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ABSTRACT: Monthly to seasonal precipitation extremes, both flood and drought, are important components of regional
climates worldwide, and are the subjects of numerous investigations. However, variability in and transition between pre-
cipitation extremes, and associated impacts are the subject of far fewer studies. Recent such events in the Midwest region of
the United States, such as the 2011-12 flood to drought transition in the upper Mississippi River basin and the flood to
drought transition experienced in parts of Kentucky, Ohio, Indiana, and Illinois in 2019, have sparked concerns of increased
variability and rapid transitions between precipitation extremes and compounded economic and environmental impacts. In
response to these concerns, this study focuses on characterizing variability and change in Midwest precipitation extremes
and transitions between extremes over the last 70 years. Overall we find that the Midwest as a region has gotten wetter over
the last seven decades, and that in general the annual maximum and median wetness, defined using the standardized
precipitation index (SPI), have increased at a larger magnitude than the annual minimum. We find large areas of the
southern Midwest have experienced a significant increase in the annual SPI range and associated magnitude of transition
between annual maximum and minimum SPI. We additionally find wet to dry transitions between extremes have largely
increased in speed (i.e., less time between extremes), while long-term changes in transition frequency are more regional
within the Midwest.

SIGNIFICANCE STATEMENT: The U.S. Midwest has experienced several rapid transitions in precipitation ex-
tremes over the past decade. These events, such as the 2012-13 drought to flood transition, have sparked concerns of
more frequent, rapid swings in precipitation extremes. We use a 69-yr daily precipitation record to document transitions
in precipitation extremes across the Midwest. We find that since the 1950s the Midwest has gotten wetter, but annual wet
extremes have increased at a much larger rate than annual dry extremes. Furthermore, we find the area from eastern
Missouri to western Ohio has experienced more frequent, more rapid flood to drought transitions in recent decades. This
provides evidence of increased precipitation variability in this region, and associated rapid transitions between extremes.
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1. Introduction mandate improved understanding of transitions between
extreme precipitation events.

The 2011-12 flood to drought transition is an example of
what was described by Cohen (2016) as ‘“weather whiplash,”
the evolution from one climate extreme to one of the opposite
sign in a relatively short time period. Previous studies have
documented transitions in precipitation extremes, herein re-
ferred to as simply transitions, in many regions globally using a
wide variety of statistical and modeling techniques (e.g., Ji
et al. 2018; Swain et al. 2018; Chen et al. 2019). Christian et al.
(2015) found that annual precipitation extremes in the U.S.
Great Plains followed annual extremes of the opposite sign
at a rate significantly higher than what would be expected
by chance.

Recent events in the Midwest region of the United States,
such as the aforementioned 2011-12 transition and the flood to
drought transition experienced in parts of Kentucky, Ohio,
Indiana, and Illinois in 2019 (Di Liberto 2019; Voiland 2019)
have sparked concerns of the risk of rapid transitions between
precipitation extremes and risks posed to the Midwest thereof.
Loecke et al. (2017) found rapid drought to flood transition in

Monthly to seasonal precipitation extremes, both flood
and drought, are important components of regional climates
worldwide. However, these extremes and their correspond-
ing impacts are typically studied and communicated inde-
pendently, without consideration of additional or magnified
impacts due to a rapid transition from one extreme to an-
other. For example, economic impacts from 2011 flooding
along the Mississippi River in the United States were esti-
mated between $2 and $4 billion (NOAA/NCEI 2011),
while impacts from the subsequent 2012 drought in the
same region were estimated at $30 billion (NOAA/NCEI
2012). The well-documented economic (e.g., Changnon and
Easterling 1989; Mallya et al. 2013), environmental (e.g.,
Lowery et al. 2009), and individual mental health impacts
from extreme, variable weather (e.g., Yazd et al. 2019)
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the entirety of Ohio, Michigan, Indiana, Kentucky, Illinois,
Missouri, lowa, and Minnesota, as well as parts of surrounding
states (Fig. S1 in the online supplemental material).

