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ABSTRACT

Tropical cyclones are generally characterized by strong rotating winds, and yet, the associated rainfall can
be equally destructive. Tropical Storm Erika (2015) is an example of such a cyclone whose heavy rainfall south
of the storm center was responsible for significant loss of life and property. Tropical Storm Erika was a weak
tropical storm in a sheared environment that passed through the Lesser Antilles on 27 August 2015. Radar
and rain gauges measured at least a half meter of rainfall on the Commonwealth of Dominica in about 5 h. In
this study, an analysis of several observational datasets showed that the combination of a sheared environ-
ment, dry northern sector, and mesovortex contributed to the significant storm precipitation. The sheared en-
vironment affected the storm structure, causing it to weaken, but also organized convection and precipitation in
the region that passed over Dominica. Furthermore, a mesovortex embedded within the storm persisted over
Dominica, leading to enhanced rainfall totals. Understanding the factors leading to heavy rainfall for this case is
important for future prediction of similar weak, sheared tropical storms passing near mountainous islands.

1. Introduction

The tropical storm (TS) stage of tropical cyclones is the
least studied stage, in part because higher-category
storms are considered to hold the greatest threat to so-
ciety (Dolling and Barnes 2012). While it is true that
strong tropical cyclones have faster wind speeds and
higher rainfall rates (Lonfat et al. 2004), the heavy pre-
cipitation accompanying tropical storms can also pose a
substantial threat to society. Indeed, heavy precipitation
is the second-leading cause of fatalities associated with
tropical cyclones over the United States, second only to
storm surge (Rappaport 2014). An understanding of
factors leading to and enhancing heavy precipitation as-
sociated with tropical storms is of utmost importance for
accurate prediction of tropical cyclone-related impacts.

Tropical Storm Erika (2015) is an example of a storm
with relatively weak winds but heavy precipitation that

@ Current affiliation: National Center for Atmospheric Research,
Boulder, Colorado.

Corresponding author: Alison D. Nugent, anugent@hawaii.edu

DOI: 10.1175/MWR-D-17-0242.1

caused significant damage and loss of life on the Com-
monwealth of Dominica (hereinafter Dominica). Part of
the reason the impacts of TS Erika were so great on
Dominica was due to the common presumption that
tropical storms with weaker winds are less dangerous
than hurricanes (M. Alexander 2016, personal corre-
spondence). Understanding the environment that TS
Erika developed in, as well as the storm structure, will
help to properly predict future similar events.

TS Erika formed in the Atlantic Ocean approximately
900 nautical miles (n mi; 1 n mi = 1.852km) east of the
Lesser Antilles (Pasch and Penny 2016). During its early
stages, TS Erika was forecast to strengthen to a category
1 hurricane on its westward track and curve northward
toward Miami, Florida. Instead, its surface center of
circulation passed over the northern coast of Guade-
loupe on 27 August 2015 near the peak of its intensity
[1001 mb (1 mb = 1hPa) and 45kt (1 kt = 0.5144ms ™ ")],
decaying a day later to a low-pressure disturbance be-
fore crossing the Dominican Republic. See Fig. 1 for the
best track map of TS Erika’s path.

As the center of TS Erika crossed Guadeloupe,
Dominica (just to the south of Guadeloupe) received
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FIG. 1. A map showing best track estimates of TS Erika’s position as it crossed from the Atlantic Ocean into the Caribbean Sea from 24 Aug to
28 Aug 2015. Also shown are the flight tracks of two NOAA P-3 missions and a Global Hawk mission during SHOUT. The inset shows a close-
up of TS Erika’s path by Guadeloupe and the location of the Guadeloupe Météo-France radar.

torrential rain and was severely impacted by flooding and
mudslides. The rainfall resulted in peak flood flows that lie
on the global maximum flood peak envelope as a function
of watershed area (Ogden 2016). TS Erika’s impacts on
Dominica included the following: 30 direct deaths, 574
people left homeless, and 271 houses damaged or de-
stroyed (Pasch and Penny 2016). Serious damage was
also reported to roads, bridges, buildings, and other
infrastructure. After the event, the prime minister of
Dominica, Roosevelt Skerrit, said in a televised address
that TS Erika “set [Dominica] back by 20 years.” The
name ‘‘Erika’” has since been retired because of this event,
primarily due to the destruction it caused on Dominica.
TS Erika is only the second tropical system to have its
name retired without reaching hurricane strength.

The impacts of precipitation from TS Erika on Dominica
expose a limitation of current scientific knowledge: What
factors contribute to extreme precipitation totals during the
passage of weak tropical cyclones near land? To address this
issue, a number of observational datasets of TS Erika’s

passage over Dominica are used to explore factors contrib-
uting to the devastating precipitation totals on Dominica.
Section 2 contains a description of the observational plat-
forms. Precipitation observations are in section 3, an over-
view of results and the structure of TS Erika are in section 4,
and, finally, a discussion and conclusions are in section 5.

2. Observational datasets

Aircraft observations of TS Erika were collected to
aid in forecasting the event. In addition, longer-term
ground sites already in place in the Caribbean observed
the passage of TS Erika. The observational datasets are
described below.

a. Airborne observations

Two types of aircraft missions were flown into and
around TS Erika. The first type consisted of research mis-
sions coordinated between the National Oceanic and At-
mospheric Administration (NOAA) Aircraft Operations
Center (AOC) and Hurricane Research Division (HRD).

Unauthenticated | Downloaded 12/28/22 05:14 PM UTC



FEBRUARY 2018

Together, NOAA AOC and HRD programs flew several
research and synoptic surveillance missions with the
NOAA P-3 and Gulfstream IV aircrafts. Observations from
two research missions with the NOAA P-3 were considered
here: 1) a mission spanning 17062316 UTC 26 August 2015
and 2) a mission spanning 0456-1146 UTC 27 August 2015.
The tracks of those two flights are shown in Fig. 1. The
second type of aircraft mission was a research flight with
NASA'’s Global Hawk aircraft during the NOAA Sensing
Hazards with Operational Unmanned Technology
(SHOUT) project, funded by the NOAA Unmanned
Aircraft Systems program. The SHOUT mission’s goal
was to obtain observations over the ocean, specifically
targeted on weather events that needed model forecast
improvements. Two SHOUT missions were flown
around TS Erika, but here, the focus will be on the
mission spanning 1400 UTC 26 August to 1043
UTC 27 August 2015 (Fig. 1). Specific instruments used
during these missions are described below.

