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Abstract Extreme rainfall events (EREs) caused by convection are a major prediction challenge and can
lead to deadly flash flooding. This study investigates EREs from 2003 to 2023 over the central and eastern
United States using high-resolution (4-km) Stage IV precipitation analyses. EREs were defined where 12-hr
accumulations exceeded the 10-year average recurrence interval thresholds. Summertime (June—August) EREs
exhibited pronounced interannual variability, but with statistically significant increasing trends in annual
frequency, particularly among those caused by mesoscale convective systems. Significant relationships were
also found between summertime convective EREs over the central United States and enhanced poleward
moisture transport, consistent with a westward expansion of the climatological North Atlantic Subtropical High.
This relationship may aid in medium- and long-range forecasting. However, the spatial scale of EREs often
included localized or narrow bands of extreme accumulations, revealing significant challenges in the accurate
representation of EREs in weather and climate models.

Plain Language Summary Extreme rainfall events often result from slow-moving thunderstorms
that drop heavy rain over the same area for several hours, which can cause deadly flash flooding. This study
defines an extreme rainfall event where the 12-hr accumulation would only exceed that amount once every
10 years on average, with a focus on the summer months over the central and eastern United States from 2003 to
2023. Our results show a significant increasing trend in the number of extreme events, especially those caused
by larger, longer-duration storms. Our use of a high-resolution rainfall data set also revealed that extreme
rainfall often occurs due to nighttime thunderstorms producing heavy rainfall over highly localized areas or
narrow (20-40 km wide) swaths. These characteristics present a challenge for global weather and climate
models. The frequency of these summertime extreme events also significantly varied from year to year.
Summers with more extreme events were associated with a greater northward transport of moist air around the
western edge of an area of high pressure that extends westward from the Atlantic Ocean. The relationship
between this flow pattern and extreme rainfall suggests a possible path for improving forecasts of extreme
rainfall.

1. Introduction

Accurate prediction of extreme rainfall events (EREs) is a critical need since ~23% of the world's population is
directly exposed to 1-in-100-year floods (Rentschler et al., 2022). Numerous studies (e.g., Fowler et al., 2021;
Kunkel et al., 2013) have proposed that heavy rainfall events are likely to increase due to anthropogenic climate
change and an increase in sub-daily EREs caused by convection has been observed (e.g., Lenderink & Van
Meijgaard, 2008, 2010; Park & Min, 2017; Westra et al., 2014). Unfortunately, the accurate representation of
convection is a challenge for weather and climate models (Reynolds et al., 2019), particularly for nocturnal
mesoscale convective systems (MCSs) and elevated nocturnal convection over continental locations (e.g., Becker
etal., 2021; Geerts et al., 2017; Tang et al., 2021). This concern is relevant as most warm season EREs have been
known to be associated with nocturnal MCSs (e.g., Maddox et al., 1979; Stevenson & Schumacher, 2014).

The need to improve the representation of nocturnal convection is critical as early studies (e.g., Easterling &
Robinson, 1985; Wallace, 1975) have shown that convection and heavy rainfall during the summer have a
nocturnal maximum over the central Continental United States (CONUS). Nocturnal MCSs have subsequently
been found to frequently occur over numerous land masses including northwest Australia (Ackerley et al., 2015),
east Asia (Chen et al., 2017), the La Plata Basin of South America (Romatschke & Houze, 2013), and the Sahel in
west Africa (Vizy & Cook, 2018). Hence, it is not surprising that accurately forecasting the magnitude and
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Figure 1. (a) 10-year ARI 12-hr precipitation frequency estimates from NOAA Atlas 14 (color fill; mm) and the locations of
all 2003-2023 June—August EREs (not including tropical cyclones and isolated convection) at their respective points of
maximum exceedance (translucent black dots). (b) Total precipitation exceeding the 10-year ARI threshold (mm) from all
ERE:s plotted in (a).

location of convective EREs is difficult (e.g., Herman & Schumacher, 2016, 2018; Nielsen & Schumacher, 2016),
motivating further exploration of the characteristics (i.e., location, size, structure, and diurnal cycle) of convective
EREs and their changes in our warming climate.