Transitions between precipitation extremes are super-
imposed on multidecadal trends of increasing spring and
decreasing late summer Midwest precipitation (Dai et al.
2016). The seasonal variability and potential transition from
wet to dry extremes are projected to increase in this region
with continued climate change (Loecke et al. 2017). These
findings agree with the broader climate change literature in-
dicating projected increases in both spring flooding and
summer drought in the Midwest under a warmer climate
(Kunkel et al. 1999; Hatfield et al. 2013). Frequent, wide-
spread transitions from wet to dry extremes, particularly
timed immediately prior to or during the growing season, can
cause significant impacts to Midwest agriculture (Dixon and
Segerson 1999; Liu and Basso 2020). Given the region’s
strong agriculture economy, increased frequency and/or se-
verity of transitions in precipitation extremes could increase
the risk of agricultural impacts with future climate change.

Despite the importance of the seminal studies on weather
whiplash or transitions in extremes, our current understanding
of these phenomena, including their climatological precedent
and recent and long-term changes in characteristics such as
frequency and severity is lacking. This is particularly in the
case for humid continental climates such as the Midwest.
This study focuses on characterizing 1) precipitation vari-
ability, 2) trends in precipitation extremes, and 3) transitions
between precipitation extremes across the Midwest. This
includes the development of a transition climatology and
documentation of the changes in transition frequency, peri-
odicity, and severity. The overall goal of the study is to im-
prove our understanding of variability of and transitions in
precipitation extremes in the Midwest, and therefore con-
tribute to knowledge of the risks that these events pose to
the region.

2. Data and methods
a. Precipitation extremes

The study uses daily precipitation from NOAA'’s climate
divisional dataset (nClimDiv, Vose et al. 2014), which is based
on the gridded Global Historical Climatology Network—Daily
dataset (GHCN-D; Menne et al. 2012). The nClimDiv dataset
has been operational since 2014 and provides monthly updated
5-km grids of temperature and precipitation across the con-
tiguous United States, with a historical record currently span-
ning 1951 to the present. The daily grids are the result of
climatologically aided interpolation, incorporating more sta-
tions and updated quality-control techniques than the previous
daily divisional dataset. More information for the climatolog-
ically aided interpolation method used for nClimDiv can be
found in Vose et al. (2014) and Willmott and Robeson (1995).

Precipitation extremes are characterized by computing the
standardized precipitation index (SPI; McKee et al. 1993) using
daily precipitation from nClimDiv grids. The SPI algorithm
standardizes n-day precipitation accumulation by fitting a
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gamma distribution to the historical series of n-day precipita-
tion accumulation at a specific location. SPI is widely used for
drought research and monitoring and is a key indicator of
conditions in the U.S. Drought Monitor (Svoboda et al. 2002).
Although its primary use is a meteorological drought indicator,
SPI can characterize extreme dry and extreme wet conditions
at monthly to interannual time intervals (e.g., Hayes et al. 1999;
Ford and Labosier 2014; Katsanos et al. 2018), making it an
ideal metric for assessing transitions between precipitation
extremes.

We apply the SPI algorithm to 30-, 90-, and 180-day pre-
cipitation accumulation totals that move 1 day at a time. SPI is
computed incrementally using an n-day moving window that
ends on the calendar day being analyzed. Therefore, the 30-day
SPI on any given day x represents the standardized value of
precipitation that accumulated between day x — 29 and day x.
This is done separately at each nClimDiv 5-km grid cell.

Most previous studies examine transitions and variability
using monthly, seasonal, or annual resolution climate data
(e.g., Christian et al. 2015; Swain et al. 2018; Ji et al. 2018).
Chen et al. (2019) identify a transition as adjacent months with
opposite water balance extremes (i.e., wet to dry, dry to wet).
When characterizing climate extremes and transitions between
extremes, the data temporal resolution can affect the magni-
tude and frequency of the extreme. This is important when dry
or wet extremes begin near the middle of a calendar month,
season, or year and persist to the next month, season, or year.
In this case a 1-, 3-, or 12-month SPI time series will likely
underestimate the overall magnitude of the extreme. The
moving window approach used in this study overcomes this
challenge, but it does come with other limitations, which
should be noted. These include the fact that the moving win-
dow 30-, 90-, and 180-day SPI time series do not contain in-
dependent samples, and therefore caution must be taken in
analysis of the time series, particularly when assessing statis-
tical significance.