1) TAIL DOPPLER RADAR

On board the NOAA P-3 aircraft was a tail Doppler
radar (TDR). The TDR has a 3.22-cm wavelength and
9315-MHz frequency, and it can perform range-height scans
from the tail of the aircraft (e.g., Jorgensen et al. 1983; Susca-
Lopata et al. 2015). At 3.22-cm wavelength, the TDR is an
X-band radar, which makes it susceptible to attenuation in
heavy rain. However, the Doppler capabilities of the radar
make it especially useful for remote observation of wind
characteristics in a tropical storm (Lorsolo et al. 2010).

2) HIGH-ALTITUDE MONOLITHIC MICROWAVE
INTEGRATED CIRCUIT SOUNDING
RADIOMETER

On board the Global Hawk was a High-Altitude
Monolithic Microwave Integrated Circuit (MMIC) Sound-
ing Radiometer (HAMSR). The HAMSR operated with
25 spectral channels in three bands (50-60, 118, and
183 GHz), and from its measurements, one can infer the 3D
distribution of temperature, water vapor, and cloud liquid
water in the atmosphere (Brown et al. 2011). This instrument
scans within a range of +60° across the flight track, but only
the range of +45° across track was considered here because
of large errors outside that range (Brown et al. 2011).

3) DROPWINDSONDES

Also on board the Global Hawk was a dropwindsonde
system known as the Advanced Vertical Atmospheric
Profiling System (AVAPS). The dropwindsondes collect
measurements of temperature, pressure, relative hu-
midity, wind speed, and direction in the atmosphere
(Hock and Franklin 1999). Dropwindsondes used during
the SHOUT field campaign recorded measurements
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every 0.25s from the flight level [approximately 60 000—
65000 ft (18288-19812m)] to the surface.

b. Ground observations

1) RAIN GAUGES

A series of 10 rain gauges were stationed across the high
terrain of Dominica. Seven gauges were operational during
the storm passage, and their locations are shown in Fig. 2a.
The rain gauges were HOBO tipping-bucket gauges that
recorded at a resolution of 0.2mm to the nearest second
(http://www.onsetcomp.com/products/data-loggers/rg3). All
rain gauges were located in the southern portion of the is-
land. For more information on the rain gauges installed on
Dominica, see Smith et al. (2009a, their Fig. 1 and Table 1).

2) RADAR

In addition to the rain gauge measurements, a Météo-
France S-band radar on Guadeloupe recorded the pre-
cipitation from TS Erika in 5-min plan position indicator
(PPI) scans (location shown in Fig. 1). The processing
method for storm-accumulated precipitation is described in
Ogden (2016). In addition to precipitation measurements
from the radar, a storm-tracking algorithm was used to in-
vestigate the movement of reflectivity cells within the radar
domain. This algorithm is called Thunderstorm Identifica-
tion, Tracking, Analysis, and Nowcasting (TITAN; Dixon
and Wiener 1993). The method used subsequent scans of
radar reflectivity to match convective features using an
optimization algorithm. The result is a motion vector
showing where the feature moved from one frame to the
next, and from that vector, velocity can be inferred based on
the distance moved and the time between the two radar
scans. In the case of the Météo-France Guadeloupe radar,
the radar scans were 5 min apart, allowing easy tracking and
reasonable temporal resolution velocity information.

Observational datasets from the various aircraft
platforms (aircraft Doppler radar, radiometer, and
dropwindsondes) and ground platforms (rain gauges
and radar) are combined to get a full understanding of
precipitation and the dynamical aspects of TS Erika
before, during, and after its passage near Dominica.

3. Precipitation

TS Erika formed at approximately 45°W and traveled
primarily westward until it decayed, just before it
reached 70°W, from 1800 UTC 24 August to 1800
UTC 28 August 2015 (Fig. 1). The primary low-pressure
center of TS Erika passed approximately 100 km to the
north of Dominica, directly over the northern portion of
Guadeloupe (see inset in Fig. 1). The convective region
of TS Erika passed over Dominica following the passage
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FIG. 2. (a) A map of Dominica showing terrain height in shaded color contours in 300-m intervals and storm
precipitation total isohyets from 27 Aug 2015 in 50-mm intervals, estimated by the Guadeloupe radar and calibrated
to rain gauge ground observations. Rain gauge locations are given by the colored dots. [Image reproduced from
Ogden (2016).] Also shown are (b) hourly rain rate (mm h ') and (c) cumulative precipitation (mm) from the rain

gauges on 27 Aug 2015.

of the low-pressure center. The passage of the convec-
tive region was well documented through ground-based
precipitation measurements from radar and rain gauges.

Figure 2 shows TS Erika’s precipitation on Dominica
from two sources: the Météo-France Guadeloupe radar
and a set of seven rain gauges on Dominica. The con-
tours on the map in Fig. 2a show radar-derived pre-
cipitation with cumulative daily values for 24h on 27
August 2015. In some places, cumulative amounts ex-
ceeded 500 mm, especially over high terrain. The radar
values in Fig. 2a were calibrated with the rain gauges [for
details on peak runoffs, see Ogden (2016), from which
Fig. 2a was adapted]. Some pixels from the radar at low
elevation angles have ground clutter or beam-blocking
issues from the high terrain, described in Smith et al.
(2009a). While this has been accounted for, some arti-
facts may remain.

Figures 2b and 2c show time series of rain rate and
cumulative precipitation from the rain gauges, whose
locations are shown on the map in Fig. 2a. A majority of
the precipitation fell from 0600 to 1200 UTC, very early
in the morning local time [Dominica local time is

Atlantic standard time (AST), or UTC — 4]. Pre-
cipitation on Dominica from TS Erika is also shown in
Fig. 3. The colors in Fig. 3 show estimates of 1-hourly
accumulated precipitation. It is useful to compare pre-
cipitation on Dominica through time between the radar
and rain gauge records for additional clarity. The radar
shows that early precipitation from TS Erika was fo-
cused in the south (Figs. 3b—d), but soon spread north-
ward at later times (Figs. 3f—j). All rain gauges in the
south had large precipitation accumulations, from 300 to
500 mm in about 5h (Fig. 2b). The excellent agreement
among rain gauges gives high confidence in the rain
gauge results, and the excellent agreement between the
timing of precipitation recorded with the radar and rain
gauges gives high confidence in our knowledge of the
temporal and spatial evolution of precipitation over
Dominica.

