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ABSTRACT

A synoptic analysis and soil moisture (SM) sensitivity experiment is conducted on the record-breaking
rainstorm in Texas associated with Hurricane Harvey on 26-30 August 2017. The rainstorm occurred as the
moist tropical air mass associated with Harvey was lifted along a frontogenetical near-surface coastal baro-
clinic zone beneath the equatorward entrance region of an upper-level jet streak. The weak steering winds in
Harvey’s environment, allowing Harvey to remain nearly stationary, were associated with a deformation
steering flow pattern characterized by a trough to the north and flanking ridges to the west and east. This
pattern has occurred with other notable tropical cyclone rainstorms along the Gulf Coast, except in Harvey’s
case it contributed to the collocation of deep tropical moisture and a persistent midlatitude lifting mechanism.
Motivated by marked increases in SM during the rainstorm, a suite of six numerical simulations is used to test
the sensitivity of the Harvey rainstorm (track, intensity, and rainfall) to varying SM. These simulations include
dry, realistic, and wet SM conditions and an additional three runs with the initial SM held constant throughout
the simulations. The results showed that track and prelandfall intensity were most sensitive to SM. Decreased
SM resulted in the 1) development of an anticyclone in the southern plains that steered Harvey farther
southwest in Texas, and 2) interruption in the intensification of Harvey in the Gulf of Mexico as dry air in the
Yucatan Peninsula was entrained into Harvey’s circulation, contributing to a weaker system at landfall.

Implications of these findings on the evolution of tropical systems are also discussed.

1. Introduction

Extreme rainstorms associated with slow-moving hurri-
canes pose significant socioeconomic impacts, particularly
in the coastal zone where increasing populations put
more at risk to theses hazards (Klotzbach et al. 2018a).
One such extreme rainstorm occurred in the Texas
coastal plain with the landfall of Hurricane Harvey on
26 August 2017. A comprehensive documentation of
Harvey’s life cycle is provided by Blake and Zelinsky
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(2018). Harvey remained a weak tropical disturbance
for much of its existence following its emergence from
the West African coast on 12 August. After Harvey
crossed the Yucatan Peninsula and entered the western
Gulf of Mexico on 22 August, it moved northwestward
toward the Texas coast. Beginning on 24 August, Harvey
underwent a period of rapid intensification reaching
category-4 intensity on the Saffir—Simpson scale (Simpson
and Saffir 1974) at the time of landfall near Rockport,
Texas, just after 0000 UTC 26 August. Harvey began a
period of increased hurricane activity in the North
Atlantic Ocean basin that lasted through September
(Klotzbach et al. 2018b).

The landfall of Harvey brought with it damaging
winds, tornadoes, storm surge, and freshwater flooding
(Blake and Zelinsky 2018). Mesovortices and smaller-
scale tornado-like vortices within the eyewall of Harvey
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produced local enhancements of surface wind speed and
damage (Wurman and Kosiba 2018). Numerous torna-
does occurred in conjunction with minisupercells in
rainbands on the east side of Harvey (Jones et al. 2019;
Brauer et al. 2020) and storm surge inundation levels
approached 3 m above ground level (Blake and Zelinsky
2018). The most impactful hazard associated with
Harvey, however, was the incredible rainstorm that
occurred in the Texas coastal plain. From 26 to
30 August 2017, maximum rainfall accumulations
exceeded 1300 mm near Port Arthur, Texas, and a
large area over 1000 mm extended from near Houston,
Texas, to Port Arthur (Fig. 1a). While Texas is no
stranger to flooding rainstorms associated with land-
falling tropical systems, Harvey exceeded all previous
rainstorms in the historical record both in terms of
maximum amount observed at a single rain gauge and
total volume of water produced in the rainfall region
(Blake and Zelinsky 2018). The record rains contrib-
uted to a flood of historic proportions in the Texas
coastal plain.

The rainstorm was driven by the repeated develop-
ment of heavy-rain-producing convective systems on the
east side of Harvey for several days after landfall. These
convective systems resembled the principal rainband
structure ubiquitous to tropical cyclones (Houze 2010,
and references therein), and included several supercells
that had very high precipitation efficiency (Brauer et al.
2020). A key aspect of this rainstorm was the near sta-
tionarity of Harvey over southeast Texas for several
days after landfall before reemerging over the Gulf of
Mexico on 28 August. In addition to Harvey’s statio-
narity, deep tropical moisture was in place in southeast
Texas as measured by a sounding taken near the eye at
landfall that measured 82.8 mm of total column precipi-
table water (PW), which is the highest PW ever recorded
by a radiosonde in the contiguous United States
(Ferndndez-Cabén et al. 2019). The deep moisture
and instability were collocated with a stationary front
extending from near Houston northeastward along the
Gulf Coast. This front was important in providing a
focus for ascent in an environment of deep tropical
moisture, thereby comprising key ingredients for heavy
rainfall (Doswell et al. 1996). The interaction of a
tropical disturbance and a midlatitude front has been
documented in previous rainstorms along the Texas
coast (Bosart 1984), and somewhat resembles the
“frontal”-type flash flood situation presented by Maddox
et al. (1979).

During the Harvey rainstorm, the soil moisture con-
tent as measured by the National Aeronautics and Space
Administration (NASA) Soil Moisture Active Passive
(SMAP) level 4 (L4) data (Reichle et al. 2018) markedly
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increased over southeast Texas. Figures 1b and 1c
shows a comparison of the SMAP-L4 0-5-cm volumet-
ric soil moisture content at 1200 UTC 23 and 27 August
2017, with the earlier time showing the antecedent
conditions and the latter in the midst of the rainstorm.
Soil moisture values increased from 0.2-0.3 to 0.4-
0.6m>m > in the Texas coastal plain, with the largest
increases occurring near Houston, Texas. The increases
in soil moisture prompt questions on its influence on the
evolution of the Harvey Texas rainstorm. Previous
studies have suggested that evaporation over wet soils is
an important (but secondary) factor in precipitation during
and after landfall of tropical systems (e.g., Trenberth et al.
2007). Liu et al. (2019) also showed that evaporation of
rainfall was a secondary but nonnegligible effect contrib-
uting to 15%-20% of the total rainfall within 100km of
the center of Typhoon Utor (2013).

The modulation of intensity of tropical systems after
landfall by surface fluxes of heat and moisture over the
land surface has been documented in Asia (Wei and Li
2013), North America (Evans et al. 2011), and Australia
(Kilroy et al. 2016). Inland intensification of tropical
systems in Australia can occur in situations where
rainfall ahead of the cyclone moistens the desert soils
and when combined with heating by insolation result in
very large surface latent heat fluxes comparable to those
seen over a warm ocean (Emanuel et al. 2008). These
surface latent heat fluxes over moist soils are important
for maintaining enhanced moisture and reduced stabil-
ity to allow for continued convection near the cyclone
center (Kilroy et al. 2016). The reintensification of
Tropical Storm Erin (2007) over central Oklahoma on
19 August 2007 occurred over anomalously moist soil
conditions associated with a wet spring and summer over
the southern Great Plains (Schumacher and Davis 2010).
In a modeling sensitivity study using the Advanced
Research Weather Research and Forecasting (WRF-
ARW) system, Evans et al. (2011) found that increased soil
moisture in Oklahoma led to Erin’s reintensification by
contributing to reduced vertical mixing and a shallower
boundary layer leading to an environment with in-
creased moisture and instability. This result is consistent
with Zhang et al. (2017) who showed that forecasts of
intensification using the Hurricane Weather Research
and Forecasting (HWRF) Model are improved when
using a planetary boundary layer (PBL) parameteriza-
tion that allows for a shallower PBL with stronger low-
level inflow and convergence. Recent efforts to study the
intensity evolution of tropical systems after landfall has
led to the development of the ““brown ocean’ concept,
where rainfall produces anomalously moist soil condi-
tions and enhanced surface latent heat fluxes (e.g.,
Andersen and Shepherd 2017).
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Clearly, the underlying soil moisture condition has the
potential to impact the rainfall and intensity of tropical
systems during and after landfall. Given how Harvey
produced a historic rainstorm and flood and maintained
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FIG. 1. (a) Stage-IV total accumulated precipitation (shaded according to the color bar; mm) for 1200 UTC 23-30
Aug. The maximum accumulated rainfall for the period is shown in the upper left. HURDAT? track and intensity
for Hurricane Harvey are shown with 0000 UTC positions marked by a black-filled circle and track color based on
Saffir-Simpson scale classification according to the key. Positions of Harvey and a second low pressure center are
marked by a red-filled “L’’ symbol, stationary surface fronts are shown by a blue line segment with conventional
frontal symbols, and a surface pressure trough is indicated with a brown-dashed line segment at approximately
0000 UTC 28 Aug. The schematic surface features are based on the NOAA Ocean Prediction Center Unified
Surface Analysis. Also shown is NASA 9-km L4SMAP near-surface 0-5-cm volumetric soil moisture content
(shaded according to the color bar; m®m ™) at 1200 UTC (b) 23 and (c) 27 Aug 2017 overlaid with the HURDAT2-
based storm track for Harvey (black line with black-filled circles at 0000 UTC). The locations in Texas of Houston
(black), Victoria (blue), Rockport (magenta), Corpus Christi (red), and just southeast of San Antonio (green) are
marked by filled circles.
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tropical storm intensity for 2 days after landfall before
reemerging over the Gulf of Mexico, this study aims to
address the following science questions: 1) What synoptic-
scale circulation features and physical mechanisms led to
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the extreme rains? 2) What factors set Harvey apart
from previous extreme rainstorms associated with
tropical systems? 3) Was the evolution of the Harvey
rainstorm sensitive to the underlying soil moisture
condition? Observations, operational model analysis
and retrospective reanalysis fields, and a suite of
convection-allowing WRF-ARW simulations will be
used to answer these questions.

