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ABSTRACT: The southern Great Plains (SGP) is defined by hydrometeorological swings between dry and wet extremes.
These swings exacerbate the climatological gradients of moisture (from east to west) and temperature (from south to
north), which can impact the agricultural production of the region. Thus, it is key to understand extremes to sustainably
maintain agricultural success in the region. This study investigates the wet extremes, or extreme precipitation events, that
have become more prominent in the last two decades. Data from 108 U.S. Historical Climatology Network stations were
analyzed for the 1950-2020 period to detect changes in the frequency and magnitude of extreme precipitation events. Re-
sults show that changes in the magnitude of extreme precipitation are isolated and scattered across the SGP, with only the
winter season showing regional shifts in extreme precipitation magnitude. Changes in the frequency of extreme precipita-
tion events were noted across the entire SGP, although the changes in frequency are more notable in the eastern SGP than
in the western SGP. Analysis shows that the increased number of events detected is driven more, but not exclusively, by
the increasing spatial extent of individual extreme precipitation events than by an increased number of events. Overall,
these results depict the changing nature of extreme precipitation within the SGP and differences in extreme precipitation

between the eastern and western SGP.

KEYWORDS: Extreme events; Precipitation; Trends

1. Introduction

The Great Plains (GP) region of the United States is de-
fined by two different climatological gradients: the west-to-
east increase of precipitation and the north-to-south increase
in temperature (Borchert 1950; Christian et al. 2015; Flanagan
et al. 2017; Qiao et al. 2017; Tollerud et al. 2018; Adhikari
et al. 2019; Mullens and McPherson 2019). These gradients
create a special hydroclimatic pattern across the GP, where
seasonally, regions of the GP do not receive enough precipita-
tion relative to evaporation (Seager et al. 2018; Adhikari et al.
2019; Adhikari and Hansen 2019). This is especially true in
the southern GP (SGP) where the western SGP receives sig-
nificantly less precipitation than is lost to evapotranspiration
during the summer. Even so, agriculture and livestock pro-
duction are common across the western region. Further, the
warmth of the SGP, as compared with the northern GP
(NGP), creates a very different hydroclimate regime. In the
NGP, soil moisture recharges earlier in the winter period
prior to the soil freezing, relative to the SGP where the soil
moisture state is closely tied to draw down from plant transpi-
ration during the late spring and summer and recharge during
the late autumn, winter, and early spring (Illston et al. 2004).
This creates two different springtime hydroclimate regimes,
where in the NGP the springtime thaw can introduce large
amounts of water to the hydrological system, which, along
with extreme precipitation can lead to very large floods, such
as the historic flood of 2019 (Flanagan et al. 2020). In the
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SGP, the lack of a true thaw in the spring does not create this
situation and thus river flooding due to excessive water is
more dependent on excessive precipitation over time rather
than one extreme precipitation event, such as in the May 2015
flooding of Oklahoma and Texas in the Red River watershed
(Simon Wang et al. 2015; Wugofski 2019).

Beyond the hydroclimatic perspective, extreme precipita-
tion also has large implications for agriculture and livestock.
While large-scale floods are not as common in the SGP as in
the NGP, flash floods can still lead to widespread damages in a
region, especially to agriculture and the ecosystem (Michaud
et al. 2001; Westra et al. 2014; Mallakpour and Villarini 2015;
Mullens 2021). Flash floods can cause large amounts of soil
disturbance and riverbank erosion that permanently alters the
ecosystem and landscape. While agricultural fields are not as
susceptible to impactful erosion like grazing lands if managed
properly (Joyce et al. 2001; Thornes 2007; Papanastasis 2009),
removal of topsoil through heavy precipitation is still a real
threat to agricultural lands especially during fallow periods
(Pimentel et al. 1987; Montgomery 2007). Large amounts of
precipitation with copious runoff can impact agriculture by dis-
turbing the soil at varying times during the growing season, in-
cluding planting, seeding, and fallow periods in which the soils
and crops are at particularly delicate stages in their life cycles
(Neild 1982; Urban et al. 2015; Mékinen et al. 2018; Liu and
Basso 2020). In addition, timing of fertilizer and irrigation use
is critical as an extreme precipitation event immediately after
fertilization and irrigation could yield damage to the ecosys-
tem or excessive runoff and possible erosion damage to the ag-
ricultural land (Patrignani et al. 2014; Ghimire et al. 2018).
The result of this is the infiltration of pollutants into river
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systems after heavy precipitation events. This leaking of pollu-
tants can damage the river ecosystem of the region, with
greater impacts from this contaminated runoff after heavier
precipitation events or floods (Sharpley et al. 1987; Rosenberg
and Smith 2009). Thus, improved knowledge of the climate of
extreme precipitation in the SGP is necessary for the develop-
ment of conservation or best management practices to foster
sustainable agricultural practices within the region.

Given the importance of the SGP in terms of agricultural
production in the United States, the region has been a focus
for hydroclimate research, especially related to the region’s
extremes. The Fourth National Climate Assessment (NCA4)
noted the changes in precipitation across the SGP and found
that the amount of precipitation in the heaviest events, or
magnitude of extreme precipitation, has been increasing, even
as overall precipitation appears to be declining in the region
(Hayhoe et al. 2018). They also found that precipitation ex-
tremes were projected to increase in the SGP in all CMIP5
emission scenarios and locally constructed analogs (LOCA)
downscaled climate model analyses. To that end, many stud-
ies on SGP extreme precipitation focus on the analysis of fu-
ture precipitation extremes. Janssen et al. (2014) analyzed
U.S. Cooperative Observer Network station data and CMIP5
model data to find that extreme precipitation is increasing
over portions of the United States, including the SGP. Kunkel
et al. (1999) also analyzed station data across the United States
for trends within extreme precipitation frequency and found
that areas from the southwestern United States across the Great
Plains and into the midwestern United States showed positive
and statistically significant trends in the occurrence of 7-day
1-yr return period precipitation events for the 1931-96 period.