The primary precipitation period from 0600 to 1200
UTC was followed by a much smaller, secondary maxi-
mum centered at 1600 UTC (Fig. 2b). This secondary
maximum occurred after TS Erika passed over Guade-
loupe, when southerly flow associated with the eastern
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FIG. 3. Radar images from the Météo-France radar on Guadeloupe, whose location is shown in Fig. 1’s inset. Direction and speed (scale
in top right) of tracked features between subsequent frames (white vectors) and estimates of 1-hourly precipitation accumulation (colors,
mm h™!) are shown. (a)—(1) Times are half-hourly, from top left to bottom right, covering 0830-1400 UTC 27 Aug 2015. The outline of
Dominica (black) is centered in each image, and two beam-blocked regions are outlined (also in black). Note that the focus here is on
tracked features and that precipitation accumulations have not been calibrated against the rain gauges, so they should only be used as
a qualitative reference.
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half of the storm dominated over Dominica (not shown).
Dominica typically experiences trade wind flow from the
east-northeast, but the passage of TS Erika to the north
caused a substantial shift in the wind direction. Such a
shift, combined with high humidity values at low lati-
tudes, led to favorable conditions for continued pre-
cipitation over Dominica. While this does not appear to
be the primary cause of the strong precipitation, it did
bring additional showers after the passage of TS Erika.

The rain gauges with the least rain were the two low-
elevation, west coast rain gauges [Botanical Gardens
(BG) 18m; Canefield Airport (CA) 10 m], but from
Fig. 2a, it is clear the west coast rainfall gradients were
strong (also seen in Figs. 3a—g). The high-altitude gauges
[Laudat (LD) 592 m; Boeri Lake (BL) 861 m; Pond Casse
(PC) 568 m], as well as the east and south coast gauges
[Grand Fond (GF) 275 m; Grand Bay (GB) 525 m], all had
surprisingly similar rain gauge—derived cumulative rain
amounts and rain rates throughout the event, even though
their elevations varied from 275 to 861 m, and their loca-
tions spanned the entire southern part of Dominica.

The heavy rainfall received by Dominica was a surprise:
3-5in. of precipitation, with a maximum of 8in. total ac-
cumulation, was the amount mentioned in all advisories for
affected Caribbean islands by the National Hurricane
Center prior to 1500 UTC 27 August 2015. In the 1500
UTC 27 August 2015 advisory, the maximum precipitation
amount was increased to 12 in., after Dominica had already
received 9in. A look at the Global Forecast System (GFS)
and European Centre for Medium-Range Weather Fore-
casts (ECMWF) global model (0.5° grid spacing) ensemble
forecasts for 72- to 24-h lead times before the event show
that none of the ensemble members at any time came close
to predicting heavy precipitation on Dominica (not
shown). The highest 24-h precipitation accumulation pre-
dicted for 27 August 2015 from one GFS ensemble
member was just under 160 mm of precipitation, while the
GFS and ECMWF ensemble averages were only 48 and
55mm, respectively. The inability of global models to
capture heavy precipitation on Dominica from TS Erika
will be further discussed in section 5.

Heavy rainfall on Dominica is typical and expected
climatologically, with an average of about Smyr ' of
precipitation on the high terrain and a most frequent
rain rate of 40mmh ™' (Smith et al. 2009a). Still, the
precipitation received during TS Erika was unusually
heavy. Orographic precipitation has been well studied
on Dominica by a field campaign in 2011 (Smith et al.
2012) and a number of related studies (Smith et al. 2003,
2009a; Minder et al. 2013; Nugent et al. 2014). Based on
prior knowledge of precipitation on Dominica, oro-
graphic enhancement due to forced mechanical lifting
was hypothesized to be the primary reason for enhanced
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precipitation during TS Erika. In everyday trade wind
flow, the steep terrain of Dominica (Fig. 2a) causes ad-
ditional vertical lifting and, thus, orographic enhance-
ment of precipitation. Furthermore, clear orographic
enhancement was found during Hurricane Dean, which
impacted Dominica in August 2007 (Smith et al. 2009b).
Smith et al. (2009b) concluded that precipitation totals
during Hurricane Dean were enhanced via the seeder—
feeder effect, in which falling precipitation gathers ad-
ditional cloud water from terrain-induced clouds over
the high terrain, and increased the precipitation rate and
rain accumulation on Dominica.

Regardless of whether forced mechanical lifting or the
seeder—feeder effect is responsible, the climatological
orographic enhancement of precipitation in trade wind
flow and orographic enhancement of precipitation from
Hurricane Dean’s rainbands both show a clear pattern
of precipitation accumulation increasing with increasing
elevation over Dominica’s mountains (Smith et al.
2009a,b, their Figs. 6 and 12, respectively).

No apparent trend of increasing rain amount or rain
rate was found with increasing altitude in the case of
TS Erika’s precipitation on Dominica. The far eastern
and southern gauges closest to the coastline at lower
elevations received the most precipitation from TS
Erika (GF and GB in Fig. 2c). Other factors appear to
have had a stronger influence on precipitation and will
be discussed in the following section. While the expected
pattern of orographic enhancement is not evident,
Dominica’s mountains still played a role in modulating
precipitation totals.

4. Results

The time period of primary interest is the portion of
TS Erika’s lifetime in closest proximity to Dominica,
from 1200 UTC 26 August to 1200 UTC 28 August 2015.
Observations of the environmental factors that affected
the structure of TS Erika are described below.

a. Vertical wind shear

TS Erika was strongly affected by vertical wind shear
during its lifetime. Strong vertical wind shear is hypoth-
esized to be responsible for TS Erika’s decay (Pasch and
Penny 2016). Vertical wind shear—commonly defined as
the vector difference between 200 and 850 hPa—has been
well studied in the prior literature and is one of the most
important influential factors of tropical cyclone intensity
(e.g., DeMaria and Kaplan 1999). This strong relationship
is linked to the effects of vertical wind shear on tropical
cyclone structure: shear tilts the vortex from its upright
position (e.g., Jones 1995), organizes convection in the
downshear half (in the direction of the shear vector; e.g.,
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FIG. 4. (a) A map of the Caribbean basin (land areas are shaded) showing the environmental shear vectors
(200-850 hPa) affecting TS Erika, with the storm motion removed at 0600 UTC 27 Aug 2015 from GFS FNL
analyses. The location of TS Erika’s center is denoted by the hurricane symbol. Also included are 3-hourly
snapshots of the (b) 200-850- and (c) 500-850-hPa environmental shear vector at 0000, 0300, 0600, 0900, 1200,
and 1500 UTC on the same day, calculated as the average within 500 km of TS Erika’s center and color coded by
the time. Rings represent shear magnitude in ms™'; note the change in scale between (b) and (c).

