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ABSTRACT: Long periods of extreme precipitation can cause costly damages to a region’s infrastructure while also creat-
ing a higher risk for the region’s population. Planning for these periods would ideally begin at the subseasonal-to-seasonal
time scale, yet prediction of precipitation at this time scale has low skill. In this study, we will use Jennrich et al.’s database
of 14-day extreme precipitation events to understand more about the synoptic connections and impacts of these extended
extreme events. The synoptic connections of events were examined using the composites of event-day 500-hPa geopoten-
tial height and precipitable water anomalies. The combination of these two drivers leads to higher skill in the West Coast
and Great Lakes than other regions, with an equitable threat score of 0.137 and 0.084, respectively, and higher conditional
probabilities of event occurrence. Therefore, the synoptic patterns associated with events, although significant, are not
unique, which poses prediction challenges. Historical impacts of these events, using NCEI storm reports, were assessed
to benefit decision-makers in future risk mitigation. A variety of reports were found during events, from winter weather
reports in West Coast events to tropical storm reports in Southeast events. Every region has significantly more flooding
reports during events than in nonextreme 14-day periods, demonstrating the impacts of such extended events. Although
there is still much to learn about extreme precipitation events, this study contributes to the foundational knowledge of
synoptic drivers and impacts of events.
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1. Introduction However, other large-scale variables have been shown to have
greater skill at longer lead times (Son et al. 2020). Studies of the
prediction of extreme precipitation within the Mediterranean
Sea region and the United Kingdom found that using large-
scale variables may improve lead times (Mastrantonas et al.
2022; Richardson et al. 2020). Therefore, synoptic connections
of 14-day extreme precipitation events within the CONUS
could be a favorable proxy for future prediction at the S2S time
scale.

To have reliable predictions of 14-day events across the
CONUS, the drivers of these events must be investigated.
Yet, there are very few studies that investigate longer time
frame precipitation across the entire CONUS with a consis-
tent definition of extreme. Many studies focus on extreme
precipitation on daily, seasonal, or yearly time scales, leaving
S2S time scales with little examination (Barlow et al. 2019).

Bridging the gap between daily forecasting and seasonal pre-
diction has become an increasingly important topic in order
to improve risk mitigation for decision-makers. The World
Climate Research Programme created an initiative to improve
prediction at the subseasonal-to-seasonal time frame (S2S),
meaning two weeks to three months in advance, with one focus
area being the prediction of climate extremes (Robertson et al.
2015). Impacts from extreme precipitation may be felt in multi-
ple sectors including infrastructure, agriculture, water manage-
ment, transportation, and health (e.g., Curriero et al. 2001).
Impact mitigation efforts made by decision-makers for extreme
precipitation events may take several weeks to implement, yet
S2S forecast skill is low when compared with daily forecasts
(1-10 days) or seasonal forecasts (3+ months), in part because
of lack of understanding of the drivers of S2S extremes (Vitart o . Rt
et al. 2017; Brunet et al. 2010). Pan et al. (2019) showed that /! daily time scale, it has been found that precipitation has
S28S hindcast products, from the S2S prediction project, provide b.een increasing over the p.ast cent}lr.y, n.1a1nly due to the posi-
no additional skill within wintertime West Coast precipitation, tive trend of extreme daily Prec1p1tat10n (Karl and Knight
while Sharma et al. (2017) found that precipitation hindcasts, 1?98; Kunkel et al. 1999; Gr.01smanAeF alz 2012). There are re-
from NCEP Global Ensemble Forecast System Reforecast gional based analyses of daily precipitation events across the
(GEFSRV2), tend to have an underforecasting bias and low skill CONUS (e.g., Zhao et al. 2017; Schumacher and Johnson

past a 7-day lead time within the eastern United States. 2006; Groisman et al. 2012), as well as regional yearly precipi-
tation analysis (e.g., Flanagan et al. 2018). Case studies of ex-

tended precipitation events have been conducted to look into

the drivers of the flooding that occurred within the regions

P Supplemental information related to this paper is available  (e.g., Furl et al. 2018; Kunkel et al. 1994). Furl et al. (2018)
gtlt()hle7 i (S)iirnals Online website: https://doi.org/10.1175FJAMC-D- f5nq that during the southern Great Plains flooding event in
o May of 2015 there was a large amount of precipitable water
before the onset of the event that was consistently being re-
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the 1993 summer flood of the Upper Mississippi River basin.
The persistent rainfall throughout the region from June to
August occurred as a result of below-normal 500-hPa geopo-
tential heights over the Rocky Mountains and above-normal
heights over the eastern United States. During this event they
also experienced above-normal soil moisture and below-
normal evaporation that led to devastating flooding through
the region.

To have a consistent definition of 14-day precipitation events,
Jennrich et al. (2020) created a database of 14-day extreme pre-
cipitation events for six regions across the CONUS from 1981
to 2010. The synoptic characteristics of these events vary
depending on the region. All regions show a distinct 500-hPa
height anomaly dipole within the extreme event composites,
oriented differently in each region, as well as an anomalous
increase in 200-hPa zonal winds and moisture flux into the re-
spective region. Understanding how often these anomalous pat-
terns show up during events or nonevents will help to
understand the strength of the synoptic connections for these
events so that decision-makers are more equipped into the
future.