These results are not unique and many studies (e.g., Kunkel
et al. 1999; Min et al. 2011; Higgins and Kousky 2013; Mullens
et al. 2013; Feng et al. 2016; Easterling et al. 2017; Bartels et al.
2020; Kunkel et al. 2020; Davenport et al. 2021; Moustakis
et al. 2021), with varying degrees of certainty, show that ex-
treme precipitation is increasing across the GP, including the
SGP. The causes of these increases are varied and include
links to increased atmospheric moisture through either cli-
mate change or changes in the GP low-level jet (GPLLJ; Min
et al. 2011; Feng et al. 2016; Kunkel et al. 2020; Davenport
et al. 2021), internal climate variability (Kunkel et al. 1999;
Higgins and Kousky 2013), and changes in convective storms
in conjunction with either of the previous causes (Feng et al.
2016; Easterling et al. 2017; Moustakis et al. 2021). It is likely
that the drivers of the increases in extreme precipitation are
seasonally linked, rather than a single persistent annual driver
(Ruiz-Barradas and Nigam 2010; Mullens et al. 2013; Davenport
et al. 2021) and thus necessitating a seasonal analysis of ex-
treme precipitation at fine scales. Further, the hydroclimate
of the SGP is driven by a variety of phenomena, primarily
through the GPLLJ (e.g., Helfand and Schubert 1995; Higgins
et al. 1997a; Ting and Wang 1997; Ruiz-Barradas and Nigam
2005; Berg et al. 2015), organized convection (Fritsch et al.
1986; Wang et al. 2013; Feng et al. 2016; Haberlie and Ashley
2019; Hu et al. 2021), and the dryline (Hoch and Markowski
2005; Mitchell and Schultz 2020). Given that these factors
work at different times of the year, a seasonal analysis will
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FIG. 1. Map of the study area. The color-filled circles represent
stations used within the study, and the open circles represent sta-
tions that were excluded by the 10%-or-more-missing-data filter.
The background map color fill is terrain height (m). The color fill
in each circle is the annual precipitation climatology (mm) for the
USHCN stations over the SGP.

provide more information on the impact of each factor on ex-
treme precipitation trends.

Although previous research has investigated extreme pre-
cipitation in the SGP, many of these studies have not focused
on the station-level changes to extreme precipitation but
rather on a regionally or climate division averaged view of ex-
treme precipitation (e.g., Kunkel et al. 1999; Min et al. 2011;
Higgins and Kousky 2013; Easterling et al. 2017; Bartels et al.
2020; Kunkel et al. 2020; Davenport et al. 2021; Moustakis
et al. 2021). The objective of this research was to break down
those coarser area average views into the station-level assess-
ment and to provide in-depth statistics for extreme precipitation
climatology and any trends associated with this climatology in
the SGP region. A secondary objective is to identify linkages
between these statistics, spatially and temporally, with previ-
ously investigated causes of the trends in extreme precipitation
frequency and magnitude within the SGP. The results from this
research will improve our understanding of trends in the fre-
quency and magnitude of extreme precipitation in the SGP at
the station or local level, which will also aid in establishing the
links between these trends and extremes and the causes of the
enhanced precipitation in the study area.

2. Data and methods
a. Station data criteria

We have used data from the stations located within Col-
orado, New Mexico, Kansas, Oklahoma, Texas, Arkansas,
and Louisiana (Fig. 1). Because there is no single dominant
watershed within this region, several watersheds were of focus,
including but not limited to the Red River, the Colorado
River, and the Arkansas River. Given the influence of terrain
on extreme precipitation, stations west of 105°W within
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Colorado and New Mexico were not used. Further, stations
east of 91°W were removed to provide focus on the southern
plains and Gulf Coastal plains region, hereinafter defined as
the SGP in this work. The region was defined in a way so that
we could include observations from watersheds that would
provide a complete understanding of extreme precipitation
within this hydroclimatic region. Given the different climates
of the western and eastern SGP, stations were split along the
100°W longitude to define the eastern SGP (east of 100°W)
and western SGP (west of 100°W).

U.S. Historical Climatology Network (USHCN; Menne
et al. 2012) daily, version 3, data were chosen because of their
long period of record, quality, and spatial density of observa-
tions. A total of 108 stations (of 171 total SGP USHCN
stations) were selected with data from 1 January 1950 to
31 December 2020, with a maximum of 10% missing observa-
tions (Fig. 1). Note that increasing the missing data require-
ment to 20% only added 7 stations to the analysis and thus
did not increase the number of stations significantly. Although
the number of stations is unequal between the two subre-
gions, analysis of extreme precipitation completed shows that
both regions are distinctly different with regard to extreme
precipitation and thus warrant the additional separate analy-
ses. One caveat of note for this study is the definition of a day
within this particular dataset. Numerous data sources are con-
tained within the USHCN-Daily dataset, with the most promi-
nent being from the NWS’s Cooperative Observer Program
(COOP). The COOP daily summaries are considered to be
primary sources of observational data for the USHCN-Daily
dataset being created using manual observations, and thus nu-
merous stations with the USHCN-Daily dataset are from the
COOP network, given that they pass the period of record and
quality checks mentioned in Menne et al. (2012). However,
using the COOP network means that the 24-h period over
which observations are taken for a “daily” summary is depen-
dent on when the observations are taken at each station.
Thus, the 24-h daily precipitation observations may represent
different 24-h periods when compared with one another.
However, the USHCN dataset addressed this “time of obser-
vation bias” issue and mitigated it as much as they could
(Durre et al. 2010; Menne et al. 2012). Given that time of ob-
servation is not recorded within the USHCN-Daily dataset, it
is not possible to determine from which 24-h periods each
daily precipitation measurement is taken. Nonetheless, while
these (and more) caveats and biases are known to exist within
the USHCN dataset, this time series is composed of the lon-
gest and most consistently recorded observations.

