|
PHYSICAL -

GEOGRAPHY --#$%&' () *4 y—- (/#$

e GRS T Ronshs 01123 4" .4567 485)45+79, - .5() #, ; +/ (- <<<6(5>?,5)i5+:", 3 A, - .5()%6/#$BC

©

Taylor & Francis

Taylor & Francis Group

D(E52() (5O ,? 64+ E($ BCBF %, - 6#+(%6+.5
GHH(% (5> %, z6#+.5 1, i (5(?), ,>

Ji5"+56 E= K., <5L M)(5 N:= K)("OL P, = -)(% E= Q:)6%6. (5>L N§))i( 5 P=R(//+)
P+.+0 G- G#, 3 /%, 5L Mi*4( E: K+56)+$. M55( R= 1665 5 (5 T K(..$ P= R+i 2

G, "46+ 6% (.66")+3 "IBUES" () *+, —$. /01$ 2) *11%3. 4,56017 () 850'7"+1$9. 241 = 4)
;1<<&). 48+83 =) =>, = <7,$. /W1 ) *&$'1&2. /$$1 ;) @'A = 1$ B *1++? 4) ;& = (DE /56 FDFGH
JLESKLN 1$107747 LK ">& (1?7 FDFL 7,5">817"&+$ =&M17 1$9 7,5">&+$ N, 5¢741$1 K1, , 9. 0>27#410
P&, 6+1<>?. 4QRl LD)LDSDTDFUFVEGE)FDFG)FVSGLVL

G, #5006, 6#% (.66")+3 >""<7ITT9,+#),+6TLD)L DSDTDFUFVEGE)FDFG)FVSGLVL

O5WE7>&9 , $liB&I DE /56 FDFG)

@5W z#" 2,5+ 1+"0& ", ">#7 X, 5+$10

/+'008 Yi&—T1 FZ

E 18— +801°89 1+°HH&T

® - pr7z130101

CrossMark

\50 =&+ =7 B [,$94',$7 ,K 1%%&77 1$9 57& %1$ W& K,5%$9 1*
>U<TITT———)"1$9K, $HP&)%, = T1%"¢, $TX, S+$1RSK, + = 17#, $1(, 5+$U[, 9&N'<>?FD









PHYSICAL GEOGRAPHY 3

a federal disaster declaration was requested for Louisiana, and on 2 June 2021, it was
approved, covering the parishes of Ascension, Calcasieu, East Baton Rouge, Iberville, and
Lafayette.

The synoptic setting of the event was not particularly indicative of a significant flash
flood event; thus, there was no advance warning to inform residents of the potential risk.
The National Weather Service (NWS) quantitative precipitation forecast (QPF) on
the day before and the morning of the event underestimated the areal average rainfall
across the region. The QPF issued at 2046 UTC 16 May 2021, covering 00 UTC 17 May—
00 UTC 18 May 2021 (24-h), when most of the rainfall transpired in Port Arthur, TX, and
Lake Charles, LA, estimated 12.7-25.4 mm (0.5-1.0 in) for the affected area, with isolated
locations expected to receive ~38.1mm (1.5 in). The 24-h QPF issued at 0849 UTC
17 May 2021 (12 UTC 17 May-12 UTC 18 May 2021), a period when most of the rain
occurred near Baton Rouge, LA, again estimated 12.7-25.4 mm (0.5-1.0 in) for areas
surrounding Baton Rouge, LA, with isolated locations expected to receive ~38.1 mm (1.5
in). Additionally, the flood warnings in the Lake Charles, LA, area were issued around
mid-morning (1510 UTC 17 May 2023), after many residents had left their homes for
the day.