In 2018, as part of the larger Prediction of Rainfall Ex-
tremes at Subseasonal to Seasonal Periods project (PRES?iP),
a workshop was held with 22 decision-makers, including
emergency mangers, water resource managers, and tribal en-
vironmental professionals, from across the United States. The
goal of the workshop was to learn what mattered most to
those who use, and rely on, predictions of extreme rainfall
(VanBuskirk et al. 2021). From this workshop, we learned
that decision-makers start planning two weeks to two months
before an event and make final decisions when closer to the
start of the event. When asked how to define an extreme pre-
cipitation event, there were widely varying definitions, with
many answers referencing the difference between an extreme
event and extreme precipitation. Although there might be ex-
treme precipitation, this might not always result in an extreme
event with many impacts (VanBuskirk et al. 2021). Therefore,
it is important to analyze impacts associated with extreme
precipitation for stakeholder to trust that events of interest to
scientists are relevant for them.

Miller et al. (2008) found that flooding is the costliest of all
natural disasters and therefore is of particular interest in the
case of 14-day precipitation events. Flooding also affects the
most people and occurs the most often when compared
with other weather-related disasters (United Nations 2015;
Slater and Villarini 2016). For example, during the event in
May 2015 within the southern Great Plains, studied by Furl
et al. (2018), there was a total of $2.8 billion of damage, with
31 fatalities (NCEI 2019). This was caused by the widespread
rain that had already occurred earlier in the month that
created runoff conditions within the Blanco River basin. Al-
though 14-day extreme events happen less frequently than
daily extreme rainfall, they can result in devastating damages
that may take multiple years to fully recover from and there-
fore merit a more thorough understanding. Hence, the objec-
tives of this study are to survey the impacts of the 14-day
extreme precipitation events defined by Jennrich et al. (2020),
as well as examine the synoptic connections of these events by
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investigating how often the synoptic patterns found from
compositing are associated with events or nonevents.

2. Data and methods
a. Observations and reanalysis

Precipitation data from the Parameter—Elevation Regression
on Independent Slopes Model (PRISM) were utilized to define
14-day extreme precipitation events throughout seven regions
in the CONUS from 1981 to 2018, defined in section 2b.
PRISM interpolated many point observations onto a 4-km grid
(PRISM Climate Group 2004). This interpolation process
uses elevation and weighted station measurements to find
estimates in areas with no direct observations (Daly et al.
2008). PRISM precipitation was chosen after comparing
event dates for multiple precipitation datasets: Livneh
(0.0625° resolution, from 1915 to 2011), ERAS reanalysis
precipitation (30-km resolution, from 1979 to present), and
ERAS that was regridded, by bilinear interpolation, onto a
1° resolution grid (Livneh et al. 2013; Copernicus Climate
Change Service 2017). All four datasets found similar events
throughout 1981-2010; thus, PRISM was chosen because of its
high resolution and for consistency with Jennrich et al. (2020).

The European Centre for Medium-Range Forecasts
ERAS reanalysis was used for all large-scale variables, in-
cluding 500-hPa geopotential height and precipitable water
(Copernicus Climate Change Service 2017). ERAS variables
have an hourly temporal resolution at a spatial resolution of
0.25°, with 137 vertical levels up to 1 hPa. Hourly data were
averaged into daily values for the studied period.

b. Extreme definition

Jennrich et al. (2020) created a database of 14-day extreme
precipitation events in six regions within the continental
United States using PRISM precipitation from 1981 to 2010.
Regions used in Jennrich et al. (2020) include the Great
Plains, Great Lakes (GL), Northeast (NE), Southeast (SE),
Mountain West (MW), and West Coast (WC). Flanagan et al.
(2018) found that long-term precipitation drivers differ from
the northern Great Plains to the southern Great Plains.
Therefore, in this study, seven regions were used by splitting
the Great Plains into the North Plains (NP) and South Plains
(SP). Spatial distribution of the extreme events within the
seven regions can be seen in Fig. 1.

The 14-day extreme events were defined, following Jennrich
et al. (2020), by using a set of criteria for a 14-day sliding win-
dow from 1981 to 2018 for seven regions:

e precipitation at each grid point is defined as extreme using
the 95th-percentile threshold of 14-day total precipitation,
total area of extreme precipitation during the 14-day sliding
window must exceed a specific threshold, as summarized
for each region in Table 1,

e if the number of days with area-averaged precipitation
above 10 mm day ™! is less than 5 days (or 3 days in MW)
the 14-day window is excluded,

e the heaviest precipitation day and the surrounding two days
cannot exceed 50% of the 14-day total precipitation, and
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FIG. 1. Event counts of 14-day extreme events for seven regions across the CONUS from 1981
to 2018 using PRISM precipitation. Shown are the seven regions in which 14-day extreme events
are found: Northeast (NE), Great Lakes (GL), Southeast (SE), South Plains (SP), North Plains
(NP), Mountain West (MW), and the West Coast (WC).

e if two events are found that are overlapping, the event with
the highest precipitation totals is kept.