The remainder of the paper is organized as follows.
Section 2 provides the synoptic analysis. Section 3
presents a comparison of Harvey to previous slow-
moving tropical cyclones in 1979-2018. Section 4 presents
the WRF-ARW model configuration and an overview of
the control simulation. Section 5 presents the experimental
design and results from the WRF-ARW soil moisture
sensitivity experiment, and section 6 provides the con-
cluding remarks.

2. Synoptic analysis

a. Data and computation of steering layer flow and
Petterssen frontogenesis

The National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS) analysis pressure-
level data, available at 6-h intervals at 0.25° X 0.25°
latitude—longitude grid spacing, was used to determine the
synoptic-scale environment and physical mechanisms
that produced the Harvey rainstorm. Accumulated rainfall
analyses in the southern Great Plains and southeast United
States were derived from the NCEP Stage-IV rainfall
dataset available at 4-km horizontal grid spacing (Lin
2011). The position of surface frontal zones was deter-
mined by manual analysis of surface observations and
surface analyses provided by the National Oceanic and
Atmospheric Administration (NOAA)/National Weather
Service (NWS)/Ocean Prediction Center (OPC) unified
surface analysis. Observed radar reflectivity were obtained
from the Multi-Radar Multi-Sensor (MRMS) gridded
composite reflectivity dataset (Lakshmanan et al. 2007;
Smith et al. 2016). Observed positions of Harvey were
derived from the Hurricane Best Track Database
(HURDAT?2; Landsea and Franklin 2013).

Potential temperature and wind on the dynamic tropo-
pause (DT) are examined in Fig. 2 (discussed further in
section 2b), which is defined as the 2.0 potential vorticity unit
(PVU) surface where 1.0 PVU = 1.0 X 10 °Kkg 'm?s ™.
The computation of Harvey’s steering layer flow follows
the vorticity inversion method presented by Galarneau
and Davis (2013, their section 2b). First, the environment
wind is computed every 6h at 50-hPa increments in the
850-200-hPa layer by removing the vorticity and diver-
gence associated with Harvey out to a given radius from
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the center. Then, the steering flow is defined as the spa-
tially averaged environment wind over depths ranging
from the 850-800- to 850-200-hPa layers and horizontal
regions of 1°-8° radii that best matches the motion of
Harvey based on positions in the HURDAT2 at =12h.
Harvey’s time-averaged best-match steering layer for
1200 UTC 24-29 August 2017 is defined as the 850-300-hPa
layer with a radius of 3° for the steering analysis presented
in section 2b.

The Petterssen frontogenesis function was used to
investigate the physical mechanisms that were driving
the heavy rains in southeast Texas. This form of front-
ogenesis relates the Lagrangian time rate of change of
the potential temperature gradient to kinematic prop-
erties of the wind field, and is defined using the formu-
lation in Keyser et al. (1988, their Eq. 1.1) as

d 1
a7 |Vo| = ) |[VO|(D — Ecos2pB), (1)

where d/dt = (9/9t) + u(d/dx) + v(d/dy), V is the gradient
operator on a horizontal surface, D is the divergence, and
E is the resultant deformation. The angle B8 represents the
difference between the angles representing the local ori-
entation of the isentropes and the axis of dilatation, as il-
lustrated in Fig. 1 of Keyser et al. (1988).

b. Synoptic-scale flow evolution

As Harvey approached the southeast Texas coastline
at 1200 UTC 25 August, a well-defined upper-level an-
ticyclone (relatively higher potential temperature on the
DT) was centered over Harvey and covered much of the
Gulf of Mexico and stretched from the southern Great
Plains to the southeastern United States (Fig. 2a). A
weak upper-level cyclonic circulation was positioned
west of Harvey in northern Mexico. The midlatitude
westerly jet stream was positioned farther north over the
northern United States, with troughs located over Montana
and the northeast United States. Surface cyclogenesis was
underway in central Florida on the eastern flank of Harvey’s
outflow anticyclone. By 0000 UTC 27 August, Harvey was
located in southeast Texas (Fig. 2b). The upper-level trough
over Montana had moved eastward to eastern North
Dakota and extended southeastward to Missouri (Fig. 2b).
The southern end of this trough was located just north of
Harvey’s outflow anticyclone, resulting in a marked increase
in the potential temperature gradient on the DT and the
development of an upper-level jet streak extending from
Oklahoma and Kansas to the Appalachians. Harvey was
positioned in the equatorward entrance region of this
upper-level jet streak.

Harvey remained in the equatorward entrance region
of an upper-level jet streak on 1200 UTC 28 August as
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FIG. 2. The DT potential temperature (shaded according to the color bar; K), wind (half barb = 2.5ms ™, full

barb = 5.0ms ™ !; and pennant = 25.0ms '), and 925-850-

hPa layer-mean relative vorticity (black contours every

4.0 X 1075~ ! starting at 4.0 X 107> s~ ") at (a) 1200 UTC 25, (b) 0000 UTC 27, (c) 1200 UTC 28, and (d) 0000 UTC
30 Aug 2017. Harvey and the developing extratropical cyclone in Florida are marked by the white-filled magenta
“L.” The upper-level midlatitude trough is marked by the white-dashed line segment, and a weak upper-level
cyclonic circulation is marked by the white-filled black “X.”

the midlatitude trough developed a positive tilt in re-
sponse to ridge building in the western United States
(Fig. 2¢). Harvey and the weak upper-level cyclonic
circulation in northern Mexico moved northeastward on
the southeast flank of the upper-level trough through
0000 UTC 30 August, with Harvey reemerging in the
Gulf of Mexico and making a second landfall on the
Louisiana coastline on 30 August (Fig. 2d). The weak
surface cyclone initially in Florida also moved north-
eastward and intensified into a mature extratropical
cyclone.

A key factor contributing to the exceptional rains was
the slow forward motion of Harvey after landfall. The
steering layer (850-300hPa) averaged relative vorticity
and environment wind are presented in Fig. 3. Key cir-
culation features are labeled, with thick arrows repre-
senting streamlines of the environment wind near Harvey
and deep-layer anticyclonic and cyclonic circulation fea-
tures labeled “A” and “C,” respectively. At 1200 UTC
25 August, Harvey was embedded in southeasterly steer-
ing flow associated with the anticyclone in the Gulf of
Mexico (Fig. 3a). By 0000 UTC 27 August, as the midlat-
itude trough moved eastward on the north side of Harvey
and the deep anticyclone remained positioned on the east

side of Harvey, the configuration of the flow placed Harvey
in a weak flow region (i.e., saddle point) along the axis of
dilatation of a deformation flow pattern in southeast Texas
(Fig. 3b). As the anticyclone developed in the western
United States and the midlatitude trough moved eastward,
the deformation flow pattern shifted slightly southwest-
ward, placing Harvey in a westerly steering flow (Fig. 3c).
At 0000 UTC 30 August, Harvey continued moving
northeastward in the confluent southwesterly steering flow
south of the trough and north of the outflow anticy-
clone (Fig. 3d).