b. Extreme event definition

The methodology used in this study is the same as that used
in Flanagan and Mahmood (2021) in which extreme precipita-
tion events are defined using the top 1% (99th percentile) of
all events and by the annual station maximum precipitation
(highest precipitation amount recorded by each station during
the year) amount. Further, this definition was extended to all
stations and per station. The “all station” extreme definition
uses all precipitation days (precipitation = 0.0 mm) from all
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stations and hence, a regionwide climatology providing a sin-
gle threshold from precipitating days from a time series com-
posed of all precipitation events from all stations throughout
the 1950-2020 period. The “per station” extreme precipitation
climatology considered each station separately, thus calculat-
ing a separate threshold from all precipitation days at each
station. This was used to provide a local analysis of each sta-
tion and to identify local changes in the magnitude of extreme
precipitation. Because daily totals were used in this analysis, it
is possible that a multiday extreme precipitation event occurred
across the boundary of 2-3 days and thus not be identified as an
extreme event. Because of this, an analysis measuring the 99th-
percentile threshold and annual maximum threshold trends in
3-day sums of precipitation was completed. These results showed
similar results to what was found when daily totals were used to
identify extreme precipitation events and thus our analysis fo-
cused on the extreme precipitation events identified using 1-day
totals. In addition, it should be mentioned that all methods used
to define precipitation thresholds in this study did not include
no-precipitation (0.0 mm) days.

Because of the seasonality in precipitation within the SGP
(Mock 1996; Livneh and Hoerling 2016; Flanagan et al. 2017,
2018) the analysis was broken down into seasons including winter
[December-February (DJF)], spring [March-May (MAM)],
summer [June-August (JJA)], and autumn [September—November
(SON)]. A shifted definition of seasons was also used in
which winter is defined as January—March (JFM), spring is
April-June (AMJ), summer is July-September (JAS), and
autumn is October-December (OND). This definition is
more attuned to the timing of the GPLLJ, which is vitally
important to the precipitation of the SGP (Song et al. 2005;
Ruiz-Barradas and Nigam 2005, 2006; Cook et al. 2008;
Weaver and Nigam 2008). Frozen precipitation is recorded
as its water equivalent in the USHCN time series. Thus, a
separate analysis of frozen precipitation, such as snow, hail,
or freezing rain, was not included in this study. Due to sta-
tions near the Gulf of Mexico being included in this analysis,
an assessment was done by removing tropical cyclone (TC)
events to determine if they had an impact on the results. To
complete this, landfalling TC events were removed from the
analysis along with the top 10 precipitation-producing TC
events for Texas, Oklahoma, and Louisiana to eliminate the
impact of inland precipitation from post landfalling TC
events. This analysis showed that either including or remov-
ing TC events produced very similar results. The primary
difference between the two is that a few stations either lost
statistical significance or gained statistical significance across
the entire domain. Thus, our analysis includes TC events
within the extreme precipitation dataset.

Analogous to Flanagan and Mahmood (2021), the temporal
increase or decrease, that is, trends in extreme precipitation
frequency (counts) and magnitude (annual maximum or 99th
percentile) were calculated using a Theil-Sen’s trend estima-
tor built into the National Center for Atmospheric Research
(NCAR) Command Language (NCL; https://doi.org/10.5065/
D6WD3XHS). Given the large range of extreme precipitation
values, a method insensitive to outliers to calculate these trends
was necessary. Theil-Sen’s trend estimations are insensitive to
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outliers and thus is significantly more accurate than simple lin-
ear regressions (Wilcox 1999). Trends using Theil-Sen’s estima-
tion method are calculated by fitting a line through all pairs of
points in the dataset and then determining the median of the
slopes of those lines. Mann—-Kendall was used along with the
Theil-Sen’s trend estimator to test for significance (p value
of 0.05 or the 95th-percent significance level) of the calcu-
lated trends. The Mann-Kendall test is a rank-based, non-
parametric statistical test that compares the differences in
signs between earlier and later data points to detect any trends
within the chronological data (Mann 1945; Kendall 1975). Using
this methodology, annual trends were estimated using a time se-
ries of annual maximum events or events that surpassed the
99th-percentile threshold. Seasonal trends were estimated in
the same fashion, but from the time series computed from each
3-month period.

To rule out the impact of autocorrelation within each
station’s precipitation time series, autocorrelations were calcu-
lated and tested against two-tailed confidence intervals using
an N of 108. Any time series with significant autocorrelations
were tapered with a split-cosine-bell tapering (prewhitening)
using a prebuilt NCL command (taper) on 10% of the station’s
time series. Comparison between these results and those with-
out tapering showed little difference, and thus the tapered
time series were used for the analysis.

Similar to Flanagan and Mahmood (2021) and as used in
Howarth et al. (2019), two different methods were used to ob-
jectively count extreme precipitation events. This was done to
analyze trends and changes in the frequency of extreme precipi-
tation in the SGP. The set thresholds were used to analyze the
frequency of events near the all-station 99th-percentile threshold
(75 mm) and approximately 50 mm (i.e., 125 mm) and 100 mm
(i.e., 175 mm) above the 75-mm threshold. We adopted this ap-
proach because of the wide range of 99th-percentiles across the
SGP region. Thus, setting a threshold near the regionwide 99th
percentile would depict the regional differences in the eastern
and western SGP. Included was a unique event method and ev-
ery event method. In the unique event method only a single
event that crosses the three thresholds (75, 125, and 175 mm)
was counted for any day. Once a single event was detected at
any station, the method would move to the next day and start
again. Thus, this gives a count of extreme precipitation events
that is disconnected from their spatial patterns and is more fo-
cused on the frequency of the events. The second method
counted every single event that crossed any of the three thresh-
olds across the entire domain. Thus, multiple precipitation events
could be counted for any day. When the trends are compared be-
tween the two methods, changes in the spatial extent of extreme
precipitation events in the SGP can be examined. If the trend in
the number of unique events is not increasing in frequency
but the count of every event is increasing, or the trend using
the count of every event is increasing at a larger rate than the
unique event trend, then it is likely that the spatial extent of the
extreme events is increasing rather than the frequency alone.
The unique event method ignores the impact of multiple ex-
treme precipitation events (different precipitation events in dif-
ferent regions of the SGP) on the same day. Thus, it is not
possible to account for multiple unique extreme precipitation
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events on a given day within the unique event methodology. Still,
comparing the extreme precipitation event counts calculated
from all events crossing the various thresholds (every event) and
the method counting only a singular event each day that crosses
the threshold (unique event) provides an understanding of the
change in the spatial extent of extreme precipitation in the SGP.
Trends were calculated across the entire time series, with mean
number of events per year being calculated through each half of
the time series with a prior to 1984 and after 1984. Other split
points were tested (i.e., 1970 and 1995), but results were nearly
identical to the 1984 split point.