Finally, although SPI can reasonably represent moisture
conditions over periods ranging from 2 weeks to 2 years, we use
30-, 90-, and 180-day SPI to capture transitions in monthly to
seasonal precipitation extremes. The methods implemented in
this study could easily be adopted to characterize transitions
between longer-term extremes, such as changes in multiyear or
multidecade regimes of anomalously wet or dry conditions.

b. Transition identification

Multiple methods have been developed by previous studies
attempting to characterize precipitation extremes and the
transition between them (e.g., Christian et al. 2015; Francis
et al. 2018; Casson et al. 2019). In this study we focus on two
different aspects of precipitation extremes: intra-annual vari-
ability and transitions. The first, intra-annual variability, is used
to characterize precipitation variability within a calendar year.
Intra-annual variability is defined as the difference between
the annual maximum and annual minimum SPI within each
calendar year.

Because precipitation extremes often span multiple calen-
dar years, we also define transitions adopting the methods of
DeGaetano and Lim (2020, hereinafter DL20). The method
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was developed and applied by DL20 to study transitions or
“tail swings” in daily mean air temperature, averaged over 7-,
30-, and 90-day time periods across the contiguous United
States. In the current study, a transition occurs when the 30-,
90-, or 180-day SPI moves from at or above +1.6 to at or
below —1.6, or vice versa. These thresholds approximate the
95th and 5th percentile of historical SPI distributions, in line
with the probability thresholds used by DL20. We also com-
pleted the analysis using the 95th and 5th percentiles of SPI for
each individual nClimDiv grid cell, and the results were not
sensitive to this change in methodology.

The example in Fig. 1 shows a transition identified from the
90-day SPI record at the nClimDiv grid cell corresponding with
Peoria, Illinois. Following the DL20 method, a transition be-
gins when the 90-day SPI crosses a threshold, either —1.6 (dry)
or +1.6 (wet). The transition ends when the 90-day SPI sub-
sequently crosses the opposite threshold. Using the example
in Fig. 1, the wet to dry transition begins on the last day in
which the 90-day SPI is at or above the +1.6 threshold, and
ends on the first day in which the 90-day SPI is at or below
the —1.6 threshold. Each transition’s occurrence is assigned
to the date on which the change to the opposite extreme
threshold first occurred; in the case of Fig. 1 the transition is
documented on 3 April. Both wet to dry and dry to wet
transitions are identified at each nClimDiv grid cell between
1951 and 2019.

c. Statistical analysis

We define two primary features of Midwest precipitation
intra-annual variability: magnitude and duration. Variability
magnitude is defined as the difference between the annual
maximum and minimum SPI, while duration is defined as the
time period (in days) that elapses between these intra-annual
extremes. Likewise, we define two primary features of tran-
sitions in the Midwest: the frequency and the duration.
Frequency is defined as the total number of transitions in the
historical record at each nClimDiv grid cell. Duration is de-
fined as the number of days that elapse between the SPI ex-
tremes marking the beginning and end of each transition. In
the case of the transition in Fig. 1, 85 days elapse between the
last occurrence of a wet extreme and the first occurrence of a
dry extreme.