¢. Physical mechanisms driving heavy rainfall

The Harvey rainstorm involved the overlap of deep,
tropical moisture with a persistent lifting mechanism. At
0000 UTC 23 August, Harvey and its plume of deep
tropical moisture was located just west of the Yucatan in
the southern Gulf of Mexico (Fig. 4a). A remnant sta-
tionary front and zonally oriented plume of enhanced
PW was positioned along the Gulf Coast and a cold front
extended from an extratropical cyclone in eastern Canada
southwestward to the southern plains. The cold front
moved southward to the Gulf Coast as surface high pres-
sure moved to the central Great Plains through 0000 UTC
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FIG. 3. 850-300-hPa steering-layer-mean environment wind (barbs as in Fig. 2) and relative vorticity (anticyclonic
shaded according to the colorbar; 107> s~ %; cyclonic contoured every 4.0 X 10 s ! starting at 2.0 X 10>s™ 1) at
(a) 1200 UTC 25, (b) 0000 UTC 27, (c) 1200 UTC 28, and (d) 0000 UTC 30 Aug 2017. The position of Harvey is
labeled by a white-filled magenta ‘L’ and anticyclonic and cyclonic circulation features are labeled “A” and ““C,”
respectively. Approximate streamlines are marked by thick black arrows.

25 August (Figs. 4b,c). Surface low pressure formed along
the cold front in Florida and Harvey’s circulation began to
interact with the southwest end of the cold front near the
Texas coastline. By 1200 UTC 25 August, Harvey’s cy-
clonic circulation was advecting a region of deep tropical
moisture northwestward to the cold front region (Fig. 4d).
Figure S1 in the online supplemental material shows a
manual analysis of surface temperature and dewpoint at
1200 UTC 25 August, illustrating the presence of the well-
defined stationary front (previously the cold front over the
central Great Plains 2 days earlier) along the Texas coast-
line. This front separated the warm, moist southeasterly
flow on the northeast side of Harvey from cooler, moist
northeasterly flow in Texas, Louisiana, and Mississippi.
After Harvey made landfall in southeast Texas, south-
easterly flow on the east side of Harvey continued to fa-
cilitate the lifting of deep tropical moisture along the
surface coastal front (Fig. S2 in the online supplemental
material).

Close inspection of the radar reflectivity at key ob-
servation times reveals that heavy rains began along the
Texas coast nearly 12h prior to landfall as Harvey’s
moist tropical air mass was lifted in conjunction with an
axis of frontogenesis aligned with the coastal front along
the Texas coast (Fig. 5a). Frontogenesis persisted through
28 August (Figs. 5b—d). Intense bands of thunderstorms,
resembling a principal rainband as described by Houze
(2010, his Fig. 36), formed in the Gulf of Mexico east of
Harvey and south of the frontogenetical coastal front. A
larger area of intense rainfall overspread the region over
and north of the axis of frontogenesis where the principal
rainbands intersected the coastal front. The heaviest rains
(>1000mm during 1200 UTC 23-30 August 2017) oc-
curred from Houston to Port Arthur, Texas, located on the
north side of the front (Fig. 1a). The near stationarity of
Harvey to the west of Houston through 28 August allowed
an extended period in which Harvey’s deep tropical
moisture overlapped with enhanced ascent associated
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FIG. 4. Total column PW (shaded according to the colorbar; mm), sea level pressure (black contours every 2 hPa),
2-m potential temperature (blue contours every 2°C), and 850-hPa wind (barbs as in Fig. 2) at (a) 0000 UTC 23,
(b) 0000 UTC 24, (c) 0000 UTC 25, and (d) 1200 UTC 25 Aug 2017. The position of Harvey is labeled by a white-
filled magenta “L,” the surface cyclone in Florida is marked by a red-filled black “‘L,” the extratropical cyclone in
eastern Canada is marked by a yellow-filled black ““L,” and surface high pressure centers are marked by a blue-filled
black “H.” The positions of surface fronts are marked by solid blue line segments and are derived from the NOAA

Ocean Prediction Center Unified Surface Analysis.

with a frontogenetical midlatitude surface front and the
equatorward entrance region of the upper-level jet streak.
The rains then continued in this region on 29-30 August on
the northwest side of Harvey as it reemerged in the Gulf of
Mexico and moved northeastward to Louisiana.

3. Historical comparison
a. Data and methods

To provide historical context to the Harvey rainstorm,
the forward motion and rainfall associated with all
North Atlantic tropical cyclones that made landfall in
the contiguous United States in 1979-2018 are exam-
ined. For each system, the 6 hourly forward motion is
determined based on their positions in the HURDAT?2
at =12h. Then, the average magnitude of the forward

motion vector is taken for the period from 1 day prior to
landfall to 3 days after landfall (defined as day—1, day 0,
day+1, day+2, and day+3). In the same period, the
total accumulated rainfall within 500 km of the landfall
point is computed using the NOAA Climate Prediction
Center Unified Precipitation Dataset (UPD; Higgins
et al. 2000) available daily at 0.25° latitude—longitude
grid spacing. The UPD-derived accumulated rainfall for
Harvey in this period is shown in Fig. S3 in the online
supplemental material. The gridpoint maximum accu-
mulated rainfall is used in the climatological analysis
rather than area-mean or volumetric rainfall because the
rain gauge-based UPD dataset does not contain infor-
mation over nearby oceanic regions. Therefore, for in-
stance, the area-mean calculation for a tropical system
that made landfall in Florida would have a relatively
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FIG. 5. MRMS reflectivity (shaded; dBZ) at 1200 UTC and daily mean 1000-900-hPa layer-mean wind (arrows;
ms '), potential temperature (solid black contours every 1°C), and Petterssen frontogenesis [solid red contours at
0.5,1,1.5,2, 4,7, 10, 20, 40, and 80°C (100 km)~' (3h) '] on (a) 25, (b) 26, (c) 27, and (d) 28 Aug 2017.

limited number of land grid points compared to a system
that made landfall in southeast Texas. So, the area-mean or
volumetric calculation may not best represent the amount
of rainfall that occurred within 500 km of the landfall point.

Analysis of synoptic-scale circulation features and char-
acterization of the environment moisture and ascent forc-
ing is derived from the NCEP Climate Forecast System
Reanalysis (CFSR) (Saha et al. 2010, 2014) pressure-level
data available four times daily at 0.5° X 0.5° horizontal grid
spacing. The available atmospheric water vapor is com-
puted as the daily and area-mean total column PW in a
2° X 2° region centered on the location of the maximum
accumulated rainfall from day—1 through day+3. The
ascent forcing at 700 hPa is computed as a daily and area-
mean in the same region, and is computed as the right-
hand side of the quasigeostrophic omega equation which is
defined as [Bluestein 1992, his Eq. (5.7.54)]:

<V2+f—028—2>w=—2 -Q )
where o is the vertical velocity, V,, is the gradient op-
erator on a pressure surface, Vlz, is the Laplacian oper-
ator on a pressure surface, p is pressure, o is static
stability, f; is the Coriolis constant (10~ *s™"), and

_ 8.V T
:_& ax p _ Ql) 3
Q ap an VT (Qz ’ ()
ay v

In the definition of Q, R, is the gas constant for dry air,
V, is the geostrophic wind, T'is the temperature, O and
Q, are the zonal and meridional components of Q, and
all other symbols are the same as defined for Eq. (2).
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Positive and negative contributions from the right-hand
side of Eq. (2) indicate quasigeostrophic forcing for ascent
and descent, respectively. As an illustrative example, the
700-hPa ascent forcing for Harvey at 1200 UTC 27 August
2017 is shown in Fig. S4 in the online supplemental ma-
terial. A region of ascent forcing (—2V,, - Q > 0) was lo-
cated in the eastern flank of Harvey in the heavy rainfall
region. In the 2° X 2° region centered on the location of
the maximum accumulated rainfall, Q was oriented across
the isotherms pointing toward warmer air which indicates
frontogenesis (Keyser et al. 1988) and shows that the near-
surface frontogenesis along the coastal front shown in
Fig. 5 extends upward through 700 hPa.

b. Climatology

In 1979-2018, 172 tropical cyclones made landfall' in
the contiguous United States. The distribution of mean
tropical cyclone motion from day—1 through day+3 is
shown in Fig. 6a. In the positively skewed distribution,
most landfalling tropical cyclones have mean forward
motion of 5-7ms~'. The subset of 22 slowest-moving
tropical cyclones with motion < 3ms ™! (and to a lesser
extent the subset of 40 tropical cyclones moving 3-
5ms~ ') produce significantly more maximum rainfall
than faster moving systems. The scatterplot of mean
motion versus maximum accumulated rainfall shows
that both fast and slow moving systems can produce sig-
nificant rainstorms with maximum rainfall 100-300 mm
(Fig. 6b). However, all rainstorms with accumulations over
400mm occurred with slow-moving systems (<5ms ')
with exception of Floyd (1999) which underwent extra-
tropical transition (Atallah and Bosart 2003). The Harvey
rainstorm was the most significant rainstorm in the clima-
tology, producing maximum rainfall nearly 50% larger
than the second and third ranked rainstorms associated
with Georges (1998) and Florence (2018).