To investigate seasonality of events, the wet and dry sea-
sons were defined by a regional principal component ana-
lysis on monthly mean precipitation. The leading mode,
which explains nearly all of the variance, represents the re-
gion’s precipitation monthly seasonality with the principal
component being positive in the wet season and negative
in the dry season. A summary of the regions can be found
in Table 1, including thresholds used, the total number of
events, and regional precipitation seasonality. Further details,
including sensitivity to criteria, can be found in Jennrich et al.
(2020).

TABLE 1. Information on the seven regions used to classify our

events.
Area
Total threshold Wet

Region Abbreviations events  (km?) season
Northeast NE 38 200000  Apr—Oct
Southeast SE 46 300000  All year
Great Lakes GL 54 300000  Apr-Sep
Northern Plains NP 17 200000  Apr-Sep
Southern Plains SP 57 200000  Apr—Oct
Mountain West MW 50 200000  Nov-May
West Coast wC 51 200000  Oct—Apr
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c¢. Synoptic connections methods

The synoptic connections of regional events were found by
comparing the composite of standardized 500-hPa geopoten-
tial height or standardized precipitable water anomalies from
the 14-day precipitation events with composites of standard-
ized anomalies of the variables of a 14-day sliding window
from 1981 to 2018. A CONUS-wide domain of 15°-65°N and
150°-50°W was used for the height composites (e.g., Fig. 4a),
while a smaller regional domain was used for the precipitable
water composites (e.g., Fig. 4b). Small changes to the domains
did not result in differences in skill (not shown). Compositing
event variables based on whether they occurred in the wet or
dry season resulted in similar composites found for all event
days. Comparison between regional event composites and the
composites of the 14-day periods was conducted by finding
the congruence coefficient (CC) for all 14-day periods:

ZX event Ywindow
b
Zngent Z Y&/indow

where Xeyent 1S the extreme event composite and Yyindow 1S
the sliding window of 14-day standardized anomalies compos-
ite. If any 14-day sliding window begins with an event day
(i.e., one of the days identified as an extreme 14-day event in
section 2b), it is considered to be an event period; therefore,
there are 14 event periods for one given extreme event. Any
sliding window that does not begin with an event day is

CC =

1
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FIG. 2. Distribution of 14-day extreme precipitation events, from 1981 to 2018, by year for all
seven regions (colors).

considered to be a nonevent period. Utilizing this definition
of event and nonevent periods generally provided the highest
skill, as well as a greater sample size, when compared with
other definitions. The skill distribution with changing lagged
sliding window start dates is shown in Fig. S1 in the online
supplemental material. This maximum in skill, at lag zero,
may relate to how the synoptic patterns, seen within the event
composites, develop or strengthen in relation to the events.

A threshold of CC of 0.35 was used to discern between sim-
ilar and nonsimilar synoptic patterns. Fourteen-day periods
with a CC above this threshold, for each region, were found
to have similar synoptic patterns when compared with the re-
gions’ event-day composites. Increasing the CC threshold
from 0.3 to 0.5 resulted in small or no change in skill (not
shown). For each region, the conditional probabilities of the
occurrence of an event, given that the period was above or be-
low the threshold were found, similar to Mastrantonas et al.
(2022):

Event periods above/equal 0.35

P =
(eventlabove) All periods above/equal 0.35 and
@
P(event|below) = Event periods below 0.35 3)

All periods below 0.35

This probability indicates how often our extreme event com-
posites were seen in event or nonevent periods. Conditional
probabilities can then be compared with the climatological
base rate of event days within a region (seen as base rate in
Table 3). Assessment of skill was conducted using the equita-
ble threat score [ETS; see Eq. (S1) in the online supplemental
material]. This skill metric has a range from —1/; to 1, where
0 indicates no skill.

d. Impacts

The National Centers for Environmental Information
(NCEI) storm events database was utilized to understand the
storm-related impacts for events that took place after 1996
(NCETI 2020). Previous to 1996, only reports of tornado,
thunderstorm wind and hail were documented by the storm
prediction center. After 1996, 48 event types, detailed in
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Murphy (2018), were recorded into the storm events data-
base. Every report was recorded on the basis of the county of
occurrence by a National Weather Service forecast office and
then passed onto NCEI Because of regional reporting, some
report types have multiple definitions. For example, the
amount of precipitation that may result in a flood report in
the MW may not result in a flood report in the SP because of
the regional differences of precipitation. Storm reports seen
during the all 14-day events were split into the seven regions
by nearest state boundaries because of county-based report-
ing. For each region, reports that have more than 100 occur-
rences during all events were summarized. Flood, flash flood,
and heavy rainfall storm reports were of particular interest
for our extreme rainfall events. These reports are all indica-
tive of loss of life or property from excessive precipitation
(Murphy 2018). The regional distributions of report totals for
flood, flash flood, and heavy rain were found for all 14-day ex-
treme events, as well as for 1000 random 14-day periods, ex-
cluding event days, from 1996 to 2018. These distributions
were then tested for significant difference using a permutation
test with 1000 iterations at a p < 0.1 level. Although storm re-
ports do not give the exact impacts that may be experienced on
the ground, they can assist with overall risk. Knowing the typi-
cal storm reports of extreme precipitation events, can help deci-
sion-makers know what impacts may occur during the events.

