperature, and precipitation anomaly around the
coordinates of the landfall point before the daily cumulative anomaly is computed to detect flash
drought period is obvious. This radius is an optimal radius for encompassing the TC-induced
precipitation shield (Jiang and Zipser 2010; Lee et al. 2010; Khouakhi et al. 2017, Zhou et al.
2018). Khouakhi et al. (2017) claims that rainfall induced by a TC should be within 500 km of
the center of the TC because it is consistent with other studies (including Jiang and Zipser 2010;
Lee et al. 2010; Chavas and Emanual 2010; Dare et al. 2012; Prat and Nelson 2013; Villarini et
al. 2014). They also claim that the 500 km radius is a typical radius for the primary TC wind
circulation and the extent of the curved TC cloud shield (Prat and Nelson 2013; Khouakhi et al.
2017). When considering the top 10% of rainiest TCs in each basin, the composite mean rainfall
is heaviest in the 500 km radius around the TC (Villarini et al. 2014b; Khouakhi et al. 2017).
Rainfall from the center of the TC and from rainbands are also accounted for by this 500 km
radius (Dare et al. 2012, Khouakhi et al. 2017). Furthermore, the averaging of the variable over a
large enough area is important to otherwise avoid detection of spurious small scale drying, which

may be unrelated to the developing drought over a larger area.
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The drought index has a few advantages over other existing indices to detect flash
drought that were discussed in the introduction (USDM, SPI, SPEI, ESI, and ESR). The drought
index can objectively define the onset and demise of a flash drought down to the exact date by
analyzing the slope of the drought index during a period where a flash drought is expected to be
occurring. Our index is based on observed variables as opposed to other models that rely on
modeled data and the USDM that relies on subjective intervention. Creating an index based off
observed variables removes the need to use sophisticated land surface models used by other
methodologies to calculate evapotranspiration. Finally, the drought index is a great visualization

tool that can be used to describe droughts on a spatial scale.
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4. RESULTS: EFFICACY OF THE PROPOSED DROUGHT INDEX

4.1 — East Missouri Flash Drought Verification

The methodology is illustrated by examining an iconic flash drought event over the
Midwestern United States, in the summer of 2012 (Otkin et al. 2018). Fig. 4.1a shows the 8-
week change in the drought category of the USDM ending on 24 July 2012. The flash drought is
diagnosed by a three to five category increase in drought severity over the 8-week period, as per
the USDM maps (Otkin et al. 2018; Fig. 1a). The flash drought in Fig. 4.1a extends from
Montana in the Northwest corner to Arkansas in the southeast and from Oklahoma in the
southwest corner to Michigan in the northeast. The corresponding cumulative soil moisture
anomaly, areal averaged around a radius of 500 km centered over East Missouri is shown in Fig.
4.2a. The choice of East Missouri as the center of the 500 km radius circle is chosen posteriorly
from the analysis of this event in Otkin et al. (2018), which indicates East Missouri to be the
center of a flash drought event (e.g., Otkin et al. 2018). Furthermore, the start of the cumulative
anomaly curve from 15 April 2012, in Fig. 4.2a is also based on the earlier analysis of this flash
drought event in Otkin et al. (2018) that documented the precipitous increase in drought severity
over the 8-week period ending on 24 July 2012. The curve is advanced further by 6 weeks earlier
to the start of the 8-week period ending on 24 July 2012, to be able to objectively diagnose the
start of the flash drought event. It may be noted that the potential period of flash drought is far
more apparent in the daily cumulative anomaly curve of the soil moisture when there is a steep
decline from early May to September (Fig. 4.2a). In contrast, the daily timeseries of soil moisture
in Fig. 4.2a indicates significant high frequency variability as well as a sharp decline from early

May to August (Fig. 4.2a).
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Similarly, the corresponding daily timeseries and the daily cumulative anomaly curves of
precipitation and surface temperature areal averaged over 500 km centered over East Missouri
are plotted in Figs. 4.2b and 4.3a, respectively. These plots yet again confirm that the steep
decline in precipitation (Fig. 4.2b) and steep increase in temperature (Fig. 4.3a) over the period
of the flash drought are more apparent in their respective daily accumulative anomaly curves
than their daily timeseries. In Fig. 4.3b, the corresponding normalized cumulative anomaly
curves of precipitation, soil moisture, temperature, and the drought index are plotted. The start
and end of the flash drought period is marked by the steep decline in the cumulative anomaly
curve of the drought index, which starts from 01 May 2012 and ends on 15 August 2012. It is
interesting to note that the normalized daily cumulative anomaly curve of the drought index in
Fig. 4.3b shows the flash drought period far more clearly than the remaining three other curves in
the graph with its steep slope of -0.06 day!'. Although the normalized daily cumulative anomaly
curve of soil moisture and precipitation decline, and that of surface temperature increases over
this diagnosed flash drought period, their slope is far more gradual than that of the drought index
(Fig. 4.3b).