The maximum rainfall-relative tropical cyclone tracks
for the top six rainfall events® is shown in Fig. 7a.
Florence and Danny had somewhat straight, slow
motion as they passed near the maximum rainfall location.
Harvey, Georges, Alberto, and Allison had slow forward
motion that was accompanied by an abrupt change in di-
rection, with Harvey and Allison having the longest du-
ration of being located within 4° of the maximum rainfall
location. The steering flow analysis shows that Allison’s
slow motion and change in direction occurred as it became

! A landfall event is defined in this study as the time at which the
grid point in the CFSR nearest to the HURDAT?2 storm center is
flagged as a land surface in the continental United States.

1) Harvey (2017), 2) Georges (1998), 3) Florence (2018), 4)
Danny (1997), 5) Alberto (1994), and 6) Allison (2001).
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FIG. 6. (a) Histogram of mean tropical cyclone forward motion
(ms™!) from day—1 through day+3 (gray bars) and mean maxi-
mum accumulated rainfall (mm; black line) as a function of forward
motion for the same period within 500 km of the tropical cyclone
landfall location. Error bars represent the 90% confidence interval.
(b) Scatterplot of mean tropical cyclone motion (ms~'; x axis) vs
maximum accumulated rainfall (mm; y axis) from day-1 through
day+3. Selected tropical cyclones are labeled. The figure is based
on all 172 tropical cyclones that made landfall in the continental
United States during 1979-2018.

embedded in a deformation flow pattern with flanking
troughs to the south and north and ridges to the west and
east, much like for Harvey (not shown). The time series
box and whisker plots of daily rainfall for all slow-moving
tropical systems (defined herein as motion < 5ms ')
shows that on average the rains occur on day O through
day+2 with the heaviest rains occurring on day+1 after
landfall (Fig. 7b). The top six events show a similar pattern
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FIG. 7. (a) Tropical cyclone tracks in maximum rainfall location-relative coordinates (each red box is 1° X
1° latitude-longitude) (range rings in black mark distance from maximum rainfall location; °) for Harvey (2017; red),
Georges (1998; orange), Florence (2018; yellow), Danny (1997; green), Alberto (1994; blue), and Allison (2001;
purple). Locations at 0000 UTC are marked by the filled circles. Also shown are box-and-whisker plots of (b) daily
maximum rainfall (mm), (c) area-mean PW (mm), and (d) area-mean 700-hPa —2V - Q (X102 Pam™2s™!) from
day—2 through day+7 at the maximum rainfall location as defined in Fig. 6b for the 62 slow-moving (mean motion
<5ms” ! from day—1 through day+3) landfalling systems in 1979-2018. The area-mean PW and —2V - Q are taken
as the 2° X 2° region centered on the maximum rainfall location. The whiskers mark the maximum and minimum
values; the top and bottom of the box mark the 75th and 25th percentile, respectively; and the middle of the box

marks the median value. Values for individual storms are colored according to the convention in (a).

with the heaviest rains occurring within the day 0—day+2
time window. The Harvey and Allison rainstorms have two
relative peaks in daily rainfall, with the second peak oc-
curring at day+4, suggesting that these rainstorms oc-
curred over a longer duration than other rainstorms.

The time series of PW shows a peak on average at
day+1, much like for rainfall (Fig. 7c). The relative peak
in PW at day+1 is also seen in the top six events, except
for Alberto and Allison which peak at day+3 and
day+4. Noteworthy is the extended period of time (from
day—2 through day+5) in which Harvey’s PW remained
above the 75th percentile of all slow-moving tropical
cyclone rainstorms. The time series of ascent forcing is
more complex but shows a maximum at day+2 in the

climatology (Fig. 7d). Harvey and Allison have ascent
forcing in the environment during their respective rain-
storms, whereas the other top events have neutral to
negative ascent forcing. This result shows that quasigeo-
strophic ascent forcing (a proxy for environment bar-
oclinicity) is not a necessary condition for a significant
rainstorm associated with a slow-moving tropical cyclone.
This result makes sense since the climatology is for
slow-moving systems which are embedded in weak flow
regimes with weak background baroclinicity. In the case
of Harvey, however, it is the overlap of deep tropical
moisture and midlatitude quasigeostrophic forcing for
ascent (i.e., baroclinicity) that may have turned a signifi-
cant rainstorm into a historic rainstorm.
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Table S1 in the online supplemental material sum-
marizes the rainfall and environment moisture and
quasigeostrophic ascent forcing for all 62 slow-moving
tropical systems. Harvey recorded six days in which PW
was greater than the 75th percentile of the slow-moving
tropical cyclone climatology and there was quasigeo-
strophic forcing for ascent. No other storm in the cli-
matology met this condition for more than 3 days. It is
argued that the extended period in which deep tropical
moisture overlapped with quasigeostrophic forcing for
ascent is what set Harvey apart from other rainstorms in
1979-2018.

4. Numerical simulation
a. Model configuration

The two-way nested simulations of Hurricane Harvey
were generated using version 3.9.1 of WRF-ARW
(Skamarock et al. 2008). The model domain configuration
is shown in Fig. 8 and the “‘tropical” physics suite options
are summarized in detail in Table S2 in the online sup-
plemental material and are similar to previous studies
using WRF-ARW for hurricane applications (Davis et al.
2008). The results presented herein are derived from
the inner model domain that used convection-allowing
4-km horizontal grid spacing (Fig. 8). The initial time of
1200 UTC 23 August was chosen because Harvey 1) had
emerged into the Gulf of Mexico from the Yucatan
Peninsula earlier in the day and 2) was upgraded to
tropical depression status in HURDAT? but had not yet
began a period of rapid intensification.

b. Control simulation

Prior to examination of the soil moisture sensitivity
simulations, it is necessary to compare the rainfall, track,
and intensity of Harvey in the control (CTL) experiment
with the observations (Fig. 9). CTL shows a left-of-track
error with Harvey making landfall in Corpus Christi,
Texas, as compared with farther northeast near Rockport
in observations (Fig. 9a). Also, CTL shows Harvey making
landfall at 2100 UTC 25 August which is about 6 h earlier
than observed. CTL was able to capture Harvey’s rapid
intensification in the 36-h period prior to landfall (Fig. 9b).
The simulated structure of Harvey just after landfall as
depicted by outgoing longwave radiation at 2245 UTC
25 August shows a well-defined eye structure consistent
with observations (Fig. 8 inset). Despite the rapid intensi-
fication of Harvey in the CTL, the intensity was too low
throughout the simulation with the sea level pressure at
landfall about 30hPa too high and the maximum near-
surface wind speed about 10ms ' too low (Fig. 9b).
Previous studies have shown that a low intensity bias in
numerical model forecasts of tropical systems in the Gulf
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FIG. 8. Geographical locations of the WRF-ARW domains. The
horizontal grid spacing is 20km on the parent domain (d01) and
4km on the inner domain (d02). Outgoing longwave radiation
(shaded according to the color bar; W m™~2) is shown from the inner
domain in the CTL simulation verifying at 2200 UTC 25 Aug 2017.

of Mexico can contribute to left-of-track errors in the re-
gion (Galarneau and Hamill 2015), similar to the CTL
simulation.

Despite the lower intensity and landfall farther south
along the Texas coast, CTL still produced a record-
breaking rainstorm in the Texas coastal plain with
widespread accumulated rainfall over 1000 mm during
1200 UTC 23-30 August 2017 (Fig. 9a). A bulk of the
heaviest rainfall accumulations were displaced slightly
farther southwest compared to observations, consistent
with the left-of-track error in the simulation. CTL also
produced an area of accumulated rainfall over 1000 mm
near Houston, consistent with observations. Inspection
of model-derived radar reflectivity and near-surface wind,
potential temperature, and frontogenesis shows a similar
evolution to observations (Fig. 10). Bands of intense
thunderstorms repeatedly developed on the eastern flank
of slow-moving Harvey during and after landfall, ex-
panding into a large rain shield just inland of a frontoge-
netical coastal front (Figs. 10b,c). The coastal frontogenesis
appears to be important in maintaining tropical rains in the
Houston, Texas, area after the main convective bands
moved farther east on 28 August (Fig. 10d).