3. Results
a. Summary of events

The extension of Jennrich et al. (2020) to 2018 did not alter
the overall climatology of events. However, splitting the
plains into the NP and SP resulted in many more events in the
SP, with a total of 57 events, than in the NP, with a total of
17 events (Table 1). Most of the NP events are seen at the
end of the time frame, with 8 of 17 occurring after 2010, as
seen in Fig. 2. When looking at all events, across all regions,
from 2011 to 2018, there are six years that have at least
10 events or more, whereas in the previous 30 years there are
only seven years that have 10 events or more. The monthly
distribution of events per region also matches closely with
what was found in Jennrich et al. (2020). The GL, NP, and SP
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FIG. 3. Number of extreme events per month in the (left) SP, (center) WC, and (right) SE from 1981 to 2018. Wet-season events are blue,
and dry-season events are gray. (Note that the y axis has different limits for each region.)

have a bimodal distribution with maximums in June and early
autumn, just as seen as in the GL and the Great Plains in
Jennrich et al. (2020) (Fig. 3 and Fig. S2). These maximums
occur during the typical wet seasons of the regions, with only
a few events occurring within the dry season. By contrast, the
NE and SE had events throughout the entire year. The WC
and MW events occurred within the winter months, during
their typical wet seasons, seen in Fig. 3 for the SP, SE, and the
WC. In the following sections we will discuss the SE, SP, and
the WC separately to highlight the similarities and difference
between each region. Plots for all other regions are included
in the online supplemental material (Fig. S2).

b. Synoptic connections
1) SOUTHEAST

The SE had a total of 46 events, a climatological base rate
of event days of 4.6%, from 1981 to 2018. Most events were
seen within Mississippi, Alabama, and Georgia, with few
events occurring in Florida or around the borders of the re-
gion, as seen in Fig. 1. The events occurred throughout the
year, given that the SE does not have a distinctive wet season,
as seen in Fig. 3. This is consistent with daily precipitation ex-
tremes from Schumacher and Johnson (2006) who noted that
24-h precipitation events can occur within any month in the
SE. The maximum number of events within the SE is seen
during the warm months of May and June, as well as during
November—February.

The composite of standardized 500-hPa geopotential height
anomalies of all events within the SE can be seen in Fig. 4a.
This pattern matches with what was found in Jennrich et al.
(2020), despite using different reanalysis data and a longer
period, with a statistically significant trough/ridge dipole
centered over the region. To investigate how often this geo-
potential height pattern is seen during events and none-
vents, the event composite is compared with all 14-day
periods within the time frame. From Tables 2 and 3, we see
that 10.0% of the 14-day periods with CC above 0.35 are
event periods, whereas only 3.9% of periods below the thresh-
old are event periods. Both of these conditional probabilities
are an improvement from the base rate of event days of 4.6%.
Despite event periods having larger CCs on average, there
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are still 1603 nonevent periods above the threshold. This
shows very little overall skill in discerning between events and
nonevents, with an ETS of 0.044. Geopotential height alone
cannot result in precipitation; therefore, precipitable water
was also investigated.

The composite of precipitable water during the SE events is
seen in Fig. 4b. As expected, we see a large positive standard-
ized anomaly of precipitable water over the SE in the extreme
event composite, with values reaching greater than 0.6 for
most of the region. The contingency table of all 14-day periods
from 1981 to 2018 made from combining CC of all periods’
height fields and precipitable water fields is seen in Table 2.
The conditional probability of an event occurring when
above the 0.35 CC threshold increased from 10.0% to
12.5%. Yet, there are still 505 event periods that do not
have similar synoptic conditions. When below the threshold,
the probability of an event occurrence increased minimally
from 3.9% to 4.0%, this follows given the large amount of
nonevent periods below the threshold. Using the drivers to-
gether resulted in an increase of ETS to 0.056. Overall, the
conditional probability using the event composite patterns
provide more skill than the climatological base rate alone,
but there are still many missed event periods.

2) SOUTHERN PLAINS

The SP has a total of 57 events, a climatological base rate of
event days of 5.8%, the highest event count of all regions.
Events occurred throughout the entire region, with more
events occurring on the east side of the region, as seen in Fig. 1.
There are only six years, from 1981 to 2018, for which the SP
did not experience an event. Of particular interest is 2007,
which had four events in the SP as well as two events in the
NP. While much of the CONUS was in drought, both the SP
and NP experienced above-average precipitation throughout
2007 (NCEI 2008).

The composite of standardized 500-hPa geopotential height
anomalies of all SP event days from 1981 to 2018 is seen in
Fig. 4c. A statistically significant trough/ridge dipole is seen
centered over the region. This pattern matches closely in mag-
nitude and location with the height composite for the plains
found in Jennrich et al. (2020). This composite has much
lower overall magnitudes than any other region’s composite,
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FIG. 4. Composites of all event-day (left) standardized 500-hPa geopotential height anomalies and (right) standardized
precipitable water anomalies for the (a),(b) SE; (c),(d) SP; and (e),(f) WC. Significance from a ¢ test at the p < 0.05 level

is shown as a gray contour.