Corbosiero and Molinari 2002; Chen et al. 2006; Reasor
et al. 2013), and provides pathways for dry air intrusions
from the environment (e.g., Riemer and Montgomery
2011). A combination of vertical wind shear with other
environmental factors (e.g., environmental humidity) can
affect tropical cyclone structure and intensity changes
(Rios-Berrios and Torn 2017). An assessment of the
vertical wind shear affecting TS Erika is important in
determining if shear played a role in organizing the
heaviest precipitation south of the cyclone center.
Vertical wind shear was obtained from the Global
Forecast System Final Analyses (GFS FNL; NOAA/
NWS/NCEP/U.S. Department of Commerce 2015). To
ensure that the shear vector represented the environ-
ment surrounding TS Erika, shear was calculated after
removing the tropical cyclone vortex using the method
of Galarneau and Davis (2013). To remove the vortex,
the divergent and rotational wind components within a

prescribed radius (500 km, in this case) from the tropical
cyclone center are subtracted from the total winds.
Figure 4a shows the resulting 200-850-hPa environ-
mental vertical wind shear affecting TS Erika as it
approached Guadeloupe. Moderate-to-strong’ west-
northwesterly shear is evident just around and ahead
of TS Erika. A closer look at the environmental shear was
obtained by area-averaging the 200-850-hPa shear vector
within a 500-km radius from the best track center of TS
Erika (Fig. 4b), following the methods of statistical
models for tropical cyclone intensity prediction (e.g.,
DeMaria and Kaplan 1999). Hourly depictions of the
area-averaged shear vector from 0000 to 1500 UTC
27 August 2015 reveal that west-northwesterly shear

! See Rios-Berrios and Torn (2017) for definitions of moderate
and strong shear based on statistical analyses.
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FIG. 5. Analysis of wind vectors from the TDR on board the P-3 aircraft. (a)—(c) Centered at 2021 UTC 26 Aug and (d)—(f) centered at
0636 UTC 27 Aug 2015. Three altitudes are shown: (left) 1, (middle) 3, and (right) 5 km, showing the shift in the rotation center with
altitude. Gray shading denotes land area, red dots denote the circulation center at each level identified with a vorticity centroid approach,

and a 10m s~ ! wind vector for reference is given in (a) and (d).

exceeded 10ms ™' during the time of TS Erika’s prox-
imity to Dominica.

The deep-layer shear (200-850 hPa) is generally used
to characterize wind shear around tropical cyclones.
Figures 4a and 4b depict persistent west-northwesterly
shear, which could cause the tropical cyclone vortex to
become tilted toward the east-southeast. Vortex tilt
was assessed through composite analysis of TDR winds
at different vertical levels during the 26 August and
27 August missions (Fig. 5). A horizontal displacement
of the vortex center with height is evident, as the 1-km
center of circulation (Fig. 5a) was located toward the
west-northwest with respect to the 3- and 5-km centers
of circulation (Figs. 5b,c) on 26 August. The kinematic
structure of TS Erika becomes largely asymmetric on
27 August, but the TDR analyses still suggest that the

1-km center of circulation is displaced from the 3- and
5-km centers of circulation.

To maintain thermal wind balance?” in a tropical storm,
the response of a tilted vortex consists of azimuthally
asymmetric temperature and vertical motion anomalies
(e.g., Raymond 1992; Jones 1995; DeMaria 1996). Cool
anomalies appear in the downtilt region, whereas warm
anomalies appear in the uptilt region. These ther-
mal anomalies are established through adiabatic ascent
and descent in the downtilt and uptilt regions, respectively

2 Thermal wind balance is a dynamical balance resulting from
hydrostatic and geostrophic balance, which relates horizontal
temperature gradients to changes in horizontal wind with height
(Holton 2004).
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FIG. 6. (a)-(f) Storm-centered satellite images depicting infrared brightness temperature (°C) on 27 Aug 2015 from 0000 to 1500 UTC.
Pink dots depict the interpolated 3-hourly best track position of TS Erika’s center.

(Jones 1995). As a result of the anomalies, thermal in-
stability is enhanced in the downtilt region and suppressed
just above the surface center of circulation (DeMaria
1996). This is often referred to as “balanced lifting” or
“mesoscale lifting” and can partially account for the en-
hanced convection in the downshear portion of TS Erika.
Additionally, cooling aloft in the downshear region in-
creases CAPE (Molinari et al. 2012), and lifting enables
boundary layer air parcels to reach their level of free
convection. Many studies found a similar pattern of en-
hanced convection in the downshear region of a tropical
storm, with suppressed convection upshear (Corbosiero
and Molinari 2002; Chen et al. 2006; Reasor et al. 2013;
among others).

While there is some evidence for a tilted vortex in TS
Erika based on the deep-layer shear, not all of the evidence
is consistent with this picture. The convection from TS
Erika was located to the south and east of the surface
center of circulation, shown by the storm-centered GOES
IR satellite images in Fig. 6. The pink dot represents the
storm center, and brightness temperatures were brightest

(coldest) to the southeast of the dot. Convection toward the
south and east of the center is also seen in Fig. 7a, where the
hurricane symbol denotes the location of the low-pressure
center, and the light shaded regions show the location of
cloud cover. The colored portions of Fig. 7a show composite
reflectivity from HAMSR. Given the west-northwesterly
deep-layer shear direction, the convective region should be
located more toward the east than the south.