In summary, the structure and evolution Harvey in
CTL appears to represent the observed system very well
by producing track errors < 75 km at the time of landfall
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FIG. 9. (a) CTL total accumulated precipitation (shaded ac-
cording to the color bar; mm) and Stage-IV total accumulated
precipitation (solid black contours at 512 and 1024 mm) for
1200 UTC 23-30 Aug 2017 overlaid with the CTL (magenta) and
HURDAT? (black) tracks for Harvey. Positions are marked at
0000 and 1200 UTC with color-filled circles. (b) Time series of
minimum sea level pressure (thick lines; hPa) and intensity (thin
lines; m's~ 1) for CTL (magenta) and HURDAT?2 (black). Landfall
on the Texas coast and reemergence into the Gulf of Mexico are
marked by the vertical magenta dashed lines in (b).

near 2100 UTC 25 August (69h into the model inte-
gration), which is less than the 150-km baseline forecast
error for a 72-h forecast established as part of the
Hurricane Forecast Improvement Program (Gall et al.
2014). While the intensity of Harvey was underdone in
CTL, rapid intensification of Harvey occurred in the
36-h period prior to landfall. Last, although the details of
where the heaviest rains fell in the Texas coastal plain in
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CTL differed from observations, in a bulk sense CTL
produced a record-breaking rainstorm with a slow-
moving Harvey with an area-mean rainfall of 263.1 mm
and area-maximum rainfall of 1406.0mm (as compared
with 234.8 and 1376.3 mm in the Stage-IV rainfall analysis)
(Table 1).

The initial soil moisture content in CTL was derived
from the GFS analysis at 1200 UTC 23 August 2017.
Comparing the GFS near-surface 0-10-cm soil mois-
ture content with the NASA L4SMAP 0-5-cm soil
moisture content at 1200 UTC 23 August 2017 (cf.
Figs. 1b and 11a) reveals reasonably good agreement,
which gives confidence in using the GFS soil mois-
ture as the initial condition. Integrating CTL forward
through 1200 UTC 27 August reveals a dramatic in-
crease in soil moisture over much of southeast Texas
similar to NASA L4SMAP (cf. Figs. 1c and 11b) il-
lustrating how CTL properly moistened the soils
during the Harvey rainstorm. Because CTL produced
record rain amounts, increases in soil moisture, a
convective morphology that resembled observations,
and the key physical mechanisms that drove the heavy
rains, it is adequate to use as a baseline simulation
for a soil moisture sensitivity experiment.

5. Sensitivity to soil moisture conditions
a. Experimental design

To test the relevance of the underlying soil moisture
conditions on the Harvey rainstorm, a sensitivity ex-
periment was designed as summarized in Table 2. In
addition to CTL, five perturbation simulations were
generated in which in the initial soil moisture was
modified and whether rainfall can modify the initial soil
moisture. For the latter, the initial soil moisture condi-
tion is held constant throughout the simulation. The
model configuration for each simulation is otherwise
identical to CTL (recall supplemental Table S2). The
first perturbation simulation used the same initial soil
condition as CTL, except that the initial soil moisture
content was held constant throughout the simulation
(named CTLC) (Fig. 11a). Therefore, a comparison of
CTL and CTLC represents the influence of increased
soil moisture content due to the Harvey rainstorm on the
evolution of the Harvey rainstorm itself.

Hypothetical soil moisture initial conditions were also
tested in the perturbation simulations to to assess if
Harvey’s evolution would have been impacted by fully
saturated or very dry soil moisture. For dry soils, the
initial soil moisture was set to 0.005m>m > over all land
regions in the convection-allowing domain (d02; Fig. 8).
For the simulation in which the initially dry soils were
allowed to evolve (named DRY), the soils moistened in
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south Texas where Harvey tracked (Fig. 11c). Another
simulation was generated in which the initially dry soils
were held constant (named DRYC). A similar set of
perturbation simulations were generated for fully satu-
rated soil moisture conditions (named SAT and SATC).
While the soil moisture for the initially saturated soils in
SAT decreased during the simulation (Fig. 11d), much
of south Texas maintained very moist soils compared to
CTL and DRY.

The hypothetical initial soil moisture conditions in
DRY, DRYC, SAT, and SATC—in which homoge-
neous soil moisture was prescribed over all land surfaces
in a large geographical region—are unlikely to ever
occur in reality. However, there are situations in which
the soil moisture can be anomalously wet or dry over a
large region based on the seasonal climate variations in

rainfall and temperature. For instance, Evans et al. (2011)
found that the inland reintensification of Tropical Storm
Erin (2007) was sensitive to the anomalously wet soils in
Oklahoma due to higher than normal rainfall amounts in
the preceding months (see also Schumacher and Davis
2010). Conversely, anomalously dry soils have been
documented over very large geographical regions during
extended heat waves and droughts. In cases such as the
heat wave and drought in the summer of 1980, sensible
heating over dry soils contributed to a reduction of
rainfall in the southern Great Plains because of a deeper
and drier PBL relative to climatology (Hao and Bosart
1987). The drought in Texas and northern Mexico in
2010-11 (e.g., Seager et al. 2014) is a more recent example
of how soils can become anomalously dry over a very
large geographical region. These dry conditions may have
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TABLE 1. Average and maximum total accumulated rainfall (mm) in a region in southeast Texas for 1200 UTC 23-30 August 2017.

Description Area avg (mm) Area max (mm) Region
Stage-IV rainfall 234.8 1376.3 28°-32°N, 98°-92°W
CTL 263.1 1406.0 27°-31°N, 98°-92°W
DRY 246.4 1288.5 26.5°-30.5°N, 100°-94°W
SAT 256.4 1362.9 27°-31°N, 98°-92°W
CTLC 26071 1335.9 27°-31°N, 98°-92°W
DRYC 248.4 1402.3 26.5°-30.5°N, 100°-94°W
SATC 264.7 1205.0 27°-31°N, 98°-92°W

contributed to the rapid dissipation of Tropical Storm
Don (2011) after landfall on the Texas coastline
(Brennan 2011).

The following subsections will describe how varying soil
moisture conditions contributed to differences in track,
intensity, and rainfall of Harvey compared to CTL.

b. Track

The track of Harvey in DRY and SAT is shown in
Figs. 12a and 12c. Similar to CTL, a persistent left-of-
track error (relative to HURDAT?) developed early in
the simulation and persisted through Harvey’s landfall
and near stationarity in southeast Texas. The track of
Harvey in SAT and CTL are almost indistinguishable,
with Harvey making landfall slightly farther northeast
along the Texas coastline in SAT (cf. Figs. 9a and 12c¢).
The DRY simulation produced a much different track
for Harvey compared to SAT and CTL, with a landfall
farther southwest along the Texas coastline (Fig. 12a).
Harvey reemerged in the Gulf of Mexico on 28 August
in CTL and SAT but failed to do so in DRY, instead re-
maining in south Texas through the rest of the simulation.
Examination of the perturbation simulations in which the
soil moisture was held constant showed a similar track
behavior for Harvey (Figs. 13a,c,e). The CTLC and SATC
simulations are very similar to the CTL and SAT simulations,
respectively (Figs. 9a, 12a,c, and 13a,e). The DRYC simula-
tion shows a similar track behavior as DRY, with Harvey
making landfall farther southwest (Figs. 12a and 13c).

While the simulated tracks of Harvey in CTL, CTLC,
SAT, and SATC show little sensitivity to the underlying
soil moisture conditions, the relative differences in track
in DRY (and DRYC) suggests that the Harvey track
was influenced by the hypothetical dry soil condition. In
comparing the simulated tracks in CTL and DRY, the
differences in Harvey’s motion began around 36 h into
the simulations at 0000 UTC 25 August (Fig. 13a). A
steering layer flow analysis comparing CTL and DRY is
shown in Fig. 14. In both simulations, Harvey’s steering
layer flow was defined as the 850-200-hPa layer us-
ing a radius of 2°. Since the definition of the steering
flow depth and radius is identical in both simulations,

forward motion differences in CTL and DRY are attrib-
uted to differences in environment wind only (cf. Equation
10 in Galarneau and Davis 2013). The DRY simula-
tion had a 0.6 ms ™' southwestward motion perturbation
relative to CTL, consistent with a 1.2ms™' south-
southwestward 850-200-hPa environment wind differ-
ence that is balanced by a 0.6 ms ™! north-northwestward
residual® (Fig. 14a).