Figs. 4.4a, 4.4b, 4.5a, and 4.5b show the maps of the summation of the daily cumulative
soil moisture, precipitation, and surface temperature anomalies and the corresponding drought
index over the period of the diagnosed flash drought, which illustrates the spatial extent of the
flash drought. The spatial patterns of the accumulated soil moisture anomalies over the flash
drought period in Fig. 4.4a resemble to some extent the spatial pattern of the change in drought
category from the USDM in Fig. 4.1a. This flash drought fingerprint is also apparent in the
accumulated precipitation anomaly, which is negative, over a broad region around East Missouri

(Fig. 4.4b). Similarly, the accumulated anomalies of temperature in Fig. 4.5a show that the
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largest warming anomalies are stretched over a wide area around East Missouri. Finally, the
spatial map of the cumulative anomalies of the drought index in Fig. 4.5b show uniformly,
negative values across the US, except in the southeast and northwest region. However, the
temporal correlations of the cumulative anomaly curve of the drought index with the
corresponding timeseries in Fig. 4.3b indicate that a smaller subset of this region (shown by
hatching) show a precipitous decrease in the drought index as in Fig. 4.3b. Therefore, the
hatched region in Fig. 4.5b suggests the spatial extent of the flash drought of 2012, centered
around East Missouri. It should be noted that the diagnosis of the flash drought from Fig. 4.3b is
made from the normalized cumulative anomalies of soil moisture, precipitation, and surface
temperature. These variables appear comparable, even though the summation of the normalized,
daily cumulative soil moisture anomalies in Fig. 4.4a appear a couple of orders of magnitude
smaller than those for the corresponding precipitation (Fig. 4.4b) and temperature (Fig. 4.5a)
variables.
4.2 — South Iowa Flash Drought Verification

Four other separate cases of flash drought diagnosed by Otkin et al. (2013) and Christian
et al. (2019) have been reviewed using the methodology proposed here. Fig. 4.6 shows the time
series evolution of the cumulative anomaly curve of the drought index for 500 km radius
centered around South Iowa, which detected a flash drought between 07 May 2012 to 15 August
2012. The normalized daily cumulative anomalies of soil moisture, precipitation, surface
temperature, and drought index behave very similarly to those found in the East Missouri flash
drought case (Fig. 4.6). The corresponding maps of the accumulated anomalies of soil moisture
(Fig. 4.7a), precipitation (Fig. 4.7b), surface temperature (Fig. 4.8a), and the drought index (Fig.

4.8b) illustrate the spatial extent of the flash drought. The spatial extent of the negative daily
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cumulative anomalies of soil moisture, precipitation, and drought index and the positive daily
cumulative anomaly of surface temperature match up closely. This information paired with the
fact that a flash drought was diagnosed in this region by the Otkin et al. (2013) and Christian et
al. (2019) provides further evidence that a flash drought is taking place in South Iowa and that
the event taking place over East Missouri is also a flash drought given this flash drought event
over South lowa overlaps with that of East Missouri and therefore the spatial maps shown in
Figs. 4.4-4.5 and Figs. 4.7-4.8 appear very similar. The actual extent of the flash drought is given
by the hatched region in Fig. 4.8b. The slope of the drought index in Fig. 4.8b is -0.06 day!,
which is like that detected for East Missouri in Fig. 4.3b.
4.3 — Northeast Montana Flash Drought Verification

The next case of flash drought reviewed is over Northeast Montana (Fig. 4). Here, the
gradient of the drought index over the flash drought period of 20 May 2017 to 03 August 2017 is
-0.07 day!. Fig. 4.9 shows a slight increase in the daily cumulative anomaly of temperature
paired with more significant decreases in the daily cumulative anomalies of soil moisture and
precipitation. However, the daily cumulative anomaly of the drought index drops much more
sharply during the period of the flash drought (Fig. 4.9). The spatial extent of the flash drought
event indicated by the hatched area in Fig. 4.11b shows a similar decrease in the cumulative
anomalies of soil moisture (Fig. 4.10a) and precipitation (Fig. 4.10b) and an increase in the
cumulative anomalies of temperature (Fig. 4.11a). This flash drought is the same event that was
discussed in the introduction located in the U.S. Northern Great Plains. Fig. 1.2 and Fig. 1.3
serve as complementary evidence that a flash drought is taking place at this location. The extent
of this flash drought is not as wide as the East Missouri and South Iowa cases due to the more

localized changes in anomalies.