3. Results
a. SGP precipitation climatology

It is well known that annual precipitation in the SGP de-
creases from east to west, from over 1500 mm yrf1 in the far
eastern SGP to around 200-300 mm in the far western SGP
(Borchert 1950; Christian et al. 2015; Mullens and McPherson
2019; Fig. 1). This decrease of precipitation is also associated
with a decrease in frequency and magnitude of extreme pre-
cipitation events (Fig. 2a). The number of all-station 99th per-
centile precipitation events decrease from around 150-200
events over the 70-yr (1950-2020) period in the southeastern
SGP (Louisiana) to less than 25 in the western SGP (Fig. 2a).
The magnitude of these extreme precipitation events also
changes from east to west (Fig. 2a). However, this change is
different from the frequency, as larger station maximum pre-
cipitation events occur in the central SGP (Fig. 3a). Station
maximum precipitation events above 300 mm occur primarily
along the Louisiana and Texas coastline. Events of this large
magnitude are also found inland and thus are likely not associ-
ated with landfalling tropical cyclones but can also be connected
to convective activity prevalent within the SGP (Doswell et al.
1996; Schumacher and Johnson 2005; Haberlie and Ashley 2019)
or large-scale systems such as post landfall tropical cyclones. Across
most of the central and western SGP, the isolated nature (large-
magnitude events not surrounded by similar magnitude observa-
tions) of the station maximum events from around 100-200 mm
seems affiliated with isolated or organized convection.

This is summarized in Fig. 2a, which shows each precipita-
tion amount greater than 99th percentile, using the all-station
99th-percentile threshold (73.7 mm). Stations west of 100°W
have far fewer 99th-percentile precipitation events relative
to the eastern SGP when the same threshold is used for all
stations. These results hold even if a 99th-percentile threshold
using only stations from their respective region, that is, the
eastern and western SGP (Fig. 2b), is computed. Although
the number of events in the western SGP increases relative to
the eastern SGP, the overall number of events per station is
still larger in the eastern SGP than in the western SGP. Fur-
ther, the 99th-percentile threshold decreases from 78.0 mm in
the eastern SGP to 50.8 mm in the western SGP. Given these
results, separate climates of extreme precipitation exist across
the SGP. The much larger frequency of extreme precipitation
events in the eastern SGP cannot be explained solely by land-
falling tropical systems as they only occur in the later portion
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FIG. 2. The magnitude (mm) of each (a) above-all-station-99th-percentile-threshold precipitation event and

(b) above-99th-percentile-threshold precipitation event defined using only western (left side of each plot) and
eastern (right side of each plot) SGP stations for the 19502020 period. Large-font values at the top represent the num-
ber of events per station for the 71-yr period, and small-font values represent the value of the 99th-percentile threshold
used for those stations. Black data points represent the station maximum precipitation event that occurred for that sta-
tion across the 1950-2020 period. Stations are ordered by their longitudinal position from west (left-hand side) to east

(right-hand side). The solid line at —100° longitude value separates the eastern and western SGP stations values.

of the year and do not occur frequently, with only a few a
year at most (Lyons 2004; Doyle 2009). A driver of heavy pre-
cipitation in the eastern SGP is organized convection, such as
mesoscale convective systems (MCSs), which can produce ex-
cessive precipitation amounts across wide areas. These occur
mainly in the eastern GP (within both the NGP and SGP) and
thus would solely increase the frequency of extreme precipita-
tion events in the eastern SGP.

The seasonal analysis of station maximum precipitation
events further displays the differences between the western
and eastern SGP. Large-magnitude (=125 mm) station maxi-
mum precipitation events are concentrated in MAM, JJA,
and SON (Texas mainly) west of 100°W, while east of 100°W
large-magnitude events appear across all four seasons espe-
cially near the Texas and Louisiana coastlines. During SON
(Fig. 3b) and DJF (Fig. 3c), most station maximum precipita-
tion events west of 100°W are less than 100 mm (all stations in
DJF, 23/31 stations in SON) with few stations seeing events
around 150-250 mm (8 of 31 stations in SON). During MAM
(Fig. 3d) and JJA (Fig. 3e), stations west of 100°W observe
larger station maximum events above 100 mm with more of
the stations going over 150- or 200-mm events (12 of 31 in
MAM and 22 of 31 in JJA) in comparison with SON and
DJF. In the eastern SGP, greater than 150 mm station maxi-
mum events are found across all four seasons. Closer to the
coastline, the station maximum events are very large, with
>200-mm precipitation events during all four seasons. In the
central SGP, season maximum events are larger during the
convectively active portions of the year (MAM, JJA, and
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SON) with widespread larger-magnitude events in JJA and
SON. This result is likely linked, again, to organized convec-
tion such as MCSs that tend to occur predominantly during
this time of year (Fritsch et al. 1986; Wang et al. 2013; Feng
et al. 2016; Haberlie and Ashley 2019; Hu et al. 2021) and or
tropical cyclone events during the late summer and early au-
tumn seasons.

b. Annual and seasonal extreme precipitation trends
1) STATION MAXIMUM PRECIPITATION TRENDS

Analysis of annual station maximum precipitation trends
(Fig. 4a) show a spatially scattered pattern of statistically sig-
nificant increasing trends across the SGP. Only a single statis-
tically significant negative trend is seen in the far western
portion of the study domain. The predominant signal in statis-
tically significant trends is increasing in station maximum an-
nual events. Two distinct areas of statistical significance are
observed, one across the coastal areas of eastern Texas and
Louisiana and the other in the spring and summer convective
regions of the central and northern SGP. The statistically sig-
nificant coastal trends are above >0.5 mm yr~ ! in magnitude,
while the central and northern SGP significant trends range
from 0.0 to 0.1 mm yr~! to >0.5 mm yr ' magnitude. The
noncoastal larger-magnitude statistically significant increasing
trends are primarily located within Oklahoma and Kansas, al-
though the localized nature of convection during spring and
summer could mask trends in these small-scale storms in the
less dense observation network in western and central Texas.
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FIG. 3. Station daily maximum precipitation amount (mm) between 1950 and 2020 for (a) annual, (b) SON, (c) DJF,
(d) MAM, and (e) JJA.