The 850-200-hPa south-southwestward environment
wind perturbation in DRY was associated with a deep
layer northerly and a shallower 850-700-hPa north-
easterly perturbation (Fig. 14b). The environment wind
difference was associated with an anticyclonic pertur-
bation in southern Oklahoma and southern Texas and a
cyclonic perturbation in the eastern Gulf of Mexico in
DRY (Fig. 14c). The southwestward environment wind
perturbation in the shallower 850-700-hPa layer was
with anticyclonic and cyclonic wind perturbations in the
same regions as the deeper 850-200-hPa layer, except
the circulations were more intense (Figs. 14a,d). The anti-
cyclonic circulation in southern Oklahoma is located at the
core of a positive 700-hPa geopotential height perturbation
(averaged for the 24-h period centered on 0000 UTC
25 August) in much of Texas and Oklahoma and extending
east toward the Mississippi valley (Fig. S5a in the online
supplemental material). The positive 700-hPa height dif-
ferences were associated with a 0.7ms ™' southwestward
geostrophic wind perturbation in the 850-700-hPa layer in
Harvey’s steering flow, suggesting that the motion differ-
ences in DRY versus CTL were driven in part by a more
robust anticyclone in the southern Great Plains in DRY
(Fig. 14a).

The development of a positive 700-hPa geopotential
height perturbation in the southern Great Plains was
driven by increased surface sensible heating leading to

3The residual wind is likely associated with errors in the diver-
gent and rotational wind components introduced by inverting the
vorticity and divergence on a model grid domain that covers a
geographical region near or smaller than the Rossby radius of de-
formation (e.g., Galarneau and Davis 2013).
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FIG. 11. Volumetric soil moisture content (shaded according to the color bar; m® m™>) in the 0-10-cm layer for the
(a) GFS analysis at 1200 UTC 23 Aug and (b) CTL, (c) DRY, and (d) SAT at 1200 UTC 27 Aug 2017.

increased 1000-700-hPa thickness over the dry soils
(Fig. S5b). Point soundings in southeast Oklahoma
(point A) and closer to the coast in southeast Texas
(point B) showed that DRY developed a deeper and

warmer PBL relative to CTL, likely as a result of in-
crease surface sensible heat fluxes (Figs. S5c,d). The
warmer and deeper PBL was consistent with increased
700-hPa geopotential heights in the southern Great

TABLE 2. Summary of soil moisture configurations for the suite of WRF-ARW simulations. The soil moisture initial condition is set over

all land regions in d02.
Simulation Soil moisture initial condition Soil moisture constant?
CTL 1200 UTC 23 Aug 2017 GFS analysis No
CTLC Same as CTL Yes (rain does not modify soil)
SAT Saturated soil Same as CTL
SATC Same as SAT Same as CTLC
DRY Dry soils Same as CTL

DRYC Same as DRY

Same as CTLC
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FIG. 12. (a) DRY and (c) SAT total accumulated precipitation (shaded according to the color bar; mm) and
Stage-IV total accumulated precipitation (solid black contours at 512 and 1024 mm) for 1200 UTC 23-30 Aug 2017
overlaid with the DRY [in (a)] and SAT [in (c)] tracks (magenta) and HURDAT?2 track (black) for Harvey.
Positions are marked at 0000 and 1200 UTC with color-filled circles. Also shown are time series of minimum sea
level pressure (thick lines; hPa) and intensity (thin lines; m s ') for (b) DRY (red), (d) SAT (blue), CTL (magenta),
and HURDAT? (black). Landfall on the Texas coast and reemergence into the Gulf of Mexico are marked by the

vertical dashed lines in (b) and (d).

Plains in DRY, contributing in part to steering Harvey
farther south into Texas. A similar 700-hPa geopotential
height and environment wind perturbation was respon-
sible for steering Harvey farther south in Texas in
DRYC (not shown).

c. Intensity

As Harvey meandered in southeast Texas prior to
reemerging in the Gulf of Mexico on 28 August, it
remained at tropical storm intensity in CTL (Fig. 9b).
There was variability in the winds after spindown of
Harvey in the first 12-24 h after landfall, peaking at a
maximum value of 23ms ™' at 0000 UTC 27 August. The
differences in mean wind speed at time of peak intensity
before and after landfall are summarized in Table S3 in

the online supplemental material. The mean intensity for
each simulation for 1200 UTC 26-0000 UTC 28 August
(after landfall) is near tropical storm intensity with CTL at
182ms~', and DRY, DRYC, and CTLC 1-2ms™ "' lower
than CTL and SAT and SATC 1-2ms ™ ' higher than CTL.
It appears that the simulations with drier soils have
slightly weaker near-surface wind speeds on average
than do the simulations with wetter soils. The differ-
ences are small (and are in part a function of the in-
tensity just prior to landfall), however, given that each
simulation maintained Harvey near tropical storm
intensity.

Larger differences in time-mean near-surface wind
speeds are apparent prior to landfall. The 6 h mean in-
tensity (time period centered on maximum intensity)
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FIG. 13. (a) CTLC, (c) DRYC, and (e) SATC total accumulated precipitation (shaded according to the color bar; mm) and Stage-IV
total accumulated precipitation (solid black contours at 512 and 1024 mm) for 1200 UTC 23-30 Aug 2017 overlaid with the (a) CTLC,
(c) DRYC, and (e) SATC (magenta) and HURDAT?2 (black) tracks for Harvey. Positions are marked at 0000 and 1200 UTC with color-
filled circles. Also shown are time series of minimum sea level pressure (thick lines; hPa) and intensity (thin lines; ms™') for (b) CTLC
(green), (d) DRYC (red), and (f) SATC (blue) along with CTL (magenta) and HURDAT? (black). Landfall on the Texas coast and

reemergence into the Gulf of Mexico are marked by the vertical dashed lines in (b), (d), and (f).

among the simulations prior to landfall shows that the
DRY and DRYC systems were ~10ms ™' weaker than
the CTL simulation (Table S3). The SAT, SATC, and
CTLC simulations were within 3ms~' of CTL. To ex-
plore the reasons why Harvey was relatively weaker in
DRY and DRYC, the evolution of Harvey in the Gulf of
Mexico in DRY and CTL are compared. The time series of
area-mean relative vorticity at the 850- and 500 hPa layers
(averaged in a 75-km radius centered on Harvey) is shown in
Fig. 15a. Both CTL and DRY intensified Harvey at a similar
rate except for 1200-1800 UTC 24 August (24-36h). The
development of Harvey in DRY was temporarily inter-
rupted, and was the main contributor to the relatively
weaker system at landfall along the Texas coastline
(Figs. 12a,b). The interruption of Harvey’s intensifi-
cation occurred as the area-mean convective avail-
able potential energy (CAPE) decreased to near
1000J kg~ ', as compared to ~2000Jkg ' in CTL
(Fig. 15b). At the same time, the number of updrafts
at 850 and 500 hPa within 75km of Harvey’s center
became much lower in DRY compared to CTL
(Fig. 15c). The reduction of updrafts near the cen-
ter of Harvey in DRY represented a weakening of

convection near the center, in concert with a reduc-
tion of CAPE.

Examination of the distribution of convection relative to
Harvey’s center just prior to the interruption of intensifi-
cation showed a cluster of intense convection at the center
in both CTL and DRY at 0800 UTC 24 August (20h)
(Figs. 16a,d). The center of Harvey at 500 and 850 hPa are
aligned vertically at this time as shown by the potential
vorticity (PV), with a second region of positive PV at
500hPa extending northeastward from the center. The
distribution of PV at these levels resulted in northwesterly
900-500-hPa vertical wind shear in the region of convec-
tion in both simulations (Figs. 16b,e). The convection near
Harvey’s center in DRY produced a strong cold pool near
the surface with 2-m potential temperature ~5K lower
than CTL. The development of a strong cold pool beneath
Harvey resulted in a lowering of the CAPE and cessation
of convection near the center (Figs. 15¢ and 16c,f).

The strong cold pool in DRY appears to be linked to drier
air in the environment on the east side of Harvey. Comparison
of DRY and CTL at 1800 UTC 23 August (6 h) shows that
500-hPa PV and 925-850-hPa layer-mean water vapor
mixing ratio are very similar near the center of Harvey
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FIG. 14. (a) Time-mean tropical cyclone motion difference diagnostic terms (vector arrows; ms~!) for DRY
minus CTL at 0000-1200 UTC 25 Aug 2017. The arrows for each term are color coded by the key. The residual is the
motion difference (black) minus the 850-200-hPa environment wind (blue) difference. The 850-700-hPa envi-
ronment wind (red) and 700-hPa geostrophic wind (brown) difference are also shown. (b) Vertical profile of the
time mean environment wind (m s~ '; zonal wind solid; meridional wind dashed) at 0000-1200 UTC 25 Aug for CTL
(black) and DRY (magenta). Also shown are time-mean environmental wind difference (arrows with magnitude
shaded; ms ') between DRY and CTL (DRY minus CTL) at 00001200 UTC 25 Aug in the (c) 850-200- and
(d) 850-700-hPa layers. Anticyclonic and cyclonic circulation differences are labeled “A’ and “C,” respectively.
Storm locations at 1200 UTC 24, 0000 UTC 25, and 1200 UTC 25 Aug in are marked by white-filled circles outlined

according to the key in (b).