This study focuses on EREs over the central and eastern CONUS, where flash flooding from summertime
thunderstorms results in the greatest proportion of flood-related fatalities (Ashley & Ashley, 2008), and flooding
remains the deadliest storm-related phenomenon in the nation (NWS/NOAA, 2023). Previous observational
studies have documented the frequency, seasonal cycle, and location of heavy rainfall events over this region
(Brooks & Stensrud, 2000; Hitchens et al., 2013; Maddox et al., 1979; Schumacher & Johnson, 2006; Stevenson
& Schumacher, 2014) and the environments associated with these events (e.g., Barlow et al., 2019). These in-
vestigations found an annual peak in ERE frequency during the summer [June—August (JJA)], most often
associated with MCSs, over large portions of the region. Feng et al. (2016) and Hu et al. (2020) utilized ob-
servations to show that the size, duration, and rainfall volume of MCSs across the central CONUS increased
during the spring and early summer over the last several decades. Modeling studies (e.g., Prein et al., 2017)
suggest that this increase will likely continue in a future climate.

Our study (Further details on the initial methods and findings of this investigation can be found in
Chiappa (2023)) explores the characteristics of convective EREs over the central and eastern CONUS from 2003
to 2023 using the high-resolution gridded multi-sensor Stage IV precipitation data set (Lin & Mitchell, 2005). We
examine the seasonal/diurnal cycle, structure of accumulation swaths, and temporal variations in frequency and
severity of these EREs. We also analyze the large-scale meteorological patterns that correlate with more frequent
and/or intense EREs during the summer.

2. Methods
2.1. Defining EREs

EREs were defined where the 12-hr accumulated precipitation derived from hourly Stage IV data exceeded the
location's 10-year average recurrence interval (ARI) threshold (Figure 1a). The thresholds were defined using the
NOAA Atlas 14 data set (Perica et al., 2018), linearly interpolated onto the 4-km Stage I'V grid for the CONUS east
of 104°W, avoiding the terrain of the Rocky Mountains. Our algorithm iteratively sums the previous 12 hr of Stage
IV data at each hour before grouping points that exceed the threshold within a radius of 250 km and a timeframe of
12 hr into event objects. This approach enables an evaluation of the diurnal cycle of EREs. The arbitrary radius of
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250 km was used initially to separate EREs produced by simultaneous heavy rainfall over different regions.
Subsequently, any nearby events with shared exceedance points due to the event spanning beyond the 250-km
radius were combined. Maps of exceedance above the 10-year ARI threshold were generated for each event.

The National Weather Service River Forecast Centers (RFCs) process and perform quality control on the Stage IV
quantitative precipitation estimates. However, the hourly data generally lack manual quality control (e.g., Nelson
etal., 2016) leading to numerous spurious events in our preliminary ERE database. Thus, the summed hourly data
were cross-checked with the 6- and 24-hr Stage IV data, which undergo more consistent quality control by the
RFCs, and then developed, tested, and applied automated quality control procedures to filter out the remaining
spurious events (see Text S1 in Supporting Information S1). A significant decreasing trend in the number of
flagged events was observed through our analysis period (Figure S1 in Supporting Information S1), suggesting an
improvement in the quality of the Stage IV data set. This apparent change in data quality implies that the data set is
inhomogeneous with time, evoking caution in the interpretation of trends in the data (as discussed in Section 6).
The events in 2002, the first year of the data set, were not utilized due to numerous unrealistically high pre-
cipitation estimates.

Significant spatial variability appeared in the occurrence of EREs (Figure S2 in Supporting Information S1),
attributable to natural spatial variations in rainfall as well as errors in the Stage IV data (e.g., Smith et al., 2024),
variations in processing techniques across RFC boundaries, and errors in NOAA Atlas 14 thresholds (e.g., Kim
et al., 2022). The average number of events per grid point was ~1.4, when the average should be 2.1 over a period
of 21 years with an ARI of 10 years. The lower number of events relative to expectations implies that the Stage IV
data may underestimate extreme rainfall amounts over several areas, consistent with earlier studies (e.g., Nelson
et al., 2016). Thus, EREs may be underrepresented over some locations.

Since the focus of this study is on organized summertime convection, EREs associated with tropical cyclones and
isolated convection were filtered out using automated processes (see Text S2 in Supporting Information S1). The
remaining events will be referred to as filtered EREs. A total of 4,501 JJA filtered EREs were analyzed with their
locations and total exceedance mapped in Figures 1a and 1b, respectively. MCS-related events were defined as a
subset of the filtered EREs when the nearest group of contiguous grid points exceeding 1 mm hr™" (i.e., pre-
cipitation feature) had a major axis length of at least ~200 km for four or more consecutive hours. These criteria
were adapted from Feng et al. (2016). While these EREs may be produced by widespread stratiform precipitation
associated with extratropical cyclones or coastal lows, visual inspection revealed that non-convective events were
uncommon during JJA, comprising only ~2% of the total. Thus, filtering out non-convective EREs did not
significantly impact our results.