24



4.4 — East Indiana Flash Drought Verification

Another flash drought event took place over East Indiana. This event started on 18 April
2007 and lasted until 01 July 2007. Normalized daily cumulative anomaly curves for this event
show a similar temperature pattern to that seen in Northeast Montana, with slightly increasing
cumulative temperature anomalies (Fig. 4.12). However, the cumulative anomaly curves for
precipitation and soil moisture do not decrease by much over the flash drought period (Fig. 4.12).
As a result, the cumulative anomaly curve for drought index does not drop as sharply over the
flash drought period in this example (Fig. 4.12). The spatial extent of the soil moisture anomalies
is confined from parts of the Southeast up to parts of the Midwest, and the cumulative anomalies
are weakly negative (Fig. 4.13a). The spatial extent of the cumulative precipitation anomalies
permeates throughout the East Coast and eastern parts of the Midwest, with negative signals
showing up more strongly than for the soil moisture (Fig. 4.13b). The positive cumulative
temperature anomalies show up more over northern states like Minnesota and Wisconsin, and
also over Indiana, but not over the Southeast and the East Coast (Fig. 4.13b). The flash drought
is centered over East Indiana due to the positive cumulative temperature anomalies coinciding
with the negative precipitation and soil moisture anomalies (Fig. 4.14a). The spatial extent of the
negative cumulative anomalies of the drought index and the hatching location also confirm this
flash drought location (Fig. 4.14b).
4.5— South Central Georgia Flash Drought Verification

The final flash drought event analyzed is over South Central Georgia from 03 October
2016 to 27 November 2016). The normalized daily cumulative anomaly curves show a slight
increase for temperature, a significant decrease in soil moisture and precipitation, and a sharp

decrease in the drought index (Fig. 4.15). The spatial extent of the negative soil moisture and
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precipitation cumulative anomalies are confined to the Southeast US while the positive
temperature cumulative anomalies are most prevalent in the Central US and parts of the
Southeastern US (Figs. 4.16a, 4.16b, 4.17a). The drought index spatial extent is a bit more
sporadic, however there are negative cumulative anomalies in the southeast (Fig. 4.17b). South
Central Georgia is in the transition zone between positive and negative anomalies for soil
moisture, precipitation, and temperature and falls on the edge of the drought index hatch.
However, our cumulative anomaly curves indicate that there is a flash drought taking place in
this region. Since these curves look at each variable at a 500 km radius around South Central
Georgia, it suggests that the center of the flash drought is not in South Central Georgia like is
suggested by Otkin et al. (2013) and Christian et al. (2019) but further to the northwest instead.

The slope of the drought index line fell in between -0.05 day™! and -0.07 day™! during the
flash drought period for all the cases. This range of slopes will be used to in the next section to
identify landfalling Atlantic TCs that are inducing flash droughts in their wake. Following
landfall, if there is a drop off in the slope of the drought index line between -0.05 day! and -0.07
day!, then a flash drought will have taken place according to our drought index.
4.6 — Summary

In this chapter we have verified the drought index with five previously documented cases
of flash drought based on the USDM and other academic studies. In each of these case studies,
our objective drought index identifies the evolving flash drought over the period that matches
with the USDM and previous academic studies diagnoses. Furthermore, the spatial extent of the
flash drought reasonably matches up with the USDM maps during this timeframe. There are,
however, subtle differences that stem from the vastly different methodologies of the USDM and

our drought index. The differences in the datasets used in the methodologies of the USDM and
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our drought index also manifest themselves as differences in the results, Nonetheless, the five
illustrations of flash drought detection indicate the efficacy of the drought index in diagnosing
flash droughts in the continental US. With the confidence in the drought index now realized, we
will proceed to investigate the incidence of flash droughts in the wake of landfalling Atlantic

TCs in the next chapter.
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5. RESULTS: FLASH DROUGHTS IN THE WAKE OF
LANDFALLING ATLANTIC TROPICAL CYCLONES

5.1 - Flash Drought Events Associated with Landfalling Tropical Cyclones

After examining all landfalling Atlantic TC’s in the continental US from 2000-2018, four
distinct events were identified that produced flash droughts post-landfall. Therefore, unlike the
Maritime Continent region, the incidence of flash droughts from landfalling Atlantic TCs is
fairly uncommon, given that only four out of 30 cases (~13%) exhibited flash droughts post-
landfall. As in the previous flash drought case analysis, a timeseries of all three variables (soil
moisture, precipitation, and surface temperature) and the drought index averaged around a radius
of 500 km from the point of landfall is plotted in Figs. 4.18 and 4.19 for these four cases of
landfalling TCs. The start and end date of the flash drought are indicated in the timeseries of the
drought index for all cases (Figs. 4.18 and 4.19). The slope of the drought index computed over
the period of the flash drought for Hurricane Humberto is -0.06 day! (Fig. 4.18a); Hurricane
Isaac is -0.07 day! (Fig. 4.18b); Hurricane Matthew is -0.09 day!' (Fig. 4.19a); and Harvey is -
0.05 day! (Fig. 4.19b). These slopes are comparable to the previous cases discussed in Section
3a.
5.1a — Hurricane Humberto

Humberto became a hurricane (with ~80 kt surface winds) when located about 20 n mi
south of High Island, Texas around 0400 UTC 13 September 2007, qualifying it as one of the
most rapidly intensifying North Atlantic TCs (Brennan et al. 2007). After landfall, the hurricane
translated northeastward toward southwestern Louisiana and became a tropical depression near
Alexandria, Louisiana (late on 13 September) before dissipating over Central Mississippi (Fig.