Seasonally, the station maximum analysis shows a few differ-
ent trends across the four 3-month periods analyzed. Outside of
the DJF period, statistically significant trends are very isolated
and scattered across the SGP, like the annual station maximum
precipitation trends (Fig. 4a). In SON (Fig. 4b), statistically signif-
icant increasing trends are very scattered across the entire inland
portion of the domain, with larger-magnitude (>0.5 mm yr™ ")
trends located across the Gulf of Mexico coastline. DJF (Fig. 4c)
shows widespread statistically significant increasing trends across
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the northern and central portions of the study area (Kansas,
Oklahoma, and northwestern Texas). MAM (Fig. 4d) and JJTA
(Fig. 4e) trends are generally like the annual (Fig. 4a) station
maximum trends. In MAM, the statistically significant trends are
primarily in the central portion of the domain, along the Kansas
and Oklahoma borders. In JJA, the statistically significant trends
are scattered across the inland portion of the SGP, with a more
concentrated region of statistically significant increasing trends
seen in eastern Colorado.
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FIG. 4. Regression slope analysis of annual maximum daily precipitation event by station for (a) annual, (b) SON,
(c) DJF, (d) MAM, and (e) JJA. The size of the circle and its color denote the magnitude (larger circles denote in-
creased magnitudes) determined through a Theil-Sen trend estimation method, with the filled circles showing a statis-
tically significant trend determined with a Mann—Kendall trend significance test. Prewhitening was completed on any
station with a statistically significant autocorrelation (two-tailed ¢ test with an N of 108). Units are in millimeters per
year, with significance measured at the 95% significance level (p value of 0.05).

2) 99TH-PERCENTILE PRECIPITATION THRESHOLD
TRENDS

Like the annual station maximum trends, the 99th-percentile
trends (Fig. 5a) depict scattered and increasing statistically sig-
nificant trends across the SGP. However, the large-magnitude
(>0.5 mm yr~') statistically significant trends along the coast-
line are not evident within the 99th-percentile trend analysis.
Statistically significant trends are found in Louisiana and
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eastern Texas near the coastline, but the stations are fewer
and the trends are lower in magnitude relative to the station
maximum trends (Fig. 4a). Further, while the statistical sig-
nificance is more consistent within the convectively active
region of the northern and central SGP, the trends are not
as large in magnitude relative to the annual station maxi-
mum trends, with no statistically significant trend found
over the 0.4-0.5 mm yr~ ! range.
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FIG. 5. As in Fig. 4, but for the 99th-percentile threshold.

Seasonally, outside of the DJF trends, the statistically sig-
nificant 99th-percentile trends are very isolated and scattered
across the SGP. The statistically significant increasing trends
do not go over the 0.5 mm yr~' in magnitude, with a majority
of the significant trends being in the 0.0-0.2 mm yr~ ' range.
SON (Fig. 5b) 99th-percentile trends show several statistically
significant increasing trends along the Gulf of Mexico coastline,
which is not seen in the annual 99th-percentile trend analysis. The
DIJF (Fig. 5c), MAM (Fig. 5d), and JJA (Fig. 5e) 99th-percentile
statistically significant trends depict nearly identical features as
those found in the station maximum analysis, however, with re-
duced magnitudes. DJF trends show widespread statistically sig-
nificant increasing trends in the northern and central portion of
the study domain. MAM and JJA trends are less consistent, with
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MAM showing a region of statistically significant increasing
trends along the Kansas and Oklahoma border, whereas JJA sta-
tistically significant trends are spatially very scattered.

c. Extreme precipitation event frequency
1) SGP EXTREME PRECIPITATION EVENT COUNT

The purpose of the analysis of the extreme precipitation event
counts, through counting using the unique event or the all-event
method, was to achieve a measure of change in frequency and
the spatial extent of the extreme precipitation events in the SGP.
While both the unique and all-event methodologies provide an
understanding of the change in frequency of events, comparisons
of the unique and all-event counts can assist in identifying the
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change in spatial extent of such events. If events are increasing at
a higher rate (larger trend) in the all-event count than in the
unique event count, then it stands to reason that the spatial ex-
tent of the extreme events is increasing. For the SGP unique
event counts (Figs. 6a,c,e), the number of extreme events (=75,
125, and 175 mm) are larger across the 1984 time boundary, and
thus it appears that extreme precipitation events are increasing
in frequency across this region. However, the all-event counts
(Figs. 6b,d,f) show a statistically significant increasing trend
(shown in Fig. 6 below each panel’s letter) that is larger in magni-
tude (3 times as large) in comparison with the unique event
counts. When considering percent change (calculated as the differ-
ence in means between the two periods divided by the earlier pe-
riod mean) within each figure, the change within the unique event
counts is larger when considering the 125- and 175-mm analyses.
Owing to the statistical significance of trends in both the unique
and all-event counts for the 75-, 125-, and 175-mm-threshold anal-
yses, changes in both the frequency and spatial extent of extreme
precipitation events can be inferred from these results.

2) SUBREGIONAL EXTREME PRECIPITATION EVENTS

Given the difference in the two SGP subregions, the extreme
precipitation event counts were also divided into eastern
(Figs. 7a,c) and western SGP (Figs. 7b,d) analyses. As indicated
previously, the number of stations is greater in the eastern SGP
than in the western SGP, and this distribution could impact their
comparisons. To address this issue, counts were completed by
randomly selecting 25 (25 of 77 for the eastern SGP and 25 of 31
in the western SGP) stations from each region (not shown).
Analysis of data from these 25 stations shows that the eastern
SGP had more =75-mm extreme precipitation events (mid-20s
per year) than did the western SGP (~3 per year). Thus, it ap-
pears that the number of stations is not impacting the analysis of
extreme precipitation events counts and the following analysis
was created using all stations in the eastern and western SGP.