2.2. Analysis

To investigate ERE variability and trends, a time series of annual event counts was generated for various subsets
(based on classification, season, time of day, etc.). The time series of total exceedance above the 10-year ARI
threshold from all points of exceedance (i.e., total exceedance volume) was also generated for the JJA filtered
ERE:s to estimate overall intensity. This metric heavily weights EREs where the ARI threshold was exceeded by a
greater margin and/or over a larger region, which have greater potential to produce damage and are less likely a
result of localized erroneous data. Consistent with recent studies (e.g., Kunkel et al., 2013; M. Li et al., 2022;
Panda & Sahu, 2019), monotonic trends were identified using the nonparametric Mann-Kendall trend test
(Mann, 1945) and the magnitudes of such trends were estimated using the Theil-Sen's slope estimator (Sen, 1968;
Theil, 1950). To maintain a consistent use of robust statistics, this methodology was used for both exceedance
volume and event counts.

The time series of JJA filtered ERE counts and total exceedance volume were also combined by standardizing and
averaging both time series to create a metric (ERE index) that is representative of both ERE frequency and in-
tensity. To identify large-scale meteorological patterns associated with more active JJAs, the ERE index was used
to perform composite and correlation analysis with JJA-averaged fields from the European Center for Medium-
Range Weather Forecasts Reanalysis v5 (ERAS; Hersbach et al., 2020). The top and bottom 3 years in the ERE
index time series (identified as “active” and “inactive”) were selected for composite analysis, and statistical
significance in the composite differences at each grid point was determined using the Monte Carlo bootstrapping
method (n = 5,000). Significance thresholds were adjusted to address field significance by controlling the false
discovery rate (Wilks, 2016). See Text S3 in Supporting Information S1 for more details.
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3. ERE Climatology and Characteristics

About 61% of the total 9,571 ERE:s in the 21-year database occurred during JJA (Figure S3 in Supporting In-
formation S1), consistent with previous studies. EREs classified as MCS-related comprised ~51% of the JJA
events, which, after filtering out tropical cyclone events, contributed to ~89% of the total exceedance volume
during JJA. About half of the JJA EREs were nocturnal (defined in Text S2 in Supporting Information S1),
contributing to ~68% of the JJA total exceedance volume. The most intense JJA EREs were associated with
nocturnal MCSs, consistent with previous studies (e.g., Maddox et al., 1979; Stevenson & Schumacher, 2014).
During JJA, EREs caused by widely scattered convection tend to peak in intensity during the late afternoon and
early evening hours, while MCS-related EREs have a broader peak lasting into the early morning hours (Figure S4
in Supporting Information S1). This result is relatively consistent with previous studies of the diurnal cycle of
warm season extreme rainfall over the central CONUS (e.g., Hitchens et al., 2012, 2013; Schumacher & John-
son, 2006; Stevenson & Schumacher, 2014).

The locations of maximum exceedance for all filtered EREs during JJA (Figure 1a) indicate that numerous events
occurred to the north of the higher ARI thresholds found over the Gulf Coast states. The most widespread/intense
events (all MCS-related) occurred between the Central Great Plains and the Great Lakes (Figure 1b) with extreme
accumulation swaths often having relatively narrow widths (20-40 km), creating a significant challenge for
coarse grid weather and climate models.

4. Variability and Trends

The annual time series of the total number of JJA filtered EREs (Figure 2a) reveals significant interannual
variability with 274 events in 2016 and only 139 events in 2012. This variability is significantly amplified when
examining the time series of total exceedance volume (Figure 2b) with a coefficient of variation of ~44%, in
contrast to ~16% for ERE counts. A statistically significant increasing trend is observed in the time series of JJA
filtered ERE counts (p,,x < 0.05), with an average increase of ~17% decade™" based on the Theil-Sen's slope
(Brs)- The total JJA filtered ERE exceedance volume time series exhibits a stronger relative increase of ~31%
decade™", suggesting a faster increase in ERE intensity than frequency, but this trend lacks statistical significance
due to the high variability. No significant trends were observed during other seasons (Figure S5 in Supporting
Information S1) based on our methodology, in contrast to some other studies (e.g., Feng et al., 2016), motivating
further investigation of summertime EREs.