4.20a). The flash drought was first diagnosed on 30 September (Fig. 4.20a), over two weeks after
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the TC had dissipated. However, this flash drought is determined to be associated with the
landfall of Humberto because the decline in precipitation, the rise in surface temperature, and the
gradual decrease in soil moisture in the wake of the hurricane contributed to the onset of this
flash drought, which ended on 10 December (Fig. 4.18a).
5.1b Hurricane Isaac

Hurricane Isaac made the first landfall at Southwest Pass, Louisiana around 0000 UTC 29
August 2012 with maximum sustained winds of 70 kt. The center of the hurricane wobbled
westward back over water and made a second landfall at Port Fourchon, Louisiana around 0800
UTC 29 August (Berg 2013). After landfall, the storm gradually weakened to a tropical
depression by 0000 UTC 31 August as it moved northwestward across Louisiana and then over
southern Arkansas (Fig. 8b). The depression finally dissipated around 0600 UTC on 1 September
when west-southwest of Jefferson City, Missouri (Fig. 4.20b). The remnants of Isaac produced
several tornados across the Mississippi River Valley on 1 September as it veered northeastward
and eastward across Missouri and Illinois. The onset of the flash drought associated with Isaac
was diagnosed as 5 September, five days after landfall (Fig. 4.18b). The precipitous decrease in
rainfall and soil moisture after landfall led to the onset of the flash drought. The increase in
surface temperature, however, occurred far later, which led to a further increase in the severity of
the flash drought that ends on 15 November (Fig. 4.18b).
5.1c — Hurricane Matthew

Matthew was an especially deadly hurricane that made multiple landfalls as a Category 5
hurricane along the coasts of Haiti, Cuba, Grand Bahama Island and then as a Category 1
hurricane along the central coast of South Carolina (Stewart 2017). Hurricane Matthew

accounted for 585 direct deaths: 546 in Haiti, 34 in the US, 4 in the Dominican Republic, and 1
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in St. Vincent and the Grenadines (Stewart 2017). Hurricane Matthew remained about 30 n mi
offshore of the Florida Atlantic coast, as a Category 2 hurricane with its winds impacting Cape
Canaveral, Vero Beach, and Jacksonville Beach in Florida by 0000 UTC 8 October 2016 (Fig.
4.21a). Hurricane Matthew continued to move northward toward South Carolina making landfall
at 1500 UTC on 8 October at Cape Romain National Wildlife Refuge (Fig. 4.21a). As a result of
the storm’s large hurricane force wind field and its track along the eastern coast of the
southeastern United States, there was significant inundation from storm surge along the coasts
and well inland of the coasts of Florida, Georgia, and South Carolina (Stewart 2017). The
diagnosis of the onset of flash drought occurred on 10 October (Fig. 4.19a), two days after
Matthew skirted the coast of Florida. As in the previous cases, the decrease in precipitation and
soil moisture and gradual increase in surface temperature in the wake of storm passage near
Flagler, Florida led to the onset of the flash drought, manifested by the sharp decline of the
drought index (Fig. 4.19a).
5.1d — Hurricane Harvey

Hurricane Harvey made landfall in Texas mainland as a Category 4 hurricane at 0600
UTC 26 August 2017 along the coast of Copano Bay as a Category 4 hurricane. It rapidly
weakened to tropical storm status within 12 hours of landfall (Blake and Zelinsky 2018).
However, Harvey remained nearly stationary, with its center over or near the Texas coast for
four days before making its final landfall over Southwestern Louisiana near Cameron at 0800
UTC 30 August (Fig. 4.21b). During this four day period, the storm produced over 60 in. of
rainfall over the southeastern coast of Texas, causing catastrophic flooding. The onset of the

flash drought occurred soon after on 1 September and lasted until 1 November (Fig. 4.19b). This
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period of flash drought was characterized by a gradual increase in surface temperature, decline in
precipitation, and a gradual decrease in soil moisture.
S.1e — Analyzing Tropical Cyclone Induced Flash Drought

The corresponding spatial patterns of these flash droughts as represented by the
accumulated normalized values of the drought index over the period of the diagnosed flash
drought are shown in Figs. 4.20 and 4.21. These cases reveal that the flash drought as associated
with TC landfall is part of a larger scale drought that stretches far beyond the point of landfall.
The wake of the landfalling TC leaves behind favorable conditions for a flash drought to expand
the already existing drought to the path of the TC. The desiccation of moisture from the
atmospheric column and the associated subsidence in the wake of the landfalling TC exacerbated
and accelerated the advancing drought over the landfalling region. For example, in the case of
Humberto, the flash drought identified near Galveston, Texas can be viewed as an extension of
the drought that stretches across the southern US and into the mid-Atlantic States, albeit not all
the spatial extent of the drought necessarily evolved as a flash drought (Fig. 4.20a). Similarly,
the flash drought identified in association with Hurricane Isaac also extends along the Texas and
Louisiana coasts, which could be associated with the drought across the western and mid-western
US (Fig. 4.20b). Likewise, in the cases of Hurricanes Matthew and Harvey, the flash droughts at
the point of landfall occur in conjunction with more widespread droughts across the southeastern
(Fig. 4.21a) and midwestern US (Fig. 4.21b), respectively.