We assess long-term change in transition frequency, mag-
nitude, and duration over the 69-yr study period, based on
trend analysis using median of pairwise slopes regression
(Lanzante 1996). Although the individual transitions are in-
dependent from one another, the underlying SPI values are
not. This is because the moving window approach for calcu-
lating SPI results in a single day informing SPI for multiple
calendar days. Therefore, we use a bootstrap resampling
approach to robustly assess the statistical significance of
trends in SPI, transition magnitude, and transition duration.
The 30-, 90-, and 180-day SPI time series are shuffled, tran-
sitions are identified in the shuffled time series, and trends are
computed. This process is repeated 10 000 times. The real SPI
and transition trends are compared to the 95th and 5th per-
centile of the trend distributions derived from the resampling
method. A trend is considered statistically significant if it
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F1G. 1. Example of interannual transition in precipitation ex-
tremes. Blue line shows 90-day SPI between May 2004 and August
2005 in Peoria, Illinois (40.69°N, 89.59°W). The black lines indicate
the transition start and end, with an overall duration of 85 days.

either exceeds the 95th percentile or is less than the Sth
percentile.

Trends in annual minimum and annual maximum 30-, 90-,
and 180-day SPI are also evaluated using a median of pairwise
slopes regression with a Mann—-Kendall tau test for statistical
significance. Statistically significant trends are herein denoted
as significant.

3. Results
a. Midwest precipitation

Average (1951-2019) annual maximum and minimum 30-,
90-, and 180-day SPI show considerable variability across the
Midwest (Fig. 2). The eastern half of the region exhibits an
overall larger annual 30-day SPI range, while the northwestern
quadrant of the Midwest exhibits larger annual 90-day and 180-
day SPI ranges. This suggests that shorter-term precipitation
variability is higher in the eastern and southeastern Midwest,
while longer-term precipitation variability is higher in the
western and northwestern Midwest. The actual magnitudes of
annual extremes are similar at all locations, with annual max-
imum SPI roughly ranging from 1.5 to 2.5, and annual mini-
mum ranging from —1.5 to —2.5.The 30-day SPI extremes are
of larger magnitude than the 90- and 180-day extremes. This is
indicative of the higher variability of 30-day SPI due to sensi-
tivity to both individual heavy rainfall events and short-term
dry spells.

Trend analysis indicates large areas of statistically signif-
icant increases in annual maximum, annual median, and
annual minimum SPT across the Midwest (Fig. 3). Significant
SPI increases range from 0.08 to 0.20 decade™!, with the
overall highest magnitude trends in the eastern half of the
region. The only significant decreasing trends are for 180-day
SPI in the extreme southeast corner of the region. The
dominance of positive SPI trends is consistent with widely
observed increases in total seasonal and annual precipita-
tion across the Midwest over the last few decades (Angel
et al. 2018).

Overall, significant increases in annual maximum SPI are
more spatially extensive and of higher magnitude than those
for annual minimum SPI, particularly at 90- and 180-day
intervals. The Great Lakes and eastern Midwest exhibit
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F1G. 2. Maps show the climatological (1951-2019) average annual (top) maximum and (bottom) minimum SPI across the Midwest. From
left to right columns show 30-, 90-, and 180-day SPI, and color map ranges differ between the SPI durations.

significant positive trends of similar magnitude in both
maximum and minimum SPI, suggesting the entire distri-
bution of 90- and 180-day precipitation accumulation has
shifted to more frequent wet conditions. In contrast, areas of
Illinois, Missouri, and Iowa show significant increases in
annual maximum SPI without corresponding increases in
the annual minimum. This suggests 90- and 180-day pre-
cipitation accumulation has become more variable in this
part of the central and southern Midwest, with higher
magnitude wet extremes and continued occurrence of high
magnitude dry extremes.