In the eastern SGP (Figs. 7a,c), the distribution of events
through the all-event and unique event counts is like the fre-
quency analysis completed on the entire SGP region. The
unique event counts (Fig. 7a) depict a small increasing trend
(0.138 events per year) across the 71-yr period. The all-event
counts (Fig. 7c) show a larger increasing trend (0.348 events
per year), again identifying the importance of the increased
spatial extent of extreme precipitation events in the eastern
SGP within the analysis of >75-mm extreme precipitation
events. However, in the western SGP (Figs. 7b,d) the results
are different. For the lowest extreme precipitation threshold an-
alyzed, the number of unique and all-events =75-mm precipita-
tion appears to be decreasing in the western SGP (Figs. 7b,d),
but the Mann-Kendall slope analysis depicts a 0.0 trend for
both the unique and all-event counts in the western SGP.

3) SEASONAL DISTRIBUTION OF EXTREME
PRECIPITATION EVENTS

The seasonal distribution of precipitation in the SGP is bi-
modal with a peak in the late spring—early summer period and
a second peak during the early-autumn period (Malinowski
et al. 2007; Flanagan et al. 2017). The distribution of extreme
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precipitation events (=73.7 mm or the all-station 99th percen-
tile; Fig. 8) follows this climatological pattern, with more
events in the spring, summer, and autumn seasons than in the
winter season in both the western and eastern SGP (Fig. 8a).
This is more evident in the shifted seasonal analysis, which
was designed to match more with the climatology of the
GPLLJ. The AMJ, JAS, and OND 3-month periods (Fig. 8b)
show many more extreme precipitation events in both the eastern
and western SGP when compared with the JFEM 3-month period.
Even though lower in comparison with SON, extreme precipita-
tion events do occur in OND in the eastern SGP with increased
frequency relative to the JFM period. As such, it appears
that extreme precipitation in the eastern SGP occurs year-round,
although at a much-reduced rate during DJFM, whereas the
western SGP rarely has any extreme precipitation events during
the DJFM period.

4. Discussion

Although the drivers of the identified trends cannot be di-
rectly investigated using only precipitation data, inferences can
be made given the spatial patterns of the statistical changes.
Precipitation in the SGP is seasonally dependent (Flanagan et al.
2017), but results show that extreme precipitation occurs at all
times of the year, at least in the eastern SGP. While MAM,
JJA, and SON extreme precipitation events can be linked to
convection and convective systems such as MCSs (Fritsch et al.
1986; Wang et al. 2013; Feng et al. 2016; Haberlie and Ashley
2019; Hu et al. 2021), DJF extreme precipitation events are
more than likely linked to anomalously strong synoptic waves
(Deng and Jiang 2011; Grise et al. 2013). Thus, the casual mech-
anisms driving the increased magnitude of extreme precipita-
tion during DJF are different when compared with MAM, JJA,
and SON. While changes in GP extreme precipitation events
during MAM, JJA, and SON are likely linked to anomalies in
the GPLLJ, DJF extreme events occur independent of the
GPLLYJ and thus are likely related to changes in synoptic wave
characteristics or mean temperature changes.

Starting in the winter (DJF), analysis shows widespread cen-
tral GP (Oklahoma, Kansas, and Texas Panhandle) statistically
significant increasing trend. While the magnitude of the 99th
percentile (Fig. 5c) and annual station maximum precipitation
amount (Fig. 4c) trends are not large (>0.0-0.2 mm yr '), there
are widespread statistically significant trends across the north-
ern part of the study region, which is likely a continuation of
the results found in the southern portion of the Missouri River
basin (MORB) in Flanagan and Mahmood (2021). Although
the MORB includes Kansas, the pattern continues into most of
the central portion of the current SGP study area. Thus, this
pattern of positive trends in DJF is likely driven by the same
process, namely an increase in winter season air temperatures
across the central GP driving an increase in atmospheric mois-
ture. This increase in winter season atmospheric moisture can
be explained by Clausius—Clapeyron theory, which notes that
increase in temperature increases moisture holding capacity of
air leading to higher extreme precipitation events (Kunkel et al.
2013). Previous research has shown that in the SGP winter
(Mishra et al. 2012) subdaily precipitation extremes have a



402

Events Per Year

Events Per Year

Events Per Year

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

L L L
46.1389

L L L L
70 7 414571

60

40

30

10 4

1960 1980 2000 2020

Trend *0.111 events year!

1

T
8.54286

1960 1980 2000 2020

(©

Trend *0.071 events year!

n n 1 n n n 1
50 5
4.0 -

3.0 -

20 -

0.0 I LT
1960 1980 2000 2020

(e)

Trend *0.032 events year!

Events Per Year

Events Per Year

Events Per Year

1 n n
120 82,9722

L L L L L
[ 71.4286

80 |
60

40 |

o UL,
1960 1980 2000 2020

(b)
Trend *0.333 events year!

35

Il L L
14.6389

1 L s L
115143
30
25

20 4

15 o

10 4

o ML T
1960 1980 2000 2020

(d)

Trend *0.107 events year'!

| ! L
3.44444

Il L L
2.42857

8.0 ]
6.05
4_05
0.0 Bl L
1960 1980 2000 2020

®

Trend *0.032 events year’!
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stronger link between temperature and the amount of precipita-
tion received. Thus, it appears that the increasing winter ex-
treme precipitation trend found in this work is likely linked to
increased wintertime temperature over the central GP.