In each of these four landfalling TCs, the soil moisture during the period of the flash
drought is not excessively anomalous at the point of landfall (Figs. 4.22 and 4.23). The
summation of the normalized, daily cumulative anomalies of soil moisture over the diagnosed

flash drought period around the landfall point in all four cases are greater than zero, suggesting
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that the soil was anomalously wet, albeit slightly (Figs. 4.22 and 4.23). This would seem
somewhat obvious given the amount of rainfall resulting from the TCs and associated storm
surge that would have moistened the soil. However, the corresponding summation of the
normalized, daily cumulative anomalies of precipitation over the period of the flash drought
around the landfall point are well below zero (Figs. 4.24 and 4.25). In fact, the dry anomalies in
Figs. 4.24 and 4.25 nearly track the TC after landfall in all four cases. Similarly, the summation
of the normalized, cumulative surface temperatures over the period of the flash drought are
positive in all four cases (Figs. 4.26 and 4.27). These figures suggest that the lack of precipitation
and the warming surface temperature in the wake of these landfalling TC’s leads to the
diagnosed flash drought.
5.2 — Landfalling Tropical Cyclones Not Associated with Flash Drought

Due to the small number of landfalling Atlantic TCs causing flash droughts, it is
important to review some of the hurricanes that were analyzed but did not induce a flash drought.
The hurricanes that will be discussed are Hurricane Katrina, Hurricane Rita, and Hurricane Ike.
These three storms will be discussed because they exhibited a variety of drought index behaviors
following landfall. They either showed a less steep decrease in the drought index values, an
increase in the drought index values, or a steep decrease in drought index values long after
landfall.
5.2a — Hurricane Katrina Drought Index Analysis

Hurricane Katrina made its first landfall in South Florida on 25 August 2005 and would

eventually make a second landfall near Buras, Louisiana on 29 August 2005 as a Category 3
Hurricane with maximum sustained winds of 110 kt (Knabb et al. 2005). Katrina made another

landfall near the Louisiana/Mississippi border with an intensity near 105 kt. Katrina then
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weakened and eventually dissipated as it moved its way toward the Great Lakes (Knabb et al.
2005). The rainfall that resulted from Hurricane Katrina over Buras, Louisiana, and the
surrounding 500 km radius, did not cause a major change in the normalized daily cumulative
precipitation anomaly (Fig. 4.28). The normalized daily cumulative temperature anomaly shows
a slight positive trend, while the normalized daily cumulative soil moisture and precipitation
anomalies exhibit a slight negative trend over time (Fig. 4.28). This results in a drought index
with a cumulative anomaly that steadily decreases over the 12 weeks following hurricane
landfall, with a slope of about -0.03 day™!, but not quickly enough to result in a flash drought
(Fig. 4.28).
5.2b — Hurricane Rita Drought Index Analysis

Hurricane Rita made landfall as a Category 3 Hurricane before making landfall at 0740
UTC on 24 September 2005 with an estimated intensity of 100 kt just west of Johnson’s Bayou,
Louisiana (Knabb et al. 2005). Rita quickly weakened as it moved northward into Arkansas and
eventually dissipated over Illinois after it merged with a frontal system on 26 September (Knabb
et al. 2005). The normalized daily cumulative anomalies for Hurricane Rita look very similar to
those from Hurricane Katrina, which is not surprising since they both made landfall within a
month of one another on opposite sides of Louisiana (Fig. 4.29). Slight positive cumulative
temperature anomaly trends are paired with slight negative cumulative soil moisture and
precipitation trends to create a cumulative anomaly of drought index that steadily decreases over
the 12 weeks following landfall, with a slope of about -0.03 day™!, but not at a fast enough rate to

induce a flash drought.
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5.2¢ — Hurricane Ike Drought Index Analysis

Hurricane Ike is the final hurricane that will be analyzed. Throughout its lifecycle,
Hurricane Ike made landfall in the Bahamas, Cuba, and eventually Texas. The landfall in Texas
took place at Galveston Island, Texas at 0700 UTC 13 September 2008 with maximum winds of
95 kt (Berg 2008). After landfall, Ike quickly weakened as it moved across Texas, Arkansas,
Missouri, and into the Ohio Valley while interacting with a front and becoming extratropical
(Berg 2008). Ike eventually dissipated over Canada on 15 September (Berg 2008). There was an
initial spike in the normalized cumulative anomalies of the drought index, soil moisture, and
precipitation associated with landfall (Fig. 4.30). These anomalies, along with the cumulative
temperature anomalies, slowly decreased over the next couple of months (Fig. 4.30). Around the
beginning of December, the cumulative anomalies of temperature begin to increase associated
with a sharp decrease in the drought index cumulative anomalies (Fig. 4.30). This decrease in the
drought index could be a signal for a flash drought; however, it occurs too far after Ike’s landfall
to be associated with the hurricane. The slope of the drought index over the 12-week period
following hurricane landfall is -0.015 day!.