The tilted vortex structure with altitude looks some-
what different in the bottom row of Fig. 5 at the later
time on 27 August 2015 than it does in the top row; the tilt
appears to be meridionally oriented. The tilt direction,
however, aligns well with the shallow shear from 500 to
850hPa in Fig. 4c, showing a more north-northwesterly
direction. The convective location toward the south and
east of the surface center of circulation is consistent with
the region of instability expected, based on a combina-
tion of the shallow and deep-layer shear patterns from
Figs. 4b and 4c. This result suggests that the structure of
TS Erika was more strongly influenced by the 500-850-hPa
shear than the typically considered deep-layer shear. A
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FIG. 7. (a) Storm-centered analysis of GOES infrared brightness temperature at 0300 UTC 27 Aug 2015 (gray shading) and HAMSR
composite reflectivity from 0100 to 0300 UTC 27 Aug 2015 (dBZ, color shading). The color-coded stars show the release locations of the
dropwindsondes shown in (b), and the cyclone symbol shows the storm center interpolated from best track at 0300 UTC 27 Aug 2015.
(b) Skew T-logp diagrams from two dropwindsondes. The black (red) line shows the dropwindsonde dropped at 0443 UTC 27 Aug 2015
(0007 UTC 27 Aug 2015). Temperature (solid, center pair), dewpoint temperature (dotted, left pair), and the path of a surface-lifted parcel
along a moist adiabat (dashed, right pair), are shown. Wind speed and direction are shown by wind vectors on the right, and common
sounding indices (PrcL, TrcL, Showalter index, precipitable water, and CAPE) are given along the bottom.

potential explanation for this result is that TS Erika was
characterized by a shallow circulation extending only up
to the midtroposphere. Evidence for this argument will
be presented below and further discussed in section 5.

b. Dry northern sector

In addition to northwesterly shear, TS Erika evolved
in an environment with relatively dry air to the north.
The dry northern environment can be seen in atmo-
spheric soundings from Global Hawk dropwindsondes.
Figure 7b shows soundings from the two starred loca-
tions in Fig. 7a at 0443 UTC 27 August 2015 (black
northern star) and 0007 UTC 27 August 2015 (red
southern star). Both soundings in Fig. 7b have temper-
ature profiles that follow along a moist adiabat much of
the way through the troposphere. Both are saturated in
the lower levels, up to ~750hPa, and have a relatively
dry upper troposphere above ~550hPa. The vertical
extent of the storm circulation appears to be limited to a
rather shallow layer, as indicated by the aforementioned
dry air above 550 hPa and the westerly winds south of TS
Erika’s center that appear only below 500 hPa. Note that
more than two dropwindsondes were released from the

Global Hawk, but these two are representative of the
northern and southern regions of the storm.

An important difference between soundings appears
in the midlevels. The dropwindsonde that sampled the
northern sector of the storm (black, Fig. 7b) captured a drier
midtroposphere from 800 to 400hPa, compared to the
southern sector of the storm amid the convective region
(red, Fig. 7b). The presence of dry air above 400 hPa in both
soundings signals the presence of a dry air mass surrounding
TS Erika. The soundings also portray differences in CAPE;
the sounding in the northern sector measured less undiluted
CAPE, or an atmosphere with more entrainment
(2001 Jkg ), than did the sounding in the southern sector
(3222J kg '). This is due, in part, to the higher boundary
layer equivalent potential temperatures (as shown by the
lifted parcel trace in the Fig. 7b soundings). Furthermore,
the sounding in the northern sector shows subsidence, as
temperature and dewpoint temperature inversions ap-
pear just above 800 hPa. Overall, these soundings indicate
that the southern sector of TS Erika was more favorable
for deep upward motions than was the northern sector.

While the northern dryness is apparent, the effects of
the dryness on convective structure are less apparent.
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FIG. 8. (a) Wind speed and direction (vectors) and reflectivity (colors, dBZ) from the P-3 TDR showing a meso-
vortex south of the storm center and east of Dominica (outlined), centered at 0636 UTC 27 Aug 2015 at 3-km altitude.
The highest reflectivities are associated with the center of low-level circulation. (b) A vertical cross section averaged
between the two black lines in (a), showing vorticity with altitude (contours) and reflectivity (colors, dBZ).

Prior studies on moisture impacts on tropical cyclones
have found that dry air can largely influence tropical cy-
clone intensification, depending on the vertical and hor-
izontal distribution of the dry air (e.g., Riemer et al. 2010;
Riemer and Montgomery 2011; Tang and Emanuel 2012;
Ge et al. 2013; Wu et al. 2015; Rios-Berrios and Torn
2017). Sheared tropical cyclones, in particular, are less
likely to intensify when dry air is present in the mid-
troposphere and in the upshear half (Rios-Berrios and
Torn 2017). In the case of TS Erika, dry air was present
to the north and west, or upshear per the 200-850-hPa
shear vector, of the surface center of TS Erika. TS
Erika was originally forecast to intensify, but this dry
region could have prevented intensification. On
the other hand, the combination of upshear dryness and
shear-induced asymmetric vertical motions could have
prevented convective development to the north and
enhanced convective development to the south by de-
laying the onset of convection. The actual effect on TS
Erika remains uncertain from limited observations,
but a potential enhancement effect of the dryness will be
further discussed in section 5.

c. Mesovortex

The final unique aspect of TS Erika that merits a
thorough description and discussion is the presence of a
circulation center exclusive from the main vortex that
can be seen in multiple radar observations. This feature
is referred to as a mesovortex due to its mesoscale size

(on the order of 100km) and its cyclonic rotating mo-
tion. Approximately 100 km south of the storm center,
the mesovortex is first apparent in observations at 0636
UTC 27 August 2015 in the TDR velocities from the
NOAA P-3 aircraft in Fig. 8a. The circulation feature is
coincident with high radar reflectivities just to the east-
northeast of Dominica. Wind speeds in the mesovortex
are around 10-15ms ™!, rotating counterclockwise.

The vertical structure of the mesovortex is shown in
Fig. 8b, with a cross section averaged between the two
black lines in Fig. 8a. The mesovortex appears to be fo-
cused above the surface, as indicated by the largest vor-
ticity values, which are found around 3-km altitude.
Positive vorticity values extend from the surface through
5km, showing the robustness and developed nature of the
mesovortex. Moreover, the mesovortex appears linked
to a convective cell, as indicated by reflectivity values
exceeding 20dBZ in the vicinity of large and positive
relative vorticity. The downshear half of sheared TCs is
typically characterized by large CAPE, helicity, and
vortex stretching (Molinari and Vollaro 2010; Nguyen
2015), which supports the formation of mesoscale vortices
within that region (Molinari et al. 2006; Nguyen 2015).
Based on this evidence, it is possible that the mesovortex
shown in Fig. 8 formed within the shear-organized
convection.