(Fig. 17a). In the Yucatan Peninsula, however, drier soils in
DRY have resulted in lower water vapor mixing ratio in
the 925-850-hPa layer. By 0800 UTC 24 August (20h), the
plume of drier air moved northwestward to east of Harvey
in DRY (Fig. 17b). Backward air parcel trajectories*

* Air parcel trajectories were computed using the Read/Interpolate/
Plot software package (https://www2.mmm.ucar.edu/wrf/users/docs/
ripug.htm) by linearly interpolating the hourly velocity data to a
10-min trajectory time step.

released at 850hPa at 0800 UTC 24 August near Harvey
originated below 850hPa in the Yucatan Peninsula at
1800 UTC 23 August (Fig. 17b). While the trajectories in
DRY underwent deeper ascent in the 6-12 h period as they
departed the Yucatan, they subsequently decended and
remained significantly drier relative to the trajectories in
CTL (Fig. 17¢c). In all, these results suggest that the more
intense cold pool likely developed in reponse increased
evaporation of hydrometeors as the drier air from over the
Yucatan Peninsula was entrained into Harvey’s circulation.
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d. Rainfall

The total accumulated rainfall for 1200 UTC 23—
30 August 2017 for DRY and SAT is shown in Figs. 12a
and 12c. SAT produced a rainfall distribution similar to
CTL, with an axis of rainfall over 1000 mm on the east
side of Harvey and also extending northeastward along
the Texas and Louisiana coastline (Figs. 9a and 12c).
DRY also produced a record-breaking rainstorm with
over 1000 mm of rain, but the heaviest rains were dis-
placed farther southwest in Texas (Fig. 12a). The dis-
placement of rains was linked to a more southwestward
track of Harvey in DRY. The area-mean and area-
maximum accumulated rainfall for the period were
slightly lower in DRY and SAT compared to CTL
(Table 1). Similar distributions of rainfall occurred in
CTLC, SATC, and DRYC, with heaviest rains east of
Harvey and extending northeastward along the Texas
coastline (Figs. 13a,c,e and Table 1). In comparing the
rainfall in CTL and CTLC, both simulations produced a
significant rainstorm in southeast Texas with area-mean
rainfall of 263.1 and 276.1 mm and area-maximum rainfall
of 1406.0 and 1335.9 mm, respectively (Table 1).

To quantify the relative role of surface evapotrans-
piration in the Harvey rainstorm, a total water budget is
calculated following methods similar to those used by
Trier et al. (2010). The local time rate of change of the
vertically integrated total water W is defined as

oW1

2
—=-| V. +E —-P 4
o gLIV (q;V)dp+E —P, 4)

where g7 is the total water (water vapor and all hydro-
meteor species), V is the horizontal vector wind, p is
pressure, p; is 1000 hPa, p, is 300 hPa, P is precipitation,
E, is surface evapotranspiration from the ground and
vegetation canopy, g is acceleration due to gravity, and V
is the gradient operator on a horizontal surface. The left-
hand side of Eq. (4) represents the total water tendency
and is calculated by computing the time derivative of the
total water content output from the model simulation,
thereby representing the actual water tendency (shown
as AW in Table 3). The first term on the right-hand side
of Eq. (4) represents the vertically integrated water flux
convergence (IWFC). The total contributions from the

«—

and 850hPa (thin line) with vertical velocity > 0.5ms ! for
1800 UTC 23-1200 UTC 26 Aug 2017 (6-72h). CTL is shown in
black, and DRY is given in red. All quantities are computed for
the area within a 75-km radius of Harvey’s center as defined by
the maximum smoothed PV at 500 hPa.
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right-hand side represent the predicted water tendency
in the budget, while the left-hand side is the actual water
tendency. The terms in Eq. (4) are computed at each
grid point in a 600km X 600km region centered on
Harvey in the hourly output and then area averaged.
The time period in which the water budget was calcu-
lated was 0900 UTC 26-2200 UTC 27 August (69-106 h)
when at least 80% of the averaging region was over land.

The accumulated tendencies from the terms in Eq. (4)
for 69-106 h is shown in Table 3. There were slight de-
creases in total water in the region centered on Harvey
in all of the simulations except for DRYC, which
showed a small increase of 1.8 mm. The magnitude of
the change in total water [left hand side of Eq. (4)] is
lower than the predicted change based on the terms on
the right-hand side of Eq. (4), but resulted in residual
values that were generally lower in magnitude than the
other terms. The total water available for precipitation
(IWFC + E,) is provided primarily by IWFC, ranging
from 79% to 92% of the total water contribution in the
simulations. In comparing CTL and CTLC, the accu-
mulated area-average rainfall was 78.2 and 77.7 mm,
respectively. The contribution from E, was slightly
higher in CTL (6.9 mm) compared to CTLC (6.4 mm),
but was balanced by a slightly higher contribution from
IWFC for CTLC (63.9 mm) compared to CTL (63.0 mm).
In all, it appears that the differences in surface evapo-
transpiration in CTL and CTLC are small, and contribute
to negligible differences in accumulated rainfall in the two
simulations.

The DRY and DRYC simulations produced the lowest
accumulated rainfall amounts, which was consistent with
lower contributions from E, and IWFC (Table 3). The
SAT and SATC simulations produced less rainfall than
CTL and CTLC despite larger contributions from E,,. The
higher E, was balanced by lower contributions from
IWFC. The time series of rain rate and IWFC is shown in
Fig. S7 of the online supplemental material. In each sim-
ulation, the rain rate appears to be a function of the IWFC
while Harvey was located in southeast Texas. Specifically,
lower rain rates in DRY and DRYC are tied to lower
IWFC. The negligible differences in rain rate for CTL and
CTLC are consistent with minor differences in IWFC
(Figs. S7c,d).

In all, it appears that the rainfall associated with
Harvey was not directly sensitive to the underlying soil
moisture condition. The underlying soil moisture and
potential role of E, in modulating the rainfall has been
documented to be important, but secondary, in other
cases of landfalling tropical systems (e.g., Trenberth
et al. 2007). Perhaps the scenario in which Harvey pro-
duced record-breaking rains was unique to previously
documented cases. For Harvey, much of the rainfall fell
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as deep tropical moisture, originating over the Gulf of
Mexico, was lifted along a frontogenetical coastal front.
So, the physical mechanism driving the rains and the
source of the atmospheric water vapor were indepen-
dent of the underlying soil condition.

6. Summary and conclusions

This study presented an analysis of an extreme rain-
storm in the Texas coastal plain that occurred in con-
junction with the landfall of Hurricane Harvey on
26-30 August 2017. Over 1300 mm of rain accumulated
from Houston to Beaumont, Texas, resulting in the most
significant rainstorm on record to occur with a land-
falling tropical system in the United States (Blake and
Zelinsky 2018). The key ingredients that led to extreme
rainfall accumulations include Harvey’s slow forward
motion and the collocation of deep tropical moisture
and persistent synoptic and mesoscale lift.

Following landfall near Rockport, Harvey remained
nearly stationary for several days before reemerging in
the Gulf of Mexico on 28 August. Harvey’s slowed for-
ward motion occurred as it moved into a weak flow re-
gion near the saddle point of a deformation steering flow
(e.g., Torn et al. 2018), characterized by a trough to the
north and flanking ridges to the west and east. Heavy
rains persisted on the east and northeast side of Harvey
in the Texas coastal plain as Harvey’s deep tropical
moisture was lifted along a frontogenetical coastal
front beneath the equatorward entrance region of an
upper-level jet. The coastal front originated as a
midlatitude cold front trailing southwestward from an
extratropical cyclone in eastern Canada on 23 August.
The overlap of deep tropical moisture and a lifting
mechanism in southeast Texas lasted for several days
and continued on the northwest side of Harvey on 29—
30 August as it emerged in the Gulf of Mexico and moved
northeastward.