with values only ranging from —0.4 to 0.3. In comparing this
height composite with all 14-day periods in the time period,
we found that 11.5% of periods above a CC of 0.35 are con-
sidered to be event periods, with a total of 1254 nonevent pe-
riods above the threshold (Table 2). Only 5.1% of periods
below the threshold are event periods, with 635 missed event
periods. Similar to the SE, the conditional probabilities are an
improvement from the base rate of event days of 5.8%. This
results in an ETS of 0.041. This skill is very similar to what
was found in the SE when using geopotential heights alone.
Using the height composite alone to predict SP events
resulted in low skill, with a conditional probability of an
event period occurring above the threshold of 11.5%. How-
ever, when using the composites of geopotential heights
and precipitable water together this probability increases. The
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precipitable water composite of SP events has significant pre-
cipitable water anomalies, reaching up to 0.5 for a small por-
tion of the region, near the Gulf of Mexico and throughout
most of the eastern portion of the SP (Fig. 4d). Therefore, we
want to find periods with anomalous precipitable water
throughout the region, with a similar height composite as in
Fig. 4. Results are shown in a contingency table in Table 2.
We see a small increase in the probability of an event occur-
ring below the threshold from 5.1% with geopotential heights
alone to 5.4%. Yet the probability of an event period occur-
ring above the threshold increases from 11.5% to 14.1% as a
result of the decrease in the number of nonevent periods
above the threshold. Although we do see an improvement
with respect to the climatological base rate of 5.8%, the num-
ber of event periods above the threshold is only 89. This
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TABLE 2. Contingency table for extreme events using CC
with 500-hPa geopotential heights (HGTS; first two columns)
and heights and precipitable water (HGTs and PW; last two
columns) for the SE, SP, and WC. Nonevent periods are all
14-day periods without an event day within the window. The
threshold detection of an event is set as a CC of 0.35 or greater.

HGTS alone HGTS and PW
Event Nonevent Event Nonevent
period period period period
SE
CC =0.35 179 1603 139 972
CC <0.35 465 11610 505 12241
SP
CC =035 163 1254 89 542
CC <035 635 11805 709 12517
wC
CC =0.35 332 1340 215 593
CC <0.35 381 11804 498 12551

shows that many event periods do not have similar patterns to
the extreme event composites. Therefore, the overall skill
does not improve with the addition of precipitable water
within the SP, with an ETS of 0.040.

3) WEST COAST

The WC had 51 total events, a climatological base rate of
event days of 5.1%, with most events occurring along the
coast, with a maximum in northern California (Fig. 1). Most
years within the time frame had at least one event, and only
7 years did not experience an event in the WC. The WC also
experiences more events during the boreal winter (December—
February) than any other region. This is due to a distinct wet
season from October to April. All extreme events in the WC
occur during the wet season, with no events occurring from
March to September in the time period.

The composite 500-hPa geopotential height of all event
days within the WC is oriented differently than other regions
but still matches what was found by Jennrich et al. (2020).
The composite shows a statistically significant anomaly dipole
that is oriented north-south in the eastern Pacific Ocean
(Fig. 4e). The trough, with a maximum value of —0.9, is
greater in magnitude when compared with the ridge, with a
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maximum value of 0.7. This synoptic setup would allow for
anomalous moisture flux from the Pacific into the region. In
comparing this geopotential height composite with the entire
time period, we find that 19.9% of 14-day periods above the
threshold are event-periods, due to the 332 event periods seen
above the threshold. Conversely, only 3.1% of periods below
the threshold are event periods, as seen in Table 2. The differ-
ence between the two conditional probabilities is the largest
of all regions when using geopotential heights alone. It is also
the largest improvement from the climatological base rate of
event days, with the WC base rate being 5.2%. This highlights
that WC events occur with a similar synoptic pattern, as seen
within the extreme event composites, more often than events
in other regions. Therefore, it follows that the WC has the
highest skill, ETS of 0.125, for geopotential heights alone.
Given that the WC had the highest skill with using geopoten-
tial heights alone, we can expect comparable results when using
both geopotential height and precipitable water. Similar to other
regions, the WC precipitable water composite is a large positive
anomaly within the region (Fig. 4f). The contingency table for
WC events using both height and precipitable water composites
is seen in Table 2. The conditional probability of an event occur-
ring above the threshold increases from 19.9% to 26.6%, which
shows even greater improvement from the base rate of 5.2%.
This is due to the large reduction in nonevent periods that are
above the threshold. Therefore, many nonevent periods with
similar height composites did not have enough precipitable wa-
ter to make it over the CC threshold. When looking at periods
below the threshold, it is seen that the conditional probability of
an event occurring increased minimally from 3.1% to 3.8%,
although the number of events below the threshold increased to
498. Because of the reduction of nonevent periods above the
threshold skill also increases slightly to an ETS of 0.137.

4) SUMMARY OF ALL REGIONS

All extreme event composites for the seven regions have a
500-hPa geopotential height anomaly dipole, with varying ori-
entations, as well as a positive regional precipitable water
anomaly. Extreme event composites from the four regions
not discussed above—NE, GL, NP, and MW—can be found
in Fig. 5. All 500-hPa geopotential height patterns could lead
to rising motion under quasigeostrophic theory that would
help enable precipitation to occur. However, these composite

TABLE 3. Summary of the regional event-day base rate, conditional probabilities of an event to occur, given that it is above
[P(event|above)] or below [P(event|below)] the CC threshold of 0.35, and the ETS using 500-hPa geopotential heights alone (HGTS
alone), as well as using 500-hPa geopotential heights and precipitable water (HGT and PW) together for all seven regions.