In contrast to filtered EREs, a statistically significant decrease was found in JJA events from isolated convection
(Figure 2c). In addition, when separating the JJA filtered EREs among MCS and non-MCS subclasses, it was
found that the increasing trend was dominated by MCS-related events (Figure 2d), with no observed trend in the
non-MCS subclass (not shown). This finding suggests a change in the nature of the precipitation features asso-
ciated with JJA EREs with decreases in isolated convection and increases in widespread and long-lived con-
vection. Indeed, trend values were found to increase as a function of maximum precipitation feature length up to
~1,200 km (Figure S6 in Supporting Information S1). While the 21-year period is too short to attribute these
trends to climate change, previous studies have shown that MCSs are producing heavier rainfall in a warming
climate, while non-MCS rainfall is decreasing (e.g., Feng, 2017; Hu et al., 2020; Prein et al., 2017).

Changes were also observed in the diurnal cycle of EREs (Figure S7 in Supporting Information S1), with a
statistically significant increasing trend in JJA filtered EREs peaking during the late night and morning hours
(0600—1500 UTC). This signal is likely related to an increase in MCS-related events over nearly the entire diurnal
cycle given that the proportion of MCS-related EREs is maximized during those same hours (Figure S4b in
Supporting Information S1). In fact, >70% of JJA filtered EREs were classified as MCS-related between 0500 and
1600 UTC, consistent with the warm season nocturnal maximum in MCS activity over the central CONUS (e.g.,
Haberlie & Ashley, 2019). Our analysis suggests a potential increase in extreme rainfall occurring during the late
night and morning hours, which has not been highlighted by previous studies.

Regional trend analysis reveals that statistically significant increasing trends in MCS-related EREs were found
over the majority of the domain, excluding Florida, the Southern High Plains, and the Northeast (Figure S8 in
Supporting Information S1). However, given the small sample sizes of events within limited regional domains,
the regional trend results are highly sensitive to adding or subtracting years from the time series, implying the
need for a longer data set.
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Figure 2. Time series of (a) JJA filtered ERE count, (b) JJA filtered ERE total exceedance volume (m), (c) JJA EREs from
isolated convection, (d) JJA EREs from MCSs, and (e) the JJA filtered ERE index (black) with standardized count and
exceedance from (a) and (b) (colored points). Statistics, including sample mean (x), coefficient of variation (CV), Theil-Sen's
slope (Bg; decade™), Kendall's 7 (7g), the p-value from Mann-Kendall trend tests (p,,,), and the average percent change based
on the f5 are listed beside each time series.

5. Large-Scale Meteorological Patterns

Next, we utilized ERAS data to examine how the JJA filtered EREs vary interannually with the characteristics of
large-scale meteorological patterns. The ERE index (Figure 2e) was used for composite and correlation analysis,
representing both JJA filtered ERE counts and total exceedance volume (r = 0.9). The composite analysis was
performed for the top (2016, 2021, 2010) and bottom 3 years (2012, 2003, 2006). It is important to note that active
summers favored more events occurring over the central CONUS and Ohio Valley, but not over the Southeast and
East Coast states (Figure S9 in Supporting Information S1).

Active summers featured significantly higher moisture over the Central Great Plains and Mississippi Valley
regions, and strong correlations (r > 0.7) with total column water vapor appear across the Southern and Central
Great Plains (Figure 3a). Positive correlations with specific humidity are maximized from the surface to around
850 hPa, with correlation coefficients as high as 0.9 over Oklahoma and Kansas. According to numerous studies,
periods of heavy rainfall are often associated with anomalously high moisture transport (e.g., Mo et al., 1997),
which can be represented by the vertically integrated water vapor flux parameter. Both composite and correlation
analyses reveal a statistically significant pattern of northward moisture transport from the Western Gulf Coast to
the Midwest (Figure 3b), similar to previous results for periods of heavy rain and flash flooding over the central
CONUS (e.g., Abel et al., 2022; Erlingis et al., 2019; Flanagan et al., 2018; Mo et al., 1997). This enhanced
moisture transport is consistent with an anomalous anticyclonic circulation around a region of positive composite
differences in 850-hPa geopotential heights over the Southeast (Figure 3c). These findings suggest that a west-
ward expansion of the North Atlantic Subtropical High (NASH) likely plays a crucial role in this moisture
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Figure 3. Composite difference between the top three active and inactive years (color fill) in the JJA-averaged ERAS (a) total
column water vapor (kg m~2), (b) vertically integrated vapor flux (kg m~"' s™"), (c) 850-hPa geopotential height
(decameters), and (d) 500-hPa geopotential height (decameters). Correlation coefficients between the detrended JJA filtered
ERE index time series and the respective detrended ERAS field time series at each grid point are shown as black contours at
r = 0.5 (moderate correlation; thinner) and r = 0.7 (strong correlation; thicker), where applicable. From the 0.25° resolution
ERAS field time series linearly interpolated onto a 0.5° resolution grid (125-65°W, 15-52°N; N = 9,075 tests), any stippling
indicates where the composite difference is statistically significant at the 90% confidence level, accounting for field
significance (a, g = 0.2), based on Monte Carlo simulations.