About 2h later, as the mesovortex approaches
Dominica, a circulation center can be observed by
the S-band Météo-France radar on Guadeloupe. The
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FIG. 9. D-value (m, color), flight-level wind (ms ™", vectors), and a few times (UTC) are shown from the NOAA P-3 on 27 Aug 2015
from about 3-km altitude. (a) A larger portion of the flight where TS Erika’s storm center can be distinguished from the mesovortex center
and (b) zoomed in on just Dominica and the mesovortex. Note the change in vector scale and D-value color scale from (a) to (b).

Meétéo-France Guadeloupe radar is not dual Doppler, but
radar-tracked features from the method described in sec-
tion 2b show cyclonic motion that persists near Dominica
for over 5h (Fig. 3), from 0830 to 1400 UTC 27 August
2015. In addition to the cyclonic motion in Fig. 3, also in-
cluded are the 1-hourly precipitation totals, which show
that the cyclonic feature was accompanied by heavy pre-
cipitation for the duration of its existence. The circulation
features seen in Figs. 3 and 8 are not associated with the
main circulation of TS Erika, which is clearly north of this
feature by about 100 km. Evidence for this is provided by
the flight-level winds in Fig. 9a and the D-value discussed
in the following paragraph.

The cyclonic feature is found to be coincident with low
D-values (Fig. 9); D-values were obtained from flight-level
data during the 27 August NOAA P-3 mission. A D-value
denotes the difference between the actual height and the
standard atmospheric height of a constant-pressure surface.
Thus, a small D-value relative to the nearby surroundings
can be representative of a low-pressure center (Parish et al.
2016). The P-3 aircraft flew through the mesovortex a little
after 0900 UTC at 3-km altitude, just before the mesovortex
reached Dominica. In Fig. 9a, the lower D-values from TS
Erika’s center are seen as a separate entity, well north of the
low D-values associated with the mesovortex near Dom-
inica. A zoomed-in view near Dominica is shown in Fig. 9b.
The D-value evidence tells us that not only does the mes-
ovortex have cyclonic rotation and vorticity, but it is also a
low-pressure feature. In addition to low D-values and low
pressure, the same P-3 dataset shows that the mesovortex
also has a relatively warm and moist center, with some
sporadic vertical velocities (not shown).

With the combination of Figs. 8a and 3a—c, the mes-
ovortex can be observed moving westward from 0636
UTC, when the mesovortex is seen east of Dominica by

the TDR, and from 0830 to 0930 UTC, where it is seen
east of Dominica but closer to the island. From 1000 to
1230 UTC (Figs. 3d—i), the mesovortex stays fixed over
Dominica, and the high precipitation totals coincide
with this time period (Fig. 2a). After 1300 UTC, the
mesovortex can again be seen moving westward, this
time away from Dominica (Figs. 3j-1).

Using best track coordinates for the surface low-
pressure center of TS Erika, the translation speed of
the storm can be estimated and compared against the
translation speed of the mesovortex. The average
translation speed of TS Erika on 27 August 2015 was
23.6kmh ', computed from best track data. Using the
approximate location of the mesovortex in Fig. 8
(15.7°N, 60.8°W) at 0636 UTC and the approximate
location of the mesovortex in Fig. 3a (15.7°N, 61.2°W)
at 0830 UTC, the translation speed before it reached
Dominica was 23.4kmh !, which matches well with the
storm translation speed. If the mesovortex had main-
tained this speed, it would have passed Dominica in less
than 1h. Instead, it spent over 3h centered on Dom-
inica (Figs. 3d-i) as a quasi-stationary feature. In ad-
dition, assuming a straight path between the two
locations above, the mesovortex would have passed to
the north of Dominica.

5. Discussion and conclusions

The center of TS Erika passed over the northern coast
of Guadeloupe on 27 August 2015 (Fig. 1). Dominica, to
the south, received over 500mm of precipitation in
about 5h (Fig. 2), while precipitation on Guadeloupe
was unexceptional. As TS Erika was developing, it
entered into a region with strong west-northwesterly
deep-layer shear (Fig. 4) that affected the storm’s
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development and structure. The sheared environment
caused vortex tilt (Fig. 5) and the associated downshear
convection and precipitation typical of sheared tropical
cyclones (Figs. 6, 7a). Dropwindsonde observations
show a region with drier air and some subsidence in the
northern portion of TS Erika (Fig. 7b). Unfortunately, it
was the downshear region with enhanced convection
that passed directly over Dominica. Furthermore, a cy-
clonic circulation (on the scale of ~100-km diameter,
10-15ms ') was embedded within the TS (Figs. 3, 8, 9).
This mesovortex was observed just to the east of Dom-
inica by the TDR. It migrated westward and was later
observed over Dominica by the Guadeloupe Météo-
France radar in tracked features. There, it persisted for 3 h,
directly over Dominica, causing continuous and heavy rain
over the island and contributing to the heavy rain totals.

A number of factors were influential in the heavy
precipitation Dominica received from TS Erika. The
role of the storm environment and the mesovortex will
be further discussed below. The reason TS Erika im-
pacted Dominica so strongly and the atypical nature of
the event will also be discussed.

a. Factors contributing to heavy precipitation

1) STORM ENVIRONMENT

The primary factor responsible for the heavy pre-
cipitation on Dominica was the tropical storm environ-
ment. The mechanism for wind shear enhancement of
downshear convection was discussed in section 4a. But
the importance of the circulation depth and combined
importance of the wind shear and dry northern sector of
the storm deserve further elaboration.

With regard to the circulation depth, the evidence
presented in this study suggests the following:

o The enhanced convective region to the south of TS
Erika was more consistent with the north-northwesterly
shallow-layer shear (500-850hPa) than the west-
northwesterly deep-layer shear (200-850hPa) dis-
cussed in section 4a.

o While the deep-layer shear is traditionally used with
respect to tropical cyclones, in the case of TS Erika,
this was misleading because the shallow shear was
more relevant.

o TS Erika’s circulation was relatively shallow and
weak, demonstrating that a shallow-layer shear is
more applicable to a weak tropical cyclone like TS
Erika than to strong tropical cyclones.