These are just 3 of the 27 TCs that did not induce flash droughts after landfall according
to our drought index, meaning that Atlantic TC-induced flash droughts are a comparatively rare

event, at least in the past two decades.
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6. CONCLUSION

This thesis describes and evaluates a new and relatively simple drought index that can be
diagnosed from daily values of soil moisture, surface temperature, and precipitation. Flash
drought is a relatively newly defined term that can be used to diagnose climate anomalies.
However, the lack of data prevents the ability to look too far in the past to diagnose a flash
drought. One of the advantages of the methodology is that one can objectively define the start
and end of the flash drought period by the rate of change of the drought index. The drought index
is also based on observed variables instead of modeled ones. This allows it to be used to detect
and forecast flash droughts in real-time situations using a simplified methodology. Past
methodologies relied on subjective analyses or sophisticated land surface models to detect and
forecast flash drought events. As a result, there was a need for a new kind of flash drought
detection method.

The efficacy of diagnosing flash drought from the new index is demonstrated with five
known cases of flash drought from the USDM and other previous studies. The East Missouri
Flash Drought took place from 01 May 2012 to 15 August 2012, and the impacts were centered
on the Midwest. The South Iowa Flash Drought was part of the same event as the East Missouri
Flash Drought and lasted from 07 May 2012 to 15 August 2012. The impact of this flash drought
was limited to the Midwest. The Northeast Montana Flash Drought occurred from 20 May 2017
to 03 August 2017, and its impacts were limited to the Northern US. The East Indiana Flash
Drought began on 18 April 2007 and ended on 01 July 2007 with impacts felt in the Eastern
Midwest and Eastern United States. The final flash drought case analyzed was the South Central
Georgia Flash Drought from 03 October 2016 to 27 November 2016 which impacted the

Southeast US. The drought index detected all these flash drought events that were proven to have
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occurred by previous studies. The ability of the drought index to detect these events within the
timeframe that they took place without failure provides confidence in its ability to detect a flash
drought in the wake of a landfalling Atlantic TC.

Four cases of landfalling Atlantic TCs along the US Atlantic and Gulf Coasts that were
associated with flash droughts in their wake were identified. The four landfalling tropical
cyclones were Hurricanes Humberto, Isaac, Matthew, and Harvey. In three of these cases, the
flash drought was initiated within a few days of landfall, while in the case of Hurricane Isaac it
began two weeks after landfall. In all cases, the flash drought that started at the point of the
landfall was coincident with a more widespread drought over a larger area, suggesting that the
conditions in the wake of the landfalling TC exacerbated and accelerated the flash drought
conditions. The analysis of these flash drought events suggests that negative (dry) precipitation
and positive (warm) surface temperatures in the wake of the landfalling TC are principal causes
of the droughts while the soil moisture anomalies are weakly positive (wet). The fact that this
study was able to isolate only four cases of flash drought out of 30 cases of Atlantic TC landfalls
in the US suggests that such events are relatively uncommon in the wake of Atlantic TC
landfalls. Due to the small sample size, the link between flash droughts and landfalling Atlantic
TC cannot be dismissed.

Three TCs that did not result in flash drought were analyzed more closely: Hurricanes
Katrina, Rita, and Ike. These hurricanes differed from the hurricanes that caused flash drought
because following landfall they either exhibited a less steep decrease in the drought index values,
showed an increase in the drought index, or showed a steep decrease in drought index values

after a significant amount of time had taken place after landfall.
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8 Week Change Ending on 24 July 2012
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Figure 4.1: a) The case of a flash drought centered around East Missouri (shown by the blue
dot), showing the 8-week change in the USDM drought category ending on 24 July 2012 (after
Otkin et al. 2018).
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Figure 4.2: The corresponding area averaged time series at 500 km radius centered over East
Missouri of daily a) cumulative soil moisture anomaly (black line) and soil moisture (red line), b)
cumulative precipitation anomaly (mm; black line) and precipitation (mm day!; red line).
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Figure 4.3: The corresponding area averaged time series at 500 km radius centered over East
Missouri of daily a) cumulative surface temperature anomaly (black line) and surface
temperature (°C; red line). b) The corresponding normalized daily cumulative anomalies of
temperature, soil moisture, precipitation, and the drought index (see text) curves. The start and
end of the flash drought as diagnosed from the cumulative anomaly curve of the drought index in
Fig. 4.3b are marked by the black solid triangle (01 May 2012) and square (15 August 2012),
respectively. The gradient of the drought index over the flash drought period from (e) is 0.06
day.
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Figure 4.4: The map of the daily cumulative a) soil moisture and b) precipitation for the flash
drought event centered over East Missouri in 2012 (see Fig. 4.1a). The daily anomalies are
summed over the period of the flash drought diagnosed in Fig. 4.3b. The black dot in each of the
panels indicate the location of East Missouri.
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Figure 4.5: The map of the daily cumulative a) surface temperature and b) the drought index
variable for the flash drought event centered over East Missouri in 2012 (see Fig. 4.1a). The
daily anomalies are summed over the period of the flash drought diagnosed in Fig 4.3b. The
hatching in (b) indicates significant correlation (at 1% significance level) of the evolution of the
combined normalized variable with its corresponding evolution over a 500 km radius region
around East Missouri indicated in Fig. (4.3b). The black dot in each of the panels indicate the
location of East Missouri.
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Figure 4.6: Normalized daily cumulative anomaly curves of temperature, soil moisture,
precipitation, and the drought index computed over an area of 500 km radius centered around
South Iowa. The start (07 May 2012) and end (15 August 2012) of the flash drought period is
indicated by a triangle and a square, respectively. The gradient of the drought index over the
flash drought period is 0.06 day™'.
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Figure 4.7: The corresponding cumulative a) soil moisture and b) precipitation anomalies over
the period of the diagnosed flash drought from Fig. 4.6 with the black dot marking South Iowa.
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Figure 4.8: The corresponding cumulative a) surface temperature and b) drought index anomalies
over the period of the diagnosed flash drought from Fig. 4.6 with the black dot marking South
Iowa. The hatching in (b) indicates significant correlation (at 1% significance level) of the