transport and, thus, the occurrence of EREs. However, composite differences and correlations with geopotential
height patterns do not become statistically significant until reaching 500 hPa (Figure 3d), suggesting that
enhanced mid-level ridging over the eastern CONUS, is a robust signal for more intense EREs over the central
CONUS during the summer. Separate composite and correlation maps for Figure 3 and the results for several
additional ERAS fields are available in Supporting Information S1.

6. Discussion and Conclusions

This study introduces a database of short-duration (12-hr) EREs using Stage IV quantitative precipitation esti-
mates. Our approach is similar to the Stevenson and Schumacher (2014) study but extends over a longer period
(10 vs. 21 years), uses a newer ARI data set, and derives 12-hr accumulations from hourly Stage IV data with
additional quality control. Maps showing swaths of accumulation exceeding the extreme threshold (Figure 1b)
reveal that extremes often occur over localized zones or within relatively narrow swaths, the largest of which
having widths of 20—40 km associated with MCSs. The narrow banded structure of the extreme accumulation
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swaths presents a major challenge for numerical models, especially for coarse-grid global weather and climate
models with parameterized convection. Thus, utilizing high-resolution convection-permitting models is critical to
predict EREs and accurately understand the impacts of climate change on EREs (e.g., Prein et al., 2015).

Nearly 70% of the total JJA extreme rainfall volume (excluding tropical cyclones) was produced from nocturnal
convection. This finding provides additional evidence that nocturnal MCSs are the most prevalent producers of
extreme rainfall or flash flooding (e.g., Maddox et al., 1979; Stevenson & Schumacher, 2014), further motivating
the need to address the major challenge of improving numerical modeling of nocturnal convection (e.g., Geerts
et al., 2017; Tang et al., 2021).

Our analysis suggests that EREs associated with MCSs exhibited a statistically significant increase in frequency
over most of the central and eastern CONUS from 2003 to 2023 (Figure 2d), while EREs associated with isolated
convection exhibited a decrease (Figure 2c). Although the timescale of our study is too short to attribute this
increase to anthropogenic climate change, an increase in MCS versus non-MCS rainfall has been both observed
and modeled (e.g., Feng et al., 2016; Hu et al., 2020; Prein et al., 2017; Rasmussen et al., 2020). This increase was
proposed to be related to increasing moisture and convergence in future MCS environments (e.g., Feng
etal., 2016), and the decrease in localized air mass convection could be related to increasing convective inhibition
in a warmer troposphere (e.g., Rasmussen et al., 2020). The impact of anthropogenic climate change on regional
extreme precipitation remains uncertain (e.g., Lopez-Cantu et al., 2020), but sources of those uncertainties are
being addressed (e.g., Deser et al., 2012; Hawkins & Sutton, 2011; Lehner et al., 2020). Trends may also be
influenced by natural climate variability, but no significant correlations were found between the ERE time series
and commonly used climate indices (e.g., the Pacific Decadal Oscillation).