As discussed in prior studies (e.g. Min et al., 2011; Trenberth, 2011; Lehmann et al.,
2015; Easterling et al., 2017; Trenberth et al., 2018; Brown, Keim, & Black, 2020; etc.), the
frequency and intensity of recent precipitation events, combined with the resulting
floods, have raised questions about the effect of global climate change on extreme
precipitation climatology. Recent research and assessments have discovered changes in
precipitation characteristics across the U.S (Easterling et al., 2017; Kunkel et al., 2020;
Seneviratne et al., 2021). For example, Skeeter et al. (2019) found that intense precipita-
tion events (99" percentile daily/multiday events) increased in frequency and intensity
across the southeastern U.S. from 1950-2016. More specifically, Prein et al. (2017) noted
that mesoscale convective systems (MCS) have increased in frequency and intensity
during the warm season from 1979-2014; however, the significant trends were farther
north of the U.S. Gulf Coast (excluding parts of Florida). Kunkel et al. (2020) showed that
extreme daily precipitation events positively correlate with precipitable water, demon-
strating that elevated precipitable water and its convergence are important factors in the
observed changes in extreme precipitation events. As the climate warms, the atmo-
sphere’s water vapor capacity increases (see Trenberth, 2011), and the concentration of
water vapor in the atmosphere rises (known as the water vapor feedback, Forster et al.,
2021). The combination of these factors has contributed to the observed upward trends
in extreme precipitation events (Kunkel et al., 2020) and may continue to play a role in
the future (Seneviratne et al., 2021), potentially leading to more frequent extreme rainfall,
assuming no change in forcing mechanisms or moisture limitations. Thus, it is important
to understand the characteristics of extreme precipitation (e.g. precipitable water, inten-
sity, duration, etc.) events to identify common factors and forcing mechanisms.

The 16-20 May 2021 event is yet another extreme rainfall event in successive years
across the Southeast U.S. For example, Charleston, SC, in 2015 (>710 mm in 4 days;
Kappel et al., 2015), Baton Rouge, LA, in 2016 (>864 mm in 4 days; Brown, Keim, Kappel,
et al., 2020), Houston, TX, in 2017 (>1270 mm in 5 days; Kappel & Hultstrand, 2018),
Elizabethtown, NC in 2018 (>1116 mm in 4 days; Kappel et al., 2019), Beaumont, TX in
2019 (>1016 mm in 3 days; Latto & Berg, 2020), Pembroke Pines, FL in 2020 (>508 mm
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in 3 days; Pasch et al., 2021), and Fort Lauderdale, FL in 2023 (>650 mm in 1 day; NCEI,
2023). This research is part of a growing collection of case studies focusing on heavy and
extreme rainfall events across the U.S (see Brown, Keim, Kappel, et al., 2020, for
a detailed list of events). The goal of this work is to examine the 16-20 May 2021 event
from both a meteorological and climatological perspective by assessing the synoptic
setting of the event, quantifying the spatiotemporal pattern of rainfall, and placing the
storm in a historical context using average return intervals (ARIs). A comparison is also
drawn between the August 2016 Southern Louisiana event, which affected similar areas
of south Louisiana, using a depth — area — duration (DAD) analysis.
The specific research questions of this study are

(1) Where did the rainfall center(s) occur and how much precipitation accumulated?

(2) What were the average recurrence intervals of the rainfall, specifically at the
6-h and 24-h duration?

(3) How does the May 2021 event compare to August 2016 event at specific area sizes
and durations?

The following sections describe the data and methods, discuss the synoptic characteristics
of the event, and assess the spatiotemporal pattern of rainfall associated with this event.