HGTS alone HGTS and PW

Base rate P(event|above) P(event|below) ETS P(event|above) P(event|below) ETS
NE 3.8% 9.7% 3.1% 0.048 11.5% 3.3% 0.052
SE 4.6% 10.0% 3.9% 0.044 12.5% 4.0% 0.056
GL 5.5% 13.7% 3.8% 0.073 17.1% 4.3% 0.084
NP 1.7% 6.6% 1.1% 0.045 7.7% 1.3% 0.051
SP 5.8% 11.5% 51% 0.041 14.1% 5.4% 0.040
MW 5.1% 11.7% 4.1% 0.053 16.9% 4.6% 0.057
WwC 52% 19.9% 3.1% 0.125 26.6% 3.8% 0.137
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b) Precipitable Water
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FIG. 5. As in Fig. 4, but for (a),(b) NE; (c),(d) GL; (e),(f) NP; and (g),(h) MW.
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FIG. 6. Performance diagram for event detection when utilizing
the events’ 500-hPa geopotential height composite alone (circles)
and the combination of the events’ geopotential height and precipi-
table water composite (diamonds) for all seven regions. CSI is the
gray contours. This measure of skill is similar to the ETS value
used, without the subtraction of chance hits.

patterns, while statistically significant, are not unique to our
events. The strength of the synoptic connection of regional ex-
treme precipitation events is low when using 500-hPa geo-
potential heights alone, seen by low conditional probabilities of
an event occurring and near-zero values of ETS. When using
both drivers, the composites of 500-hPa geopotential height
and precipitable water, the conditional probability of an event
occurring with similar patterns increases and ETS stays near-
zero, as seen in Table 3. Yet all conditional probabilities, using
our event composites, show an improvement from climatology.

To compare skill for all regions, a performance diagram is
used (Fig. 6). All regions have low skill; therefore, synoptic
characteristics seen during events are not unique to our

a) Extreme Events in Southeast
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extreme precipitation events. The skill metric used for the
performance diagram is the critical success index (CSI), which
may result in a higher skill value than the ETS seen in Table 3.
This is due to the adjustment for chance hits that is seen in
ETS; all equations can be found in the online supplemental
material. The WC has the highest level of skill, with the highest
conditional probability of an event occurring with similar
synoptic characteristics: 26.6%. Therefore, WC events tend to
look more similarly to the extreme event composites, than
other regions. The NP has the lowest conditional probabilities
(<7%) when compared with the other regions because of the
low number of events within the region. Overall, the use of
both drivers did result in small improvements than with geopo-
tential height alone for all regions.

c. Extreme precipitation event impacts

During the PRES?P workshop hosted in the summer of
2018, stakeholders stressed the need to fully understand the
impacts of extreme precipitation events (VanBuskirk et al.
2021). Although there might be an extreme amount of precip-
itation, it might not result in impacts on the ground. There-
fore, here we present the impacts of these events in order to
be confident that the events found are impactful for the re-
gions. Storm reports found in the remaining four regions, NE,
GL, NP, and MW, can be found in Figs. S3-S6 of the online
supplemental material.

1) SOUTHEAST

Storm reports within events in the SE vary greatly, as seen in
Fig. 7a. The SE has both convective storm reports (thunder-
storm wind, tornado, hail, and lightning) and winter storm re-
ports (winter weather, winter storm, heavy snow, and ice
storm), this is similar to what is seen for the NE (Fig S6 in the
online supplemental material). Impacts related to convection
occurred the most with over 3000 reports of hail for all events
within the SE from 1996 to 2018. Tropical storm reports also
appear within the storm reports, which suggests there is

b) Southeast Reports
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FIG. 7. (a) All NCEI storm reports from our extreme event days in the SE from 1996 to 2018. All reports that had less than 100 total
counts are not shown. (b) Distribution of NCEI storm reports from 1996 to 2018 for flash flood, flood, and heavy rainfall for events in the
SE (dark blue) and 1000 random 14-day periods excluding our extreme event days (light blue). Significant difference is found using a per-
mutation test at p < 0.1, indicated as an asterisk next to the storm report labels along the x axis.
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FIG. 8. As in Fig. 8, but for SP.

tropical storm activity during events in the SE. These are ex-
amined further in section 3c(4). This follows given that events
happen throughout the year (Fig. 3) and therefore would cre-
ate a vast range of impacts on the ground. When comparing
events with random 14-day periods, we observe a significant in-
crease in the number of flash flood, flood, and heavy rainfall
events in SE, as seen in Fig. 7b. Events within the SE had any-
where from 75 to 125 flash flood reports per event; in random
14-day periods, this average drops to 20 reports. The SE also
see an average of near 50 flood reports during the events,
which indicates both flooding and flash flooding is common
within SE events.