b. Intra-annual variability

Intra-annual variability is characterized in two ways. The
first is the magnitude, which is the difference between the an-
nual maximum and minimum SPI for each year (1951-2019).
The second is the duration, which is the time period (in days)
that elapses between the annual maximum and minimum SPI
for each year. The maps in Fig. 4 show the spatial distribution
of intra-annual variability magnitude and duration, averaged
over all 69 years. In general, the magnitude follows the pattern
of climatological average annual maximum and minimum SPI
in Fig. 2. Variability is largest at 30 days in the eastern and
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southeastern parts of the Midwest, between 2.0 and 2.5, while
90- and 180-day SPI variability is largest in the northern and
western areas of the region, between 1.5 and 2.0. Duration
shows more consistency between the three SPI intervals, with
the shortest duration (i.e., shortest time between annual ex-
tremes) in the northwest part of the Midwest, and generally
longer duration transitions in the east and southeast. The
bottom row of maps in Fig. 4 show the interannual standard
deviation of duration, in days, calculated over the 69-yr study
period, which represents the variability in the seasonal tim-
ing of annual precipitation extremes. The variability maps
loosely follow the spatial patterns of magnitude (top row
Fig. 4), with higher overall variability at 30-day SPI than 90
or 180 day. The southern half of the Midwest generally ex-
hibits higher variability at 30- and 90-day SPI, but the
northern and western parts of the Midwest have a higher
variability 180 days. This indicates less year-to-year consis-
tency in the timing of precipitation extremes at shorter time
scales, particularly in the southern Midwest, relative to the
longer time scales.

Neither intra-annual variability magnitude nor duration
shows widespread significant trends over the 69-yr study
period (Fig. 5). The area spanning northeast Missouri to
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FIG. 3. Maps show (left) 30-, (center) 90-, and (right) 180-day SPI trends (change per decade) across the Midwest, calculated from 1951
to 2019. Trends are shown for (top) annual maximum, (middle) annual median, and (bottom) annual minimum SPI. Black contours

indicate areas with trends that are statistically significant.

southwest Indiana, does exhibit a strong, significant increase
in variability for 90- and 180-day SPI. The average trends in
this area are 0.10 and 0.12 decade ™! for 90- and 180-day SPI,
respectively. This region of the southern Midwest was also
noteworthy because of a significant increase in annual maxi-
mum SPI without a corresponding change in annual minimum
(Fig. 3). These findings match well and together provide
strong evidence that the annual range of moisture condi-
tions and overall precipitation variability at 90- and 180-day
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intervals are increasing in this part of the Midwest. These
changes are illustrated in more detail in Fig. 6, which shows
plots of annual maximum and annual minimum 90-day SPI in
St. Louis, Missouri. The annual maximum 90-day SPI trends
are approximately 3.5 times larger than the annual mini-
mum trends, resulting in an increase in annual SPI range and
variability.

Trends in intra-annual variability duration are much less
spatially coherent than magnitude (Fig. 5). Most areas of the
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FIG. 4. Maps show climatological average intra-annual variability (top) magnitude, (middle) duration, and (bottom) duration variability.
Magnitude is shown in SPI units, and duration is in units of days. Averages are computed over the period 1951-2019.

Midwest have not undergone significant changes in duration.
An exception is the area around the southern bend of Lake
Michigan, which has exhibited significant decreases in 30-, 90-,
and 180-day SPI duration. The magnitude of the decrease in
this area ranges from 10 to 15 days decade !, meaning that the
time elapsed between the annual maximum and minimum SPI
has decreased by approximately 70-90 days over the study
period (Fig. 5). Unlike variability magnitude, the changes in
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duration do not necessarily reflect trends in precipitation var-
iability but could instead illustrate changes in the seasonality of
those extremes. For example, Fig. 7a shows the months in
which the annual maximum and minimum 30-day SPI values
occurred in Chicago, Illinois between 1951 and 2019. The lines
indicate the time elapsed between the annual extremes, and
the endpoints are colored based on the extreme (blue =
maximum, red = minimum). It should be noted that there are
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FIG. 5. Maps show trends in (top) intra-annual variability magnitude and (bottom) transition duration. Magnitude units are in change in
SPI per decade, and duration trends are shown as days per decade. Black contours highlight areas with statistically significant trends.

two occurrences of the annual maximum and annual minimum
SPI values occurring in the same month in Chicago, in 1981 and
2013. This phenomenon is caused by a very intense precipita-
tion event following a prolonged dry period, and they are

denoted in Fig. 7a as a lone red point. The frequency of very
short durations has increased in recent years (Fig. 7a). The
10-yr average intra-annual variability duration is lowest in
the most recent 2010-19 time period, at just over 2 months

T T
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FIG. 6. Annual minimum and maximum 90-day SPI in St. Louis, Missouri, between 1951
and 2019. The red and blue lines indicate trends in annual minimum and maximum SPI,
respectively.
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FIG. 7. (left) Points show the month of occurrence of the (red) annual minimum and (blue) annual maximum
30-day SPI in Chicago, Illinois. The black lines connect the end points and indicate the number of months elapsed
between annual extremes. (right) The 10-yr average intra-annual transition duration (in months) in Chicago,

Illinois.