Data and methods

The Storm Precipitation Analysis System (SPAS; Hultstrand & Kappel, 2017; Parzybok &
Tomlinson, 2006) was used to assess the spatiotemporal rainfall pattern of the 16—
20 May 2021 event. SPAS is a gridded rainfall analysis software package that incorporates
all available rainfall data, including rain gauges, supplemental/bucket survey rainfall,
dynamically calibrated NEXRAD radar, and climatological base maps (e.g. PRISM
Climate Group, 2021) to produce a precise representation of accumulated rainfall in
both space and time across the event domain. Rainfall estimates are produced at intervals
as short as 5minutes and spatial scales as fine as 1 km? One advantage of the SPAS
process is that it does not apply a standard radar reflectivity factor (Z) to the rainfall rate
(R) for an entire storm. Instead, SPAS uses a least square fitting procedure for optimizing
the Z-R relationship during each hour of the storm. The process aggregates 5-minute
NEXRAD reflectivity (Z) and relates it to gauged-based hourly precipitation (R) to
establish the best fit for that hour. SPAS was originally developed for probable maximum
precipitation (PMP) analysis and hydrologic model calibration based on National
Oceanic and Atmospheric Administration (NOAA) Hydrometeorological Report storm
analysis methodologies using similar methods for NWS Stage 1V (Du, 2011) and Multi-
Radar Multi-Sensor (MRMS) but can also be used to reconstruct precipitation events
(e.g. Brown, Keim, Kappel, et al., 2020). SPAS has been used in numerous technical
reports (e.g. Kappel, Hultstrand, Rodel, Muhlestein, Steinhilber, 2021; Kappel,
Hultstrand, Rodel, Muhlestein, Venticinque, et al., 2021; Kappel et al., 2023) and rainfall
research (Brown, Keim, Kappel, et al., 2020; Keim et al., 2018; Mahoney et al., 2022).
Additional information on the SPAS system is available in Parzybok and Tomlinson
(2006), Hultstrand and Kappel (2017), Keim et al. (2018), Brown, Keim, Kappel, et al.
(2020), and Mahoney et al. (2022). Here, we use SPAS to generate storm total, maximum
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at 500 hPa with cyclonic relative vorticity and associated mid-level ascent moving west to
east from 15-20 May 2021, which aided and sustained thunderstorm activity across
southeastern Texas and southern Louisiana.

By 00 UTC on 16 May, a large area of thunderstorm activity extended from the Big
Bend region of Texas northward to the Oklahoma panhandle. This activity weakened as it
moved east with the loss of diurnal heating, resulting in two MCVs by 12 UTC on
16 May. The northernmost MCV was located near Wichita Falls, TX, while the other was
located over the Texas Hill Country. By 18 UTC on 16 May, these features continued to
drift slowly eastward and were located over central Oklahoma and the Texas coastal
plain. Ahead of the MCVs, southerly winds through a relatively deep layer of the near-
surface troposphere resulted in the advection of ample moisture into the study region as
they moved east. By 02 UTC on 17 May, the southernmost of the original two MCVs was
located near Houston, TX. Thunderstorms that formed during the day on 16 May
associated with this feature led to the formation of a new MCV. This new MCV was
located over the Gulf of Mexico to the south of Galveston, TX. The combined influence of
these two MCVs enhanced southerly low-level flow and moisture advection from the
Gulf of Mexico, like what had occurred the day before across parts of Oklahoma and the
Texas coastal plain.

As the MCV over the Gulf of Mexico moved east, precipitation spread across southeast
Texas (Port Arthur, TX) and southwest Louisiana (Lake Charles, LA). The circulation
around the MCV resulted in individual thunderstorms moving south to north, training
over the same locations. The heaviest precipitation in Port Arthur, TX/Lake Charles, LA,
began around 12 UTC on 17 May. Sounding data from Lake Charles at 12 UTC on
17 May (Figure 5) reveals a nearly saturated atmosphere from the surface through
approximately 800 hPa (Figure 5(a)) below a drier elevated mixed layer (Figure 5(b)),
resulting in convective available potential energy (CAPE; Figure 5(c)) of 629 J/kg and
convective inhibition (CIN) of —15.6 J/kg (Figure 5(d)). In addition, southeast winds of
around 7-8 m/s (15 kts) at the surface with stronger southerly winds of around 18 m/s
(35 kts) in a layer from approximately 1000-900 hPa (300-1200 m AGL; Figure 5(e))
continued to advect moisture into the region. This resulted in precipitable water values
measured from the sounding of 45.45 mm (1.79 in; Figure 5(f)), a value above the 90th
percentile of 43.94 mm (1.73 in) according to the Storm Prediction Center’s Sounding
Climatology (https://www.spc.noaa.gov/exper/soundingclimov2/). Precipitable water
values are an important factor for rainfall accumulation (Kelsey et al., 2022) and heavy
rainfall (Wang et al., 2017), and were elevated due to the advection of moisture from the
Gulf of Mexico preceding the event. Sea surface temperatures (SSTs) along the Texas and
Louisiana coast and offshore were between 23-27°C (National Centers for
Environmental Information, Optimum Interpolation SST) from 1-17 May 2023,
which, in some areas, were 1-3°C above the 1981-2011 climatological average and likely
enhanced atmospheric water vapor.