In the autumn (SON), few large (>0.4 mm yr~ ') statistically
significant trends are analyzed in the annual station maximum
(Fig. 4b) event analysis and 99th-percentile (Fig. 5b) trends
(>0.2 mm yr~') along the eastern SGP Gulf Coast (eastern Texas
and Louisiana). An analysis with TC events removed (not shown)
did not noticeably alter the results of the 99th percentile or station
maximum trends. TC event removal only slightly decreases the
trends along the coast and modify statistical significance of trends
of a few stations, thus negating TC events as the primary cause of
the increased magnitudes of extreme precipitation. An increase in
atmospheric moisture or moisture transport from the Gulf of Mex-
ico is likely linked to the increase of SON extremes in the SGP and
the Gulf of Mexico coastline. Further research is needed to investi-
gate whether landfalling atmospheric rivers (Gimeno et al. 2016),

Brought to you by University of Nebraska-Lincoln

anomalous Gulf of Mexico sea surface temperatures (SSTs), en-
hanced moisture transport into the GPLLJ from the Caribbean,
and an increase in convective activity is linked to this coastal in-
crease of extreme precipitation in the SGP. Outside of the statis-
tically significant trends along the coastline, few statistically
significant trends are seen scattered across the SGP region. Given
the random scattering of these trends, it is difficult to come to
any conclusions on the cause of these trends seen in the SGP.

In the spring (MAM) trend analyses (Figs. 4d and 5d), sta-
tions along the central and eastern Kansas and Oklahoma
border are showing positive statistically significant trends.
Given the location of these positive trends, several springtime
features in the SGP could be impacting the trends. First, in-
creases in the strength of the GPLLJ (Cook et al. 2008; Seager
et al. 2014; Bukovsky et al. 2017) and or increased moisture
flow from the Gulf of Mexico (e.g., Frei et al. 1998; Emori and
Brown 2005; Santer et al. 2007; Trenberth 2011, 2012; Weaver
et al. 2012; Molina and Allen 2020) could impact the region’s
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FIG. 8. All precipitation events over the all-station 99th percen-
tile (73.7 mm) across four 3-month periods for all stations: east
(hatched lines) and west (crosshatched lines) of 100°W. In (a), the
typical 3-month (DJF, MAM, JJA, and SON) seasonal breakdown
is used; in (b), the shifted 3-month (JFM, AM]J, JAS, and OND)
seasonal breakdown is used. The counts of each 3-month period
have been normalized by dividing through by the number of sta-
tions in each region (east and west of 100°W).

extreme precipitation magnitude. These positive trends could
also be linked to shifts in the dryline, a prevalent feature of
the SGP during the spring convective season. Changes in the
frequency, strength of the moisture gradient, and or location
of the dryline would dramatically impact convective precipita-
tion during this season (Scaff et al. 2021).
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In the summer (JJA), results continue to depict isolated
and scattered statistically significant increasing trends across
the SGP. Both the station annual maximum precipitation
amount (Fig. 4e) and 99th-percentile (Fig. 5e) trends show
scattered statistically significant trends across the region, ex-
cept near the coastline, which lacks any statistically significant
trends. A few isolated statistically significant trends can be
seen in the southeastern portion of the SGP (eastern Texas),
most statistically significant trends are in the northern SGP
(Kansas and Colorado), which is the primary location of MCS
activity within the SGP (Fritsch et al. 1986; Wang et al. 2013;
Feng et al. 2016; Haberlie and Ashley 2019; Hu et al. 2021).
As such, these spatially scattered central SGP statistically
significant positive trends could be linked to an increase in
frequency of intense MCS. In the western SGP, a few statisti-
cally significant increasing trends are depicted (as well as in
SON), which could be connected to the North American
monsoon (NAM; Higgins et al. 1997b, 1998). Because of the
importance of the NAM to southwestern U.S. summer precip-
itation, extending as far east as the western extent of the study
domain (western Texas and New Mexico), one can conjec-
tured that JJA and SON precipitation extremes in this region
could be connected to the moisture flow associated with
NAM. However, given the lack of statistical significance in
either the station maximum or 99th-percentile event analysis
in the eastern SGP, our results do not support a conclusion of
widespread change in extreme precipitation occurring during
the summer. Moreover, several studies also suggest a weaken-
ing of the NAM precipitation linked to climate change induced
warming (Pascale et al. 2017; Colorado-Ruiz et al. 2018). Be-
cause of the isolated and scattered nature of the trends seen in
this analysis, further research is needed to make conclusions
about the statistically significant positive trends found during
the warm season.

The annual plots of station maximum (Fig. 4a) and 99th-
percentile (Fig. 5a) trends agree with the results from the
warm season (MAM, JJA, SON) seasonal analyses. All show
isolated and spatially scattered statistically significant trends
across the SGP, with SON (Figs. 4b and 5b) depicting more
trends across the Gulf of Mexico coastline relative to MAM
(Figs. 4d and 5d) and JJA (Figs. 4e and 5e), which are scat-
tered across the inland area of the SGP. The annual plots
show these trends as well, with a scattered spatial distribution
of statistically significant trends across the SGP and a few are
for stations along the Gulf of Mexico coast. However, the
analyses of annual station maximum precipitation and 99th-
percentile trends do not reflect the widespread central SGP
(Kansas, Oklahoma, western Texas, and Colorado) results
found in the DJF analyses (Figs. 4c and 5c). Given that ex-
treme precipitation events in the DJF period are much less
frequent it is unsurprising that the annual trends of the two
measures of extreme precipitation do not reflect the apparent
nature of DJF trends.

5. Conclusions

The goal of this study was to examine the fine-scale statistics
of extreme precipitation within the SGP and identify station-scale
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trends using station maximum and 99th-percentile definitions.
While studies have investigated extreme precipitation within the
SGP region (e.g., Mullens et al. 2013; Feng et al. 2016), or as part
of a U.S.-wide regional breakdown (e.g., Kunkel et al. 1999;
Min et al. 2011; Higgins and Kousky 2013; Easterling et al.
2017; Bartels et al. 2020; Kunkel et al. 2020; Davenport et al.
2021; Moustakis et al. 2021), few studies have included anal-
yses at the station level within the SGP. While averaging
across the entire region provides useful information, it loses
a significant amount of detail, specifically within region var-
iations such as the western, central, and eastern SGP. Fur-
thermore, due to the bimodal (spring and autumn peaks)
distribution of precipitation, a seasonal analysis of extreme
precipitation is warranted to provide a complete picture of
changes in extreme precipitation in the region.