evolution of the drought index with its corresponding evolution over a 500 km radius region around
South Iowa indicated in Fig. 4.6.
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Figure 4.9: Normalized daily cumulative anomaly curves of temperature, soil moisture,
precipitation, and the drought index computed over an area of 500 km radius centered around
Northeast Montana. The start (20 May 2017) and end (03 August 2017) of the flash drought
period is indicated by a triangle and a square, respectively. The gradient of the drought index
over the flash drought period is 0.07 day'.
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Figure 4.10: The corresponding cumulative a) soil moisture and b) precipitation anomalies over
the period of the diagnosed flash drought from Fig. 4.9 with the black dot marking Northeast
Montana.
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Figure 4.11: The corresponding cumulative a) surface temperature and b) drought index anomalies
over the period of the diagnosed flash drought from Fig. 4.9 with the black dot marking Northeast
Montana. The hatching in (b) indicates significant correlation (at 1% significance level) of the
evolution of the drought index with its corresponding evolution over a 500 km radius region around
Northeast Montana indicated in Fig. 4.9.
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Figure 4.12: Normalized daily cumulative anomaly curves of temperature, soil moisture,
precipitation, and the drought index computed over an area of 500 km radius centered around East
Indiana. The start (18 April 2007) and end (01 July 2007) of the flash drought period is indicated
by a triangle and a square, respectively. The gradient of the drought index over the flash drought
period is 0.05 day™'.
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Figure 4.13: The corresponding cumulative a) soil moisture and b) precipitation anomalies over
the period of the diagnosed flash drought from Fig. 4.12 with the black dot marking East Indiana.
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Figure 4.14: The corresponding cumulative a) surface temperature and b) drought index anomalies
over the period of the diagnosed flash drought from Fig. 4.12 with the black dot marking East
Indiana. The hatching in (b) indicates significant correlation (at 1% significance level) of the
evolution of the drought index with its corresponding evolution over a 500 km radius region around
East Indiana indicated in Fig. 4.12.
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Figure 4.15: Normalized daily cumulative anomaly curves of temperature, soil moisture,
precipitation, and the drought index computed over an area of 500 km radius centered around
South Central Georgia. The start (03 October 2016) and end (27 November 2016) of the flash
drought period is indicated by a triangle and a square, respectively. The gradient of the drought
index over the flash drought period is 0.07 day™'.
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Figure 4.16: The corresponding cumulative a) soil moisture and b) precipitation anomalies over
the period of the diagnosed flash drought from Fig. 4.15 with the black dot marking South Central
Georgia.
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Figure 4.17: The corresponding cumulative a) surface temperature and b) drought index anomalies
over the period of the diagnosed flash drought from Fig. 4.15 with the black dot marking South
Central Georgia. The hatching in (b) indicates significant correlation (at 1% significance level) of
the evolution of the drought index with its corresponding evolution over a 500 km radius region
around South Central Georgia indicated in Fig. 4.15.
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Figure 4.18: The area averaged time series of the normalized cumulative anomalies of daily soil
moisture (black line), precipitation (blue line), surface temperature (red line), and drought index
(purple line) for the landfalling case of a) Hurricane Humberto of 2007 and b) Hurricane Isaac of
2012. The area average of the time series is conducted over a radius of 500 km from the point of
landfall as the center. The location of the landfall of the hurricane is indicated in Fig. 4.20. The
start and end of the flash drought as diagnosed from the cumulative anomaly curve of the
drought index in are marked by the black solid triangle and square, respectively.
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Figure 4.19: The area averaged time series of the normalized cumulative anomalies of daily soil
moisture (black line), precipitation (blue line), surface temperature (red line), and drought index
(purple line) for the landfalling case of a) Hurricane Matthew of 2016 and b) Hurricane Harvey
of 2017. The area average of the time series is conducted over a radius of 500 km from the point
of landfall as the center. The location of the landfall of the hurricane is indicated in Fig. 4.21.