This story would be repeated as the MCV moved farther east. The MCV offshore and
the most intense precipitation continued eastward across the study area during the day
on 17 May. The heaviest precipitation across southeast Louisiana (e.g. Baton Rouge, LA)
began around 22 UTC on 17 May. An environment like what was observed earlier in
the day at Lake Charles, LA, was sampled by the 00 UTC 18 May 2021 sounding from
Slidell, LA (Figure 6). A veering wind profile (southeast-to-southwest winds) was



























PHYSICAL GEOGRAPHY 17

were greater than Zone 2 for all area sizes at durations longer than 12-h, demonstrating
how Zone 2 precipitation was more compressed temporally. In Zone 2, the estimated DAD
values were greater than Zone 1 for 1-6 h durations at area sizes of 259—777 km? (100300
mi?) and 3-5 h durations for 1036—2,590 km? (400-1,000 mi?) area sizes. Thus, Zone 2
precipitation was concentrated in shorter durations (1-6 h). In contrast, Zone 1 had
a smaller area with concentrated precipitation (e.g. 178 mm across 26 km?), while the
broader area in Zone 1 experienced greater depths (e.g. Zone 1 had 144 mm more over 96-
h at 2,590 km?).

Comparison to August 2016 southern Louisiana flood

The August 2016 Southern Louisiana Flood event was a widespread flood disaster that
affected Baton Rouge (Brown, Keim, Kappel, et al., 2020; Van Der Wiel et al., 2017;
S.Y.S.Wang et al., 2016). Here, we compare the August 2016 hybrid/tropical event to the
May 2021 event using DAD analysis because both storms impacted a similar area, caused
> $1 billion in damages, were analyzed by SPAS enabling easy comparison, and occurred
in moist tropical/moderate air masses with elevated (>90"" percentile) precipitable water.
It is important to note that the forcing mechanisms of the two events were vastly
different. The August 2016 event originated as a tropical wave but, once along the U.S.
Gulf Coast, exhibited atypical characteristics of common tropical event definitions
(Kunkel & Champion, 2019; Lewis & Keim, 2015; Muller, 1977). For example, the
storm exhibit a near-uniform horizontal pressure gradient with weak surface winds
and exhibited slope with height through the atmosphere rather than a vertically stacked
structure typical of tropical events (Brown, Keim, Kappel, et al., 2020).

Figure 10 compares two DAD Zones from the August 2016 Southern Louisiana flood
event with the two DAD Zones from the May 2021 event for selected area sizes and
durations. The May 2021 event had greater depths at the 1-h duration for area sizes of
259-2,590 km? (100-1,000 mi?), 2-6 h durations for area sizes of 1-259 km? (0.4-100
mi?), and 2—4 h durations at area sizes of 518-1036 km? (200-400 mi?, not shown). At
durations exceeding 12-h, at all area sizes, the August 2016 event had greater precipita-
tion depths. The disparity increased with increasing area size because the May 2021 event
was less widespread than the August 2016 event. The differences are most notable at
smaller area sizes (e.g. 1-26 km?) over longer durations (>12 h); however, the storms
were remarkably similar between area sizes of 259—2,590 km? (100-1,000 mi?) at the 1-6
h duration. In terms of application, results from the May 2021 storm are more relevant
for relatively small watersheds (<2,590 km?) and have rapid precipitation-runoff rates
(short times of concentration). The DADs noted here might also be relevant for under-
standing probable maximum floods (Kappel et al., 2019; Schreiner & Riedel, 1978) across
the broader region by demonstrating how much rain is possible over short durations and
limited area sizes.

The differences between the DADs, especially at larger area sizes and longer durations,
reflect the different meteorological origins of the storms. The disturbance that caused the
August 2016 event originated as a tropical wave that drifted (east to west) slowly across
the Gulf Coast. The thermodynamic profile of the August 2016 system was much closer
to that of a tropical system, exhibiting a warm-core structure with deep, tropical
moisture. The record precipitable water value for the New Orleans, LA, area (73.62
mm, 2.90 in.) was observed by radiosonde during the August 2016 storm. In contrast, the
