(Fig. 7b). This compares to a 69-yr average duration of nearly
four months in Chicago.

c. Transitions

Along with the evaluation of SPI extremes variability
within a calendar year, we examine transitions to account for
extremes that occur within a calendar year or span calendar
years. A transition begins when SPI crosses a threshold (+1.6
or —1.6) and ends when SPI crosses the opposite threshold
(Fig. 1). Transitions are characterized in two ways. The first is
the frequency of transition occurrence, which is the total
number of transitions in a period of time. The second is the
transition duration, which is the time period (in days) that
elapses between the SPI extremes. Maps of climatological
(1951-2019) transition frequency indicate highest frequency
in the northwest Midwest and Great Lakes region, while

30-day SP!

90-day SPI

90- and 180-day transition frequency exhibit a marked
southeast to northwest gradient, with the highest frequency
in parts of Minnesota and the Dakotas (Fig. 8). Overall,
30-day SPI transitions have a return interval ranging from
once every year in parts of Minnesota, North Dakota, and
Indiana, to once every 2.5 years in parts of Kansas and
Oklahoma. The 90- and 180-day SPI return intervals range
from every 1.7 to 4.6 years, and from 2.8 to 9 years, re-
spectively (Fig. 8).

The higher frequency of transitions in the northwest
Midwest is caused in part by a larger overall range of annual
maximum and minimum SPI (Fig. 2). Average transition du-
ration does not exhibit a consistent spatial pattern between 30-,
90-, and 180-day SPI (Fig. S2), and overall has a lot of spatial
variability. Interestingly, transition duration does not appear to
be heavily influenced by transition frequency.

180-day SPI
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F1G. 8. Climatological (1951-2019) interannual transition frequency in (left) 30-, (center) 90-, and (right) 180-day SPI.
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FI1G. 9. Interannual transition duration trends (days per decade), calculated from 1951 to 2019. Trends are shown for (left) 30-, (center) 90-,
and (right) 180-day SPI. The black contours denote areas with statistically significant duration trends.

To better understand recent changes in transitions, we
assessed trends in transition duration and changes in fre-
quency. Transitions do not occur every year in most places in
the Midwest. In fact, transitions may be clustered in time, with
multiple transitions in one calendar year and no transitions in
years prior or subsequent. This complicates trend calculation
over time. Therefore, we compute the change in transition
duration, but substitute events for time as the increment. To do
this, for each nClimDiv grid cell we align all transition events
chronologically, and then compute the duration trend over the
series of events. Therefore, the resulting event duration trend
is in units of days per transition instead of days per year, as was
the case for intra-annual variability.

Figure 9 shows the spatial patterns of dry to wet and wet to
dry transition duration across the Midwest. Areas in the Upper
Midwest, including parts of Wisconsin, lowa, and Minnesota
exhibit significant increases in both wet to dry and dry to wet
30-day SPI transition duration, meaning more time is elapsing
between wet and dry extremes in this area. Very few areas are
exhibiting significant negative duration trends for 30-day SPI.
Duration trends for 90- and 180-day SPI are more spatially
coherent, including significant increasing dry to wet transition
duration trends in eastern Indiana and much of Ohio. On the
other side, wet to dry transitions exhibit significant decreasing
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duration trends (i.e., shorter time between extremes) in a large
part of Missouri, Illinois, Indiana, and Ohio for both 90- and
180-day SPI. Both significant increasing and decreasing du-
ration trends are on the order of 5-15 days per event. The
juxtaposition of increasing dry to wet transition duration and
decreasing wet to dry transition duration in parts of Indiana
and Ohio suggests that in this area transitions from dry to
wet conditions are occurring more slowly while transitions
from wet to dry conditions are occurring more rapidly.
Concurrently, the significant decreasing 90- and 180-day SPI
transition duration trends in southern Illinois and eastern
Missouri are consistent with increased annual SPI range
(Fig. 5), suggesting that this area has experienced larger pre-
cipitation variability along with a more rapid transition to ex-
tremely dry conditions.