» Because of the shallow and weak nature of TS Erika
and the shallow north-northwesterly shear, Dominica
to the south received the core of precipitation from
the storm.
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These results reveal that the location of the heaviest
rainfall could have been better predicted with a com-
bined assessment of vertical wind shear between deep
and shallow layers and the vertical structure of TS Erika.
In addition to the circulation depth, a convective
strengthening mechanism, based on a combination of
the patterns of environmental shear and moisture, also
played a role. The dry upshear environment to the north
of TS Erika prevented convection by diluting updrafts
both through entrainment (due to the dryness) and
through subsidence (due to the shear), which increased
static stability (e.g., James and Markowski 2010; Kilroy
and Smith 2013; Molinari et al. 2012). Imagine a surface
air parcel moving counterclockwise around a tropical
cyclone, beginning on the upshear side. As it advects
around the surface center, the parcel gains heat and
moisture and is continuously ripening for convection.
But, given the increased stability, convection does not
yet occur. As this parcel continues to advect cyclonically
around the storm center, it soon enters the downshear
region. Already more than ready to convect with ample
heat and moisture, it is finally able to lift along the lifted
potential temperature surfaces and release its energy
into the convective region downshear. This mechanism
was documented with air parcel trajectories for a
sheared tropical cyclone (Nguyen 2015), and intense
downshear convective bursts have been discussed in the
literature associated with weak, sheared tropical cy-
clones (e.g., DeMaria et al. 2012; Fierro and Mansell
2017). Despite the compelling observational evidence,
further investigation is needed to confirm the role of this
convective enhancement mechanism within TS Erika.

2) MESOVORTEX

Another additive element to TS Erika’s heavy pre-
cipitation on Dominica was the mesovortex that formed
and moved over the high terrain of the island. The
heaviest rain rates and highest rainfall accumulations
occurred during this time period. The mesovortex was
observed in multiple ways and from a number of plat-
forms and instruments. The effort here is to consolidate
all of the lines of evidence for the existence of the
mesovortex into one diagram (Fig. 10).

The mesovortex was first observed at 0636 UTC 27
August 2015 by the TDR aboard the P-3 (Fig. 8). This is
the first and the best look because the TDR directly
measures reflectivity, as well as Doppler velocity, from
which vorticity can be computed. From Fig. 8, the
mesovortex is estimated to be ~1° in diameter
(~110km) and extends from the surface up to 5-km
altitude, with associated reflectivity as high as 9 km. The
approximate location, based on Fig. 8, is shown in Fig. 10
and labeled with the time observed.
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FIG. 10. A diagram showing the observed path of the meso-
vortex, citing the approximate location and time (UTC) it was
observed by various observational platforms with a map of the
nearby islands (green lines) in the background for reference, along
with the best track path of TS Erika (red line).

The next time the mesovortex was well observed was
from 0830 to 0930 UTC by the radar-tracked reflectivity
features from the operational Météo-France Guade-
loupe radar (Fig. 3, top row). The L in Fig. 10 denotes
that just after 0900 UTC, a small D-value, indicating a
low-pressure center, was observed in situ by the NOAA
P-3 aircraft (Fig. 9), coincident in time and space with
the observations from the radar-tracked features. The
mesovortex then persisted over the terrain of Dominica
for over 2 h before heading toward the northwest, where
it was last seen by the radar at 1400 UTC (Fig. 10).

Observational evidence points to two unique aspects
of the mesovortex: its movement toward and its persis-
tence over Dominica. Assuming it was traveling in a
straight line from when it was observed at 0636 to 0830
UTC, it is surprising that it moved southward to where it
centered over the northern portion of Dominica. Tropical
cyclone track changes associated with orography have
been extensively studied in Taiwan (e.g., Wu and Kuo
1999; Lin et al. 2005), and one study shows that Taiwan’s
topography sometimes attracts vortices when they pass to
the north (Huang et al. 2011). The mechanism for track
modification near mountains is due to mesoscale chan-
neling wind effects and is sensitive to the exact topography,
storm approach direction, wind speed, and storm trans-
lation speed (Huang et al. 2011). The mesovortex in this
case is much smaller, with shallower circulation than most
typhoons near Taiwan; Dominica also has a much smaller
land area and shorter terrain heights than Taiwan. Still,
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based on the general dynamics of mesovortex interactions
with terrain, the hypothesis is as follows: when the cy-
clonically rotating mesovortex approached the northern
part of Dominica, westerly winds from the mesovortex
reached the terrain and caused air to accumulate on the
northwest side, causing local positive pressure. On the
opposite northeast side of Dominica, air evacuated at low
levels with little replacement because of terrain blockage,
causing a local pressure minimum. This effect could cause
the low pressure of the mesovortex to shift toward the
induced low pressure on Dominica instead of passing to
the north. A similar mechanism is associated at synoptic
scales with lee cyclogenesis over the Rockies, termed an
“amoebalike” movement (Bannon 1992).

The second unique aspect of the mesovortex is its
persistence and quasi stationarity over Dominica. In
section 4c, the translation speed of the mesovortex and
TS Erika’s center were found to be nearly the same until
the mesovortex encountered Dominica, at which point it
drastically slowed. The stationarity of the mesovortex
over Dominica was driven by a classic positive feed-
back: a low pressure disturbance draws air toward its
center, where the air converges and lifts, and water va-
por condenses, releasing latent heat and enhancing
vertical lifting, which reinforces the initial surface low.
In this case, the mesovortex is the initial low-pressure
disturbance, and orographic lifting adds to the vertical
motion. The main difference is the stationarity of the
orography influencing the location of the updrafts and
keeping the mesovortex centered over the island.

Observational evidence is limited for both the meso-
vortex movement toward Dominica and its persistence
over Dominica. Open questions remain, but future nu-
merical modeling tests can help confirm the mesovortex
hypotheses. Despite remaining unknowns, the strong
focus on the mesovortex in this manuscript is due to its
relationship with precipitation on Dominica. Much of
the precipitation on Dominica fell during the time of the
mesovortex, and its extensive temporal duration over
the island was a strong factor in enhancing the quantity
of precipitation from TS Erika.

3) OROGRAPHY

It is clear that Dominica’s terrain played a role in the
precipitation on Dominica (see Figs. 2a, 3), but it was
not a typical orographic effect (see Houze 2012). The
mesovortex would have advected with the mean flow of
TS Erika had Dominica not been present. Therefore,
while Dominica’s terrain was not responsible for the
formation of the mesovortex, its primary role was in
attracting and maintaining the mesovortex over the is-
land. The mesovortex, and the unusual situation it
brought to Dominica, was responsible for the lack of a
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TABLE 1. Top 10 rain events on Dominica from the TMPA cli-
matology, ranked by amount in the years 1998-2015. The rank, 24-h
precipitation accumulation (mm), event date, and name are given.