Unfortunately, radar-based data sets contain temporal heterogeneities due to changes in instrumentation and
processing techniques that may impact the detection of extreme rainfall (e.g., Smith et al., 2024). For example, the
Next Generation Weather Radar network used to derive rainfall estimates underwent the dual polarization up-
grade from 2011 to 2013. In addition, improvements in RFC techniques and radar data resolution are consistent
with a decrease in the removal of spurious events over time in our analysis, especially around 2008. Most spurious
events were a result of bad rain gauge reports and/or radar artifacts (e.g., Eldardiry et al., 2017) that we found
occurred repeatedly over the same locations, particularly over the eastern CONUS. Thus, this change in data
quality is nonrepresentative of the full domain. That being said, given the apparent change in character of the time
series beyond 2008, the analysis was repeated for the 2008-2023 period (Figures S24 and 25 in Supporting
Information S1), yielding a loss of statistical significance in most trends, except for JJA filtered EREs peaking
during the 1100-1400 UTC period (not shown). A consensus from Development and Operations Hydrologists at
multiple RFCs in the region of interest revealed that the radar upgrades should not have a substantial impact on the
Stage IV data, as radar-estimated rainfall fields were gauge-corrected using consistent instrumentation and
methodology (e.g., mean field bias correction). Thus, it is unlikely that any apparent discontinuities in the event
count time series are solely a product of changes in the data set itself. However, further investigation should be
employed into how these temporal heterogeneities could impact the detection of extreme rainfall in the Stage IV
product. In addition, we stress the need for a longer-term and more uniform high-resolution precipitation data set
in the future to increase the confidence in any observed trends.

Our study also shows that the time series of JJA event counts and total exceedance volume exhibit a substantial
amount of interannual variability (Figures 2a and 2b), with some years being over twice as active as others (e.g.,
2016 vs. 2012). Summers with higher ERE frequencies and total exceedance volumes indicate the potential for a
greater overall risk of flooding from thunderstorms, especially for populations over the central CONUS and the
Ohio Valley. Thus, understanding the meteorological factors that distinguish between active and inactive sum-
mers is important, potentially aiding in medium- and long-range forecasting.

Unlike most previous studies of extreme events involving multiple hypothesis testing on spatial grids, we applied
a false discovery rate correction to the significance levels to account for field significance (Wilks, 2016). This
approach reduces the amount of statistical significance in the results. However, even after applying this
correction, our composite and correlation analyses reveal a strong connection between EREs and low—mid-level
moisture over the Central Great Plains vicinity (Figure 3a) and enhanced vapor flux from the Western Gulf Coast
to the Midwest (Figure 3b), consistent with the areas found to be experiencing the most intense EREs during the
summer (Figure 1). This pattern of enhanced moisture transport has been previously linked to warm season heavy
rainfall over the Midwest and Northern Great Plains (e.g., Abel et al., 2022; Erlingis et al., 2019; Flanagan
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et al., 2018; Mo et al., 1997), but such a robust correlation with moisture over the Southern and Central Great
Plains has not been previously discussed. The enhanced water vapor content over the Southern and Central Great
Plains may be an important factor in the production of extreme-rain-producing nocturnal MCSs over the central
CONUS via a southwesterly low-level jet originating from that region (e.g., Trier & Parsons, 1993).

The anticyclonic pattern of enhanced moisture transport is likely related to the geostrophic flow that results from
higher geopotential heights over the southeastern CONUS relative to the Northern Great Plains and Rockies
(Figures 3c and 3d). While the results for 850-hPa heights and wind fields are not statistically significant after
accounting for field significance, the pattern would be consistent with a westward extension of the climatological
NASH. This extension has previously been linked to enhanced summertime rainfall over the Midwest (Zorzetto &
Li, 2021), as it is likely to be associated with a stronger and/or more frequent low-level jet over the Plains and
Mississippi Valley. Regarding implications related to climate change, the NASH is projected to expand westward
overall in a future climate (e.g., W. Li et al., 2011), suggesting that summertime EREs over the central CONUS
may increase in frequency/intensity because of these changes. Additionally, the significant positive differences
and correlations in 500-hPa heights over the southeastern CONUS (Figure 3d) suggest a stronger connection
between EREs and the deeper flow pattern associated with ridging over that region.

Data Availability Statement

Stage IV data are available from the National Center for Atmospheric Research's Earth Observing Laboratory
(Du, 2011). The NOAA Atlas 14 gridded data file was obtained from https://hdsc.nws.noaa.gov/pub/hdsc/data/
tx/. Monthly averaged ERAS data are available from the Climate Data Store (Hersbach et al., 2023a, 2023b).
Trend statistics were calculated using the pyMannKendall package (Hussain & Mahmud, 2019). The database of
all detected EREs from 2003 to 2023 that passed quality control is provided in Supporting Information S1 (Data
Set S1) and the Python code used to generate the database is provided in Chiappa (2024).
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