The start and end of the flash drought as diagnosed from the cumulative anomaly curve of the
drought index in are marked by the black solid triangle and square, respectively.

55



(a) N
g

1250 1200 115W 110N 105W  100W 93 90W 85W 80W 750 700 1250 1200 115

— —
-250 -200 -150 =-100 =50 0 50 100 150 200 250 =250 -200 -150 =100 -50 o 50 100 150 200 250

Figure 4.20: The map of the normalized, daily cumulative anomalies of the drought index for
the flash drought events associated with the landfall of Hurricanes a) Humberto of 2007 and b)
Isaac of 2012. The daily normalized anomalies of the drought index are summed over the period
of the flash drought as indicated in Fig. 4.18. The black dot in each of the panels indicate the
location of the landfall of the hurricane. The cross marks indicate the track of the hurricane after
its landfall at 6-hour interval from the best track. All shaded values indicate significant
correlation with the evolution of the drought index around an area of 500 km radius from the
point of landfall of the hurricane at 95% confidence interval according to t-test.
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Figure 4.21: The map of the normalized, daily cumulative anomalies of the drought index for
the flash drought events associated with the landfall of Hurricanes a) Matthew of 2016 and b)
Harvey of 2017. The daily normalized anomalies of the drought index are summed over the
period of the flash drought as indicated in Fig. 4.19. The black dot in each of the panels indicate
the location of the landfall of the hurricane. The cross marks indicate the track of the hurricane
after its landfall at 6-h interval from the best track. All shaded values indicate significant
correlation with the evolution of the drought index around an area of 500 km radius from the
point of landfall of the hurricane at 95% confidence interval according to t-test.
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Figure 4.22: The map of the normalized, daily cumulative anomalies of the soil moisture for the
flash drought events associated with the landfall of Hurricanes a) Humberto of 2007 and b) Isaac
0f 2012. The daily normalized anomalies of the soil moisture are summed over the period of the
flash drought as indicated in Fig. 4.18. The black dot in each of the panels indicate the location
of the landfall of the hurricane.
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Figure 4.23: The map of the normalized, daily cumulative anomalies of the soil moisture for the
flash drought events associated with the landfall of Hurricanes a) Matthew of 2016 and b)
Harvey of 2017. The daily normalized anomalies of the soil moisture are summed over the
period of the flash drought as indicated in Fig. 4.19. The black dot in each of the panels indicate
the location of the landfall of the hurricane.
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Figure 4.24: The map of the normalized, daily cumulative anomalies of the precipitation for the
flash drought events associated with the landfall of Hurricanes a) Humberto of 2007 and b) Isaac
of 2012. The daily normalized anomalies of the surface temperature are summed over the period
of the flash drought as indicated in Fig. 4.18. The black dot in each of the panels indicate the
location of the landfall of the hurricane.
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Figure 4.25: The map of the normalized, daily cumulative anomalies of the precipitation for the
flash drought events associated with the landfall of Hurricanes a) Matthew of 2016 and b)
Harvey of 2017. The daily normalized anomalies of the surface temperature are summed over the
period of the flash drought as indicated in Fig. 4.19. The black dot in each of the panels indicate
the location of the landfall of the hurricane.
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Figure 4.26: The map of the normalized, daily cumulative anomalies of the surface temperature
for the flash drought events associated with the landfall of Hurricanes a) Humberto of 2007 and
b) Isaac of 2012. The daily normalized anomalies of the precipitation are summed over the
period of the flash drought as indicated in Fig. 4.18. The black dot in each of the panels indicate
the location of the landfall of the hurricane.
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Figure 4.27: The map of the normalized, daily cumulative anomalies of the surface temperature
for the flash drought events associated with the landfall of Hurricanes a) Matthew of 2016 and b)
Harvey of 2017. The daily normalized anomalies of the precipitation are summed over the period
of the flash drought as indicated in Fig. 4.19. The black dot in each of the panels indicate the
location of the landfall of the hurricane.
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Figure 4.28: Normalized daily cumulative anomaly curves of temperature (red line), soil moisture
(black line), precipitation (blue line), and the drought index (purple line) computed over an area
of 500 km radius centered on an area near Buras, Louisiana.
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Figure 4.29: Normalized daily cumulative anomaly curves of temperature (red line), soil moisture
(black line), precipitation (blue line), and the drought index (purple line) computed over an area
of 500 km radius centered on an area near Johnson’s Bayou, Louisiana.
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Figure 4.30: Normalized daily cumulative anomaly curves of temperature (red line), soil moisture
(black line), precipitation (blue line), and the drought index (purple line) computed over an area
of 500 km radius centered around Galveston Island, Texas. The triangle and square indicate the
possible start and end of a flash drought event.
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