24-h
Rank precipitation (mm) Date Event (if named)

1 197.4 27 Aug 2015 TS Erika (2015)
2 158.7 29 Jul 2001
3 150.9 10 Sep 2007
4 150.7 3 Sep 2009 TS Erika (2009)
5 147.7 28 Nov 2011
6 145.1 17 Aug 2007 Hurricane Dean (2007)
7 142.6 18 Jun 2003
8 139.0 8 Nov 2014
9 135.4 21 Nov 2004

10 135.1 19 Nov 1999 TS Lenny (1999)

typical orographic precipitation enhancement signature
from TS Erika. While observations alone cannot confirm
the above statements, future modeling efforts can iso-
late the role of terrain on precipitation from this event.

b. Impacts on Dominica

Dominica had experienced heavy rainfall events in
the past, but TS Erika was the highest 24-h precipita-
tion accumulation event in the time period covering
1998-2015. Table 1 shows the top 10 rain events
from TRMM’s Multiplatform Precipitation Analysis
(TMPA) climatology, a blend between low-orbit mi-
crowave satellites and geostationary IR satellites
(Huffman et al. 2007). The analysis was computed as an
average over the two 0.25° X 0.25° grid points centered
on Dominica. Rainfall for TS Erika (2015, not to be
confused with 2009) on Dominica is underestimated due
to satellite estimation and grid box averaging. However,
TS Erika was still record breaking (Table 1).

Four of the top 10 rainfall events on Dominica were
associated with tropical cyclones (three tropical storms
and one hurricane; Table 1). A similar analysis of rain-
fall from TMPA, associated with only tropical cyclones,
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was also done for cyclones that passed within 500 km of
Dominica (Table 2). In that analysis, eight of the 10 top
rainfall events were from tropical storms or depressions
(D), while only two were hurricanes. This analysis
clearly shows that while TS Erika was a significant and
record-breaking rain event for Dominica, extreme
rainfall from a tropical storm (as opposed to a hurricane)
is not surprising in that region.

Hurricane Dean (2007) makes both top 10 lists. Four
of the same rain gauges recorded precipitation totals
from 155 to 517 mm from Hurricane Dean, highly de-
pendent on the altitude and east-west placement of the
rain gauge (Smith et al. 2009b). This type of clear oro-
graphic precipitation pattern was initially expected from
TS Erika and is one of the reasons precipitation on
Dominica from TS Erika was unusual.

Precipitation accumulations from TS Erika on Dom-
inica do not appear to be orographically controlled in
the traditional sense. Low-elevation gauges near the
east and southern coast received just as much rain as did
high-elevation, mountaintop gauges, and it did not seem
to matter where the gauge was located. The spatial
coverage of precipitation from TS Erika was remark-
able. It moved large boulders, diverted rivers, and
caused landslides (Ogden 2016). The torrential rain also
displaced entire towns; the southern rain gauge site at
Grand Bay, with the second most cumulative pre-
cipitation from TS Erika, was located near two of
the permanently displaced towns (Petite Savanne and
Dubique).

Tropical storm watches and warnings are based exclu-
sively on wind speed probabilities, not precipitation
probabilities. TS Erika was not a strong storm from a wind
perspective. Tropical storm warnings were issued by the
National Hurricane Center for many islands north of
Dominica along TS Erika’s forecasted projected path.
These included Guadeloupe (watch only), Anguilla, Saba,
St. Eustatius, St. Maarten, Antigua, Barbuda, Montserrat,

TABLE 2. Top 10 rain events on Dominica from cyclones passing within 500 km. Data are from the TMPA climatology, ranked by
amount in the years 1998-2015. The rank, 24-h precipitation accumulation (mm), event date, tropical cyclone name, intensity (kt and
category), and closest approach to Dominica (km) are given. H1, hurricane category 1; H4, hurricane category 4; D, tropical depression.

Rank 24-h precipitation (mm) Date Tropical cyclone Intensity (kt and category) Closest approach (km)
1 197.4 27 Aug 2015 Erika (2015) 45 (TS) 140
2 150.7 3 Sep 2009 Erika (2009) 40 (TS) 182
3 145.1 17 Aug 2007 Dean (2007) 90 (H1) 114
4 135.1 19 Nov 1999 Lenny (1999) 60 (TS) 275
5 1135 22 Aug 2012 Isaac (2012) 45 (TS) 132
6 107.4 14 Sep 2004 Jeanne (2004) 25 (D) 100
7 94.2 13 Oct 2012 Rafael (2012) 35 (TS) 200
8 93.9 16 Oct 2008 Omar (2008) 115 (H4) 414
9 91.6 15 Aug 2004 Earl (2004) 35 (TS) 396

10 75.0 1 Aug 2014 Bertha (2014) 45 (TS) 151
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St. Kitts, Nevis, Puerto Rico, U.S. and British Virgin Is-
lands, St. Barthélemy, Dominican Republic, Haiti, Turks
and Caicos, and the Bahamas (all had watches upgraded
to warnings) (Pasch and Penny 2016). In terms of wind
forecasting, this was appropriate. The strongest winds
recorded on Dominica were only 34 kt (Pasch and Penny
2016). Even Guadeloupe, which bore a direct hit from the
surface low-pressure center of TS Erika, only saw wind
gusts as high as 52kt (Pasch and Penny 2016).

Forecast precipitation amounts for Dominica, as well
as all global model ensemble forecasts, were well below
the actual precipitation accumulations received. While it
is not surprising that coarse-resolution global models
underpredict precipitation on small islands, the stark
contrast between predicted and actual rainfall amounts
shows how little warning came before the event to the
people on Dominica. The early-morning timing and un-
expected nature of the event meant that little preparation
or precaution was taken. Furthermore, poor precipitation
forecasts lend further evidence to the idea that the mes-
ovortex interaction with orography, something certainly
unresolved by models, played a significant role.

TS Erika is a good reminder that just because an area is
not under a tropical storm watch or warning, it does not
mean the threat of a natural hazard is negligible. Flooding
and landslides resulted from the heavy precipitation dis-
cussed in section 3, but the heavy precipitation was par-
tially caused by the mesovortex discussed in section 4c.
A transient, mesoscale feature like the mesovortex is
extremely difficult to model and even more difficult to
predict or forecast, especially in a region with complex
terrain. Hopefully, this case study can bring a greater
focus to the dangers of heavy precipitation from all types
of tropical storms and serve as a learning experience to
help mitigate the loss of lives and property and prepare
for extreme rainfall events in the future.
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