It is critical to note that the trends in Fig. 9 are calculated
over transition events and not over time, which can complicate
interpretation of the results. One can imagine a situation with a
significant trend in transition duration but where all transitions
occur in the first 20-30 years of the study period. Therefore, a
more comprehensive assessment of changing extreme transi-
tion risk would include both duration and frequency. To meet
this need we complement duration trends with assessment
of changes in the frequency of wet to dry and dry to wet
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FIG. 10. Areas are colored depending on the joint change in interannual transition duration and frequency. Areas in which transitions are
denoted as happening “‘quicker” are those with statistically significant, negative duration trends.

transitions. Specifically, we subtract total transition frequency
in the period 1952-84 from the total transition frequency in the
later period 1985-2019. Maps of frequency changes are shown
in Fig. S3; we did not compute statistical significance of the
changes because 1) the small number of events (i.e., few de-
grees of freedom) make for nonrobust significance estimates
and 2) the frequency changes are only used to complement
transition duration trends. That is, we are most interested in
those areas in which transitions are happening more or less
frequently and more or less quickly.

We combine the transition duration and frequency changes
to evaluate the overall changing risk of transitions in precipi-
tation extremes in the Midwest (Fig. 10). Areas of the Midwest
are colored in Fig. 10 depending on the combination of dura-
tion and frequency changes. Red shading, for example, indi-
cates an area with both a statistically significant negative
(decreasing) duration trend and a positive frequency trend.
In other words, red areas are those in which transitions are
happening both more frequently and more rapidly. Orange
shading indicates areas with more frequent transitions with
significantly higher duration (i.e., slower onset). Yellow shad-
ing indicates more frequent transitions with no significant
trend in duration. White shading indicates no change in fre-
quency or duration. Green shading indicates areas with less
frequent transitions with no significant trend in duration. Teal
shading indicates areas with less frequent transitions but sig-
nificantly shorter duration, and blue shading indicates areas
with less frequent transitions with significantly longer duration.
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For 30-day SPI, most of the eastern and southeastern areas of
the Midwest have experienced increased transition frequency
with no significant change in duration, while the northwestern
quadrant has mostly experienced decreased frequency, also
with no significant change in duration. In contrast, the larger
red areas in the 90- and 180-day SPI maps in Fig. 10 indicate
parts of Missouri, Illinois, Indiana, and Ohio have experienced
more frequent and more rapid wet to dry transitions over the
last few decades.

4. Discussion and conclusions

The U.S. Midwest has experienced positive (i.e., increasing)
trends in total annual precipitation and precipitation intensity
over the last century (Winkler et al. 2012; Janssen et al. 2014;
Angel et al. 2020). Consistent with increased precipitation, the
overall frequency of meteorological drought has decreased in
the region over the same time period (Strzepek et al. 2010;
Maxwell et al. 2016). However, both observations and model
projections indicate recent and future seasonality in Midwest
precipitation changes and overall more variability (Pryor et al.
2013; Dai et al. 2016; Swain and Hayhoe 2015; Zhao et al.
2020). Dai et al. (2016) in particular find opposing seasonal
precipitation trends in the Midwest, with increasing precipi-
tation in the early growing season and decreasing precipitation
in the late growing season. Our results corroborate these pre-
vious studies, as we find observation-based evidence of long-
term increases in annual median SPI across the Midwest.
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However, trends in the annual maximum SPI are generally
larger than those in annual minimum SPI. Areas of Iowa,
Missouri, Illinois, and Indiana exhibit a significant, positive
trend in annual maximum SPI without an accompanying sig-
nificant annual minimum SPI trend. Consequently, areas such
as eastern Missouri and southern Illinois show significant in-
creases in intra-annual SPI variability over the last seven de-
cades in response to increasing wet extreme magnitude with
no significant change in dry extreme magnitude. Previous
studies demonstrate the considerable economic and environ-
mental impacts of increased seasonal precipitation variability
and extremes magnitude in this region (Loecke et al. 2017,
Tomasek et al. 2017; Swanston et al. 2018). For example,
Baeumler and Gupta (2020) show that river nitrogen loads in
the Midwest are directly attributable to precipitation in the
region. Increased precipitation can increase river nitrogen
loads, which can also proliferate the presence of harmful
algal blooms if followed closely by a dry extreme (Chapra
et al. 2017).