The climatological spread of mean annual precipitation in
the SGP ranges from over 1500 mm yr ' in the eastern SGP
to around 200-300 mm yr~ ' in the western SGP (Fig. 1). In
this context, a single day precipitation total on the magnitude
of the all-station 99th percentile (73.7 mm) would constitute a
small fraction of annual precipitation in the eastern SGP. On
the other hand, it is nearly one-third of the annual precipita-
tion in the western SGP. This type of precipitation event in
the western SGP would lead to significant impacts, especially
with the inability of hydrological infrastructure to handle this
sudden influx of water (Osterkamp and Friedman 2000). In
the eastern SGP, while these all-station 99th-percentile pre-
cipitation events may not have as large of an impact, beyond
localized flash flooding, prolonged periods of multiple events,
such as over a month or season, can lead to large-scale flood-
ing. Such an event occurred in 2019, when numerous heavy
precipitation episodes over a period of weeks in Kansas and
Oklahoma led to a large flooding (Mesonet 2019; NWS 2019).

For this study, data from 108 USHCN stations spanning the
1950-2020 period in the SGP and surrounding states were ana-
lyzed. A 10% missing data threshold was used to remove stations
with long stretches of missing data. Station maximum and 99th-
percentile precipitation event trends were calculated along with
counts of precipitation events crossing a threshold close to the
all-station 99th percentile (75 mm) and in 50-mm increments
above that (125 and 175 mm) to provide an in-depth analysis of
temporal and spatial changes in extreme precipitation in the
SGP. The climatological annual precipitation in the SGP notably
decreases from east to west. This is reflected in our results for the
station maximum precipitation event. The climatological fre-
quency of extreme precipitation events also decreased from east
to west across the SGP, even for the drier winter (DJF) season.
Overall, our results show the following for the 19502020 period:

o Statistically significant trends for annual and JJA were iso-
lated and spatially scattered.

Statistically significant trends for MAM showed a distinct
increasing trend along the Kansas and Oklahoma border.
Statistically significant trends for DJF suggest widespread
increasing trends across Oklahoma, Kansas, and the Texas
Panhandle.

Statistically significant trends for SGP Gulf of Mexico coast
in SON were found to be unrelated to TC events.
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e The eastern SGP shows many stations with large (>0.2 mm yr ™)
statistically significant positive trends, while in the western
SGP a few stations were found with statistically significant
increasing trends. However, in terms of percentage the
western SGP has more statistically significant stations than
the eastern SGP.

e MAM, JJA, and SON show statistically significant and scat-
tered large (>0.2 mm yr~ ') positive trends in the inland
part of the SGP. The findings are likely associated with in-
creased atmospheric moisture content related warming of
the atmosphere and or increased SST in the Gulf of Mexico
(leading to higher evaporation and moisture flow to the
SGP from the Gulf).

e Comparison of the periods before and after 1984 suggests
statistically significant increases in the all-event with =75-,
=125-, and =175-mm threshold.

e Comparison of the periods before and after 1984 shows
small increases in unique event counts for the =75-, =125-,
and =175-mm thresholds.

e Comparison of the event counts suggests that, while in-
creases occurred for both unique and all-event counts, the
all-event counts indicate larger and more consistent increases
within the >75-mm-magnitude analysis. This indicates that
the spatial extent of these extreme events is increasing.

These results largely agree with previous studies investigat-
ing extreme precipitation in the SGP (e.g., Kunkel et al. 1999;
Min et al. 2011; Higgins and Kousky 2013; Mullens et al. 2013;
Feng et al. 2016; Easterling et al. 2017; Bartels et al. 2020;
Kunkel et al. 2020; Davenport et al. 2021; Moustakis et al.
2021), which show an increase in the right tail of the precipita-
tion distribution, meaning an increase in the magnitude of the
heaviest precipitation events. Our results showed this finding
well, with the annual station maximum and 99th-percentile
events becoming more intense since 1950. This is more re-
flected within the non-statistically significant results, while
the statistically significant results depict isolated and scattered
increases during most of the year. Based on the agreement of
results between this and previous studies, it is likely that a re-
gionwide shift in extreme precipitation is occurring. It is par-
ticularly noticeable in DJF and in the northern areas of this
specific SGP domain.

The event counts produced a different result. They suggest
a larger trend in the spatial extent of extreme precipitation
events (those =75 mm), observed in both the western and
eastern SGP. Thus, while the magnitude of these events does
not appear to be changing in the western SGP, the spatial ex-
tent is increasing. An increase in the number of stations im-
pacted by extreme precipitation events in the western SGP
could mean challenges for the region, as more widespread ex-
treme precipitation would cause more widespread erosion
(Joyce et al. 2001; Thornes 2007; Papanastasis 2009). More
specific land management is necessary with an increase in ero-
sion within this region to maintain adequate grazing land for
the livestock industry, which is prevalent in the western SGP.

In this study, liquid equivalent precipitation is considered
from the USHCN station network. Thus, frozen precipitation
is not specifically addressed. Since the results suggest many
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inland stations observed statistically significant increasing
trends during the winter season, an analysis of frozen precipi-
tation with respect to winter extremes is necessary to identify
the direct cause of these widespread increasing trends. Fur-
ther studies are also necessary to investigate the increasing
station coverage of extreme precipitation events within this
region. The spatial extent of extreme precipitation has direct
impacts on flash flooding, and downstream flooding. In the
context of the results from Flanagan and Mahmood (2021)
and this study, further research investigating the GPLLJ in con-
junction with GP extreme precipitation is necessary. One caveat
to note is the choice of temporal period over which the trends
were calculated. This study analyzed trends over the 1950-2020
period (due to the availability of reliable data); a different
choice of period would likely produce different results depend-
ing on the period chosen. A short analysis was completed to ad-
dress this notion. It was found that as the starting time comes
closer to the present (i.e., starting period for analysis 2000, vs
1990, 1980, 1970, etc.) the positive extreme precipitation magni-
tude trends became larger and more widespread within the
SGP. Thus, choice of start and end dates for such an analysis
within the SGP should be carefully selected, because the result
can be biased if shorter or more recent dates are chosen.
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