The climatology of rainfall associated with all land-
falling tropical cyclones in the contiguous United States
in 1979-2018 shows that the largest rainstorms occur
with slow-moving systems.’ A subset of these rainstorms
with slow-moving systems occurred as the parent trop-
ical cyclone became embedded in a deformation steer-
ing flow pattern, similar to Harvey. One such example is
Allison (2001), which was slow moving and underwent

5 Kossin (2018) showed that tropical cyclone motion decreased
globally during 1949-2016, and determining the relationship be-
tween this motion decrease and the frequency of interaction be-
tween tropical cyclones and deformation steering flow patterns
would be an intriguing problem to examine in a future study.
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FIG. 16. Composite reflectivity (shaded; dBZ) and PV (thick contours every 0.5 PVU starting at 1.0 PVU) at 500 (black contours) and
850 hPa (red contours) for (a) CTL and (d) DRY at 0800 UTC 24 Aug 2017 (20 h) and (c) CTL and (f) DRY at 1500 UTC 24 Aug 2017
(27 h). Also shown are 2-m potential temperature (shaded; K), 900-500-hPa vertical wind shear (arrows;ms '), and 850-hPa ascent (black
contours at 1 and 3ms™ 1) for (b) CTL and (e) DRY verifying at 0800 UTC 24 Aug 2017 (20 h). Geography is shown using thin black

contours.

an abrupt change in direction of motion that allowed it
produce heavy rains in the same location for an ex-
tended period. What set Harvey apart from other sig-
nificant tropical cyclone rainstorms was the extended
period (6 days) in which deep tropical moisture was
collocated with focused synoptic and mesoscale forcing
for ascent (lifting mechanism). No other tropical cyclone
rainstorms in the climatology had more than 3 days in
which these ingredients overlapped.

During the Harvey Texas rainstorm, marked increases
in soil moisture occurred in the Texas coastal plain.
Given Harvey’s near stationarity, this study tested the
sensitivity of the Harvey rainstorm (track, intensity, and
rainfall) to varying soil moisture conditions. The track of
Harvey showed sensitivity to the underlying soil moisture.
The DRY and DRYC simulations produced a track located
farther southwest in Texas compared to the other simula-
tions. This difference in track occurred because a synoptic-
scale anticyclone developed in the southern Great Plains
in the first 24-48h of the DRY and DRYC simulations
due to increased sensible heating over dry soils that
warmed and deepened the boundary layer and rapidly

built the anticyclone. The anticyclone, combined with a
cyclonic environment wind perturbation in the eastern
Gulf of Mexico, resulted in a deep-layer northeasterly
perturbation wind in Harvey’s environment that re-
sulted in a more westward course toward far south
Texas. While the initially dry soils over the entire
model domain is a hypothetical case unlikely to ever
occur in reality, this new result highlights the impor-
tance in the treatment of soil moisture conditions
particularly how it pertains to the short-range pre-
diction of the track of tropical systems in the Gulf
of Mexico.

The intensity of Harvey after landfall varied among
the different soil moisture conditions, with the DRY and
DRYC (SAT and SATC) simulations producing mean
near-surface wind speeds 1-2ms ' weaker (stronger)
than CTL. The differences in intensity are small, how-
ever, as each simulation maintained Harvey at or near
tropical storm intensity over land. This result suggests
that perhaps Harvey’s environment after landfall was
still influenced by the nearby ocean which lessened the
importance of the underlying soil moisture condition. In
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c) Time series of air parcel pressure and mixing ratio
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FIG. 17. The 500-hPa PV (solid contours every 2.0 PVU starting at 2.0 PVU; DRY in red and CTL in black) and 950-850-hPa layer-mean
water vapor mixing ratio difference (DRY — CTL; shaded according to the color bar; gkg ') at (a) 1800 UTC 23 and (b) 0800 UTC 24 Aug 2017.
Backward air parcel trajectories (DRY in magenta and CTL in black) were seeded near the center of Harvey at 850 hPa at 0800 UTC 24 Aug.
A subset of the air parcel trajectories that originated below 850 hPa in the Yucatan Peninsula at 1200 UTC 23 Aug is shown, with the portion of
the air parcel trajectory path at 1200-1800 UTC 23 Aug plotted in (a) and 1800 UTC 23-0800 UTC 24 Aug plotted in (b). The positions of
Harvey at 1200 UTC 23 and 0800 UTC 24 Aug are indicated by the black “x.” (c) Also shown are time series of mean air parcel pressure (hPa;
dashed line) and water vapor mixing ratio (g kg ~'; solid lines) for the subset of air parcels that originated below 850 hPa in the Yucatan Peninsula
at 1200 UTC 23 Aug 2017. Error bars represent the 90% confidence interval. CTL is shown in black, and DRY is shown in red.

the context of the brown ocean effect’s influence on
tropical cyclone maintenance inland, Andersen et al.
(2013) defined inland tropical cyclones as systems at
least 350km from the nearest coastline. Harvey re-
mained within 350 km of the coastline, with the eastern
part of its circulation remaining over the Gulf of Mexico.
Interestingly, the largest influence of soil conditions on
intensity occurred prior to landfall while Harvey was still
over the Gulf of Mexico. Harvey in the DRY and DRYC
simulations reached a maximum intensity ~10ms~"
lower than the other simulations. The lower intensity
in these simulations occurred because Harvey’s de-
velopment was temporarily interrupted as drier air
that developed over the Yucatan Peninsula in con-
junction with increased sensible heating over dry soils
was entrained in Harvey’s circulation. The drier air
contributed to the development of an intense surface-
based cold pool beneath the vortex center that acted
to stabilize the environment and temporarily reduce
convection.

Last, the underlying soil moisture condition had a
minimal influence on the rainfall as each simulation
produced a record-breaking rainstorm. The location of
the heaviest rains was linked to the track of Harvey and
did vary among the simulations. A water budget analysis
of each simulation indicated that the rainfall was pri-
marily driven by vertically integrated water flux conver-
gence. Brauer et al. (2020) also showed how supercells
embedded in the principal rainband structures east
of Harvey had high precipitation efficiency, thereby

providing an additional factor in the extreme rainfall
accumulations. Surface evapotranspiration, while varying
among the simulations, contributed to less than 10% of
the total available water and was not correlated to the
amount of rain that occurred. This result differed from
previous work that suggested evaporation of surface
precipitation was important (although secondary) for
hurricane rainfall (e.g., Trenberth et al. 2007). Possible
reasons include the closeness of Harvey to the Gulf of
Mexico as discussed above in the context of the brown
ocean effect, and that the rains were forced by persistent
lift of moist tropical air (that originated over Gulf of
Mexico) by a frontogenetical coastal front.

The soil moisture perturbation experiment presented
herein highlights how the underlying soil moisture can
influence the evolution and hazards associated with a
landfalling tropical system. While Harvey represents
one case that included interaction with a midlatitude
weather system (coastal front), a more expanded re-
search effort to quantify the influence of soil moisture on
landfalling tropical systems over numerous cases would
provide a more complete picture of the statistically sig-
nificant behavior. Future work on the influence of soil
moisture on track, intensity, and rainfall should also
utilize adjoint sensitivity analysis (e.g., Doyle et al.
2019), ensemble sensitivity analysis (e.g., Ancell and
Hakim 2007), and ensemble synoptic analysis (e.g.,
Hakim and Torn 2008) given the recently documented
disadvantages of using a simple set of WRF-ARW per-
turbation experiments (Ancell et al. 2018). A key aspect

020z 1snBny | | uo Jesn AIeiqr] [BAUSD YWON A Jpd'80E06 1L PIMW/ZZ6916Y/6.L4Z/9/8Y L APd-olonIe/imu/B10-00Sjowe  slewnolj/:dny woly pepeojumoq



JUNE 2020

GALARNEAU AND ZENG

2501

TABLE 3. Accumulated vertically integrated water tendencies (mm) from Eq. (4) for 69-106 h; AW represents the actual accumulated
water tendency from the model, and the residual term represents AW minus the predicted accumulated water tendency from the right-

hand side of Eq. (4). All other symbols are defined in the text.

P2
Simulation AW (mm) éj V- (qrV)dp (mm) E, (mm) P (mm) Predicted (mm) Residual (mm)
P
CTL —-4.0 63.0 6.9 78.2 —83 43
DRY -34 48.4 35 56.2 —43 0.9
SAT —4.1 55.4 8.8 71.3 =7.0 2.9
CTLC —4.1 63.9 6.4 77.7 =74 33
DRYC 1.8 56.2 2.5 62.1 —-34 52
SATC -1.8 50.3 10.5 65.4 —4.6 2.8

of the future analyses of soil moisture influences on
tropical systems will be comparison of tropical systems
embedded in environments with weak versus strong
interaction with midlatitude circulation features and
processes. It is possible that the absence of midlatitude
influences may allow the underlying soil moisture to
play a larger role in track, rainfall, and intensity of tropical
systems. Clearly, accurate depiction of soil moisture is an
important component for accurate numerical weather
prediction forecasts of tropical cyclones.
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