2) SOUTHERN PLAINS

All except three events within the SP occurred during the
typical wet season of the region, from April to October. The
SP is known for warm-season MCS producing large amounts
of rainfall (Schumacher and Johnson 2006). In Fig. 8a it is
shown that events in the SP produce many storm reports that
are associated with convective systems, such as hail, thunder-
storm wind, tornado, and lightning. Similar to the SE, the SP

a) Extreme Events in West Coast

has a large amount of hail reports, with over 7500 reports, as
well as tropical storm reports. Given that most events within
the SP occur during the warm season, it follows that convec-
tive reports occur frequently during events. Further, there is a
significant increase in reports of flash flood, flood, and heavy
rainfall during events in comparison with nonevent periods
(Fig. 8b). The average number of flash flood reports for a SP
event is over 75 reports, and the average for flash flood during
random 14-day periods is near 10 reports. This shows that
events in the SP are more likely to produce large amounts of
rainfall in a short amount of time rather than rainfall that
would result in a report of a flood, despite the fact this precipi-
tation is related to a 14-day event.

3) WEST COAST

Given that all WC events occur during the boreal winter,
more winter precipitation storm reports are seen (Fig. 9a).
Along with the typical reports of flood, flash flood, and heavy
rain, we also see winter storm and heavy snow. The large
number of heavy snow reports seen in WC events, over 1500
for all events, would indicate very different impacts than what is
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FIG. 9. As in Fig. 8, but for WC.
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Tropical Cyclone Activity within Extreme Events
1981-2018

= NE & SE
— SE
— \E

SP

F1G. 10. Tracks of tropical cyclones that occurred during our extreme events in the SE (green),
NE (orange), and SP (yellow), along with the two cyclones seen in both SE and NE events (purple).

seen within the SE and SP. A statistically significant difference
between the event reports of flash flood, flood, and heavy
rain and nonevents was also seen within the WC. The average
number of flood reports within a WC extreme event is near
20 reports in a single event. During random nonevents, report
totals for flood, flash flood, and heavy rainfall are below 5, as
seen in Fig. 9b. This differs from report totals from the SE
and SP, which both have more flash flooding reports than
flood reports.

4) TROPICAL CYCLONE IMPACTS

To examine tropical cyclone (TC) influence, the Inter-
national Best Track Archive for Climate Stewardship
(IBTrACS) was used to find all tropical cyclone activity
within events. Any event day that has a TC within the re-
gion is considered to be a TC-affected day. There was lim-
ited TC activity within events. This is most likely due to the
constraint that the heaviest precipitation day and the sur-
rounding two days cannot exceed 50% of the 14-day total pre-
cipitation, which limits the amount of TC activity seen the
events. Removal of TC activity (events or days) did not result
in changes to event composites used in finding synoptic con-
nections. For each event with TC activity, the percent of total
event rainfall that fell during the TC days was found. This
gives an estimation of the contribution of the total precipita-
tion from the TC days. All TCs tracks that are seen within
events are shown in Fig. 10. The SE had the most TC activity
with 10 events, 21.7% of SE events, occurring when a TC was
within the region. There are some events within the NE and SE
that have multiple TCs that occur during a singular event. For
example, an SE event that started on 28 August 1988 had at
least four days of TC activity from Hurricanes Chris and Flor-
ence. These four days accounted for 34.8% of the total event
rainfall. If the precipitation was distributed evenly throughout
all 14 days, we would expect 4 event days to make up 28.6%.
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Therefore, the TC activity likely provided a larger contribution
of the overall precipitation for this event. Seven of the 10 SE
events affected by TCs have TC days that make up at least 25%
of the overall precipitation. Within the NE, 6 events had TC ac-
tivity within them, 15.8% of NE events. In the SP, there was TC
activity in only 4 events, 7.0% of SP events, although three of
these events had higher amounts of daily precipitation on TC af-
fected days than the remaining event days.

4. Discussion and conclusions

In this study, we extended an existing database of 14-day
extreme precipitation events created by Jennrich et al. (2020).
We found that with the addition of 2010-18 the overall
monthly distribution of events does not change and the yearly
distribution shows an increased number of events at the end
of the time period. By splitting the Great Plains into the SP
and the NP, we found very few events in the NP and the high-
est number of events in the SP. This might be due to the area
threshold used for the NP in the event classification algorithm;
since the NP is the smallest of all the regions, it would be
more difficult for precipitation in the region to surpass this
threshold. The typical timing of events is unique to each re-
gion. The NE, GL, NP, and SP all have a wet season during
the warm months, whereas the MW and WC have a wet sea-
son during the cool months; the SE experiences precipitation
throughout the entire year.

As in Jennrich et al. (2020), composites of all event-day
standardized 500-hPa geopotential height anomalies from
1981 to 2018 showed a statistically significant trough/ridge di-
pole that is oriented over the region. Connections of the ex-
treme events and their corresponding synoptic conditions was
analyzed by using a 14-day sliding window from 1981 to 2018
to compare event periods with nonevent periods. The standard-
ized 500-hPa height anomaly composite from every 14-day win-
dow was found and then compared with the extreme event
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composite for the region using the congruence coefficient. Using
500-hPa geopotential heights alone resulted in very low
skill of detecting the event periods. Regions had a condi-
tional probability of an event to occur, given that the period
was above the threshold, ranging from 6.6% in the NP to
19.9% in the WC. This highlights the low number of event
periods above the threshold, as well as the large number of
nonevent periods that have similar 500-hPa geopotential
height patterns without extreme precipitation. The condi-
tional probability of an event occurring, given that the pe-
riod is below the threshold, had a much smaller range from
1.1% in the NP and 5.1% in the SP. This smaller range is
due to the large number of nonevent periods below the
threshold. Therefore, event periods can have a height field
that differs greatly from the event-day composites even
with significant anomalies, which presents a challenge for
prediction of 14-day extreme precipitation using 500-hPa
geopotential height alone.

