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ABSTRACT: The evolution of the tropical cyclone boundary layer (TCBL) wind field before landfall is examined in this
study. As noted in previous studies, a typical TCBL wind structure over the ocean features a supergradient boundary layer
jet to the left of motion and Earth-relative maximum winds to the right. However, the detailed response of the wind field
to frictional convergence at the coastline is less well known. Here, idealized numerical simulations reveal an increase in the
offshore radial and vertical velocities beginning once the TC is roughly 200 km offshore. This increase in the radial velocity
is attributed to the sudden decrease in frictional stress once the highly agradient flow crosses the offshore coastline.
Enhanced advection of angular momentum by the secondary circulation forces a strengthening of the supergradient jet
near the top of the TCBL. Sensitivity experiments reveal that the coastal roughness discontinuity dominates the friction
asymmetry due to motion. Additionally, increasing the inland roughness through increasing the aerodynamic roughness
length enhances the observed asymmetries. Last, a brief analysis of in situ surface wind data collected during the landfall of
three Gulf of Mexico hurricanes is provided and compared to the idealized simulations. Despite the limited in situ data,
the observations generally support the simulations. The results here imply that assumptions about the TCBL wind field
based on observations from over horizontally homogeneous surface types}which have been well documented by previous
studies}are inappropriate for use near strong frictional heterogeneity.
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1. Introduction

Surface friction–induced asymmetries in the tropical cyclone
(TC) boundary layer (TCBL) wind structure over the ocean
result from the translation of the TC. The constructive interfer-
ence of the translation and cyclonic flow vectors results in
boosted winds to the right (left) of motion in the Northern
(Southern) Hemisphere, resulting in a cross-track gradient in
the surface wind stress. Thus, while maximum Earth-relative
winds typically reside to the right of motion (Klotz and Jiang
2017), enhanced radial convergence ahead of the TC acceler-
ates TC-relative winds within the front-left quadrant (Shapiro
1983; Kepert and Wang 2001). Vertical wind shear modifies this
structure independently of TC motion; increasing shear shifts
Earth-relative maximum winds from downshear to left of shear,
while increasing TC motion shifts the maximum toward the
rear and right of motion (left of motion in the Southern Hemi-
sphere). As a result, the maximum Earth-relative winds