Along with changes in intra-annual precipitation variability,
we also document recent changes in precipitation extremes
transitions. Specifically, we find both 90- and 180-day wet to dry
transitions are increasing in frequency across southern Illinois,
Indiana, and Ohio, while also decreasing in duration. This in-
dicates that at 90- and 180-day time scales, dry extremes follow
wet extremes with significantly decreasing transition time.
These findings are in line with studies on rapid-onset or ““flash”
drought in the Midwest (Ford and Labosier, 2017; Basara et al.
2019). As Otkin et al. (2018) describe in their review, flash
droughts are associated with precipitation deficit compounded
by elevated atmospheric evaporative demand, resulting in a
rapid depletion of soil moisture and resultant moisture stress to
crops and native vegetation. Although we do not explicitly
assess flash drought in this study, our results suggest that in the
south-central part of the Midwest, dry extremes are following
wet extremes with decreasing transition time. This also results
in a decrease in warning time, which can exacerbate drought
impacts (Otkin et al. 2015).

It is important to note the study limitations, including both
the methods for identifying transitions and for assessing trends.
We chose to examine wet and dry extremes and the transition
between them using SPI over 30-, 90-, and 180-day intervals.
Certainly, longer-interval (e.g., 12, 18, 24 months) extremes are
an important component of the Midwest climate, and transi-
tions in multiyear extremes are worthy of further investigation.
However, extremes on subseasonal to seasonal time scales, and
the significant impacts thereof, were the ultimate motivation of
this study. The transition identification methods used here,
adopted from DL20, can characterize extremes that span
multiple calendar months, seasons, and years, which is an ad-
vantage over previous related studies. However, using the
method to identify transitions in precipitation extremes results
in a time series of sporadically occurring events that does not
lend itself to straightforward statistical manipulation. To cir-
cumvent the issue of statistical significance estimation for trend
analysis, we used bootstrap resampling to estimate confidence
intervals. Likewise, we calculated transition duration trends in
units of days per event instead of days per year.
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Overall, we find that the Midwest has gotten wetter over the
last seven decades, and that in general the annual maximum
and median SPI values have increased at a larger magnitude
than the annual minimum SPI. We find large areas of the
southern Midwest have experienced a significant increase in
the annual SPI range and corresponding magnitude of vari-
ability between annual minimum and maximum precipitation
extremes. When assessing extremes and transitions between
extremes that can span multiple calendar years, we find wet to
dry transitions in the southern Midwest have largely increased
in speed and frequency. That is, dry extremes are following wet
extremes with less time between, resulting in a more rapid wet
to dry transition. These findings follow numerous studies in-
dicating increased precipitation and precipitation variability in
the Midwest, in the form of seasonally diverging precipitation
trends. Although this study was focused on the detection and
statistical analysis of variability and transitions in precipitation
extremes, further studies will focus on the drivers of such
changes in variability and transitions. For example, Dong et al.
(2018) find competing impacts of thermodynamic and dynamic
responses to global warming on subseasonal precipitation
variability in the United States. It remains to be seen how
dynamic and thermodynamic processes act and interact to in-
fluence precipitation extremes and transitions between them.
Additionally, future investigation should focus on projected
changes in precipitation extremes, transitions between ex-
tremes, and overall Midwest precipitation variability as a re-
sponse to continued warming.
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