Although 500-hPa geopotential heights may play a role in
the formation of precipitation, geopotential heights alone are
not a good predictor of extreme rainfall events. Therefore,
standardized geopotential heights anomalies and standardized
precipitable water were investigated together. Both fields
were required to pass a CC threshold of 0.35 to be considered
as similar to the extreme event composite. The conditional
probability of an event to occur, given that it is above the
threshold, increased in all regions to a range of 7.7%-26.6%,
with the inclusion of precipitable water. This increase was due
to the reduction of nonevent periods above the threshold.
The conditional probability of an event to occur, given that it
is below the threshold, only increased minimally in all regions.
The WC has the highest skill, which indicates that WC events
may be more synoptically driven than other regions, with sim-
ilar patterns as seen in the extreme event composites. The
composites of 500-hPa geopotential height and precipitable
water show a strong signal for water transport into the region,
similar to atmospheric rivers, which are a known source for
extreme precipitation, and associated impacts, within the WC
(Ralph et al. 2019). Other regions, such as the SP, SE, NP,
MW, and NE, had many more convective impacts in the
NCEI reports, with weak synoptic connections. The number
of convective reports seen within these regions events may in-
dicate that, although it is a 14-day event, the events may be
made up of smaller convective, or mesoscale, storm systems.
Overall, the synoptic connections, using extreme event com-
posites, of 14-day events are weak, with low skill in discerning
between event and nonevent periods.

During the PRES?P workshop hosted in June 2018, decision-
makers stressed that, when defining an extreme event, impacts
must be analyzed (VanBuskirk et al. 2021). Although all eco-
nomic impacts of the events are difficult to define, potential
impacts were found using NCEI storm reports. Storm reports
give a good approximation to impacts that may been seen
within the region during the 14-day event. Since event reports
were only counted during the 14-day event, some flooding re-
ports associated with event precipitation that occurred after
the 14-day period may be missed. Still, all regions have signi-
ficantly more flood reports when compared with random
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nonevents. Reports showed a wide variety of storm impacts
throughout all regions. Within the NE, SE, GL, NP, SP, and
MW we saw convective style storm reports such as hail, light-
ning, and thunderstorm wind. The NE, GL, MW, and WC
also have winter weather storm reports from their events. All
of these reports may result in impacts that may affect the
region.

To discern the role of tropical cyclone activity within the
events, we investigated the influence of TC precipitation on
the event precipitation totals. The only regions that have TC
activity within their events are the SP, SE, and the NE. It was
found that overall, TC activity within the SP is minimal with
only 4 total events affected, 7.0% of SP events. There is a
larger influence of TCs within the SE and NE where 21.7%
and 15.8%, respectively, of events had TC activity. There
were three SE events that had more than 50% of the event
rainfall occurring during TC days. For example, there were
five TC days in a 1985 SE event, associated with Hurricane
Juan, that produced 66.8% of the events precipitation. There-
fore, TCs can be an important cause of extended precipitation
extremes within the SE. TC activity within events is important
to understand, not only to help isolate patterns associated
with midlatitude precipitation, but also to highlight possible
impacts of the events.

As a part of the PRES?P project, an extended database of
S2S extreme precipitation events was recently created without
the use of regional borders (Dickinson et al. 2021). This pro-
cess objectively finds event regions after the creation of the
database. Going forward, this database will be analyzed for
predictability, in order to find common large-scale character-
istics of S2S extreme precipitation events. Within this study,
we use regional division to find extreme precipitation events
within seven regions. The number of events found may be
limited as a result of setting latitude/longitude boundaries
prior to finding the events. If an event occurs over a regional
division, it may not be seen as an event due to its reduced
size. This also creates “hot spots” for high event counts within
the center of the regions because of the low number of events
happening near the boundaries, as seen in Fig. 1. The large
size of the regions might also limit the strength of any synop-
tic connections because of the increase of climatic variability
with increasing region size. Despite the large size, skill is still
seen, which is encouraging for future prediction.

Into the future, there is still much to learn about predict-
ability of these events. Although geopotential heights and
moisture are a good foundation for synoptic connections for
these events, there are many more driving factors to consider.
For example, 200-hPa zonal winds, moisture flux, sea surface
temperature, soil moisture, and evaporation could be ana-
lyzed in a similar fashion to find other important drivers of
14-day extreme precipitation events that may happen before
or during the events. Investigating these events within sea-
sonal models is required to reveal important characteristics
about how these events may or may not be forecast to occur,
for example, whether the same synoptic conditions found
within event observations can lead to extreme precipitation in
the models. Finding direct economic impacts of extreme
events could help decision-makers to understand the best way
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to create a more resilient population against extreme precipi-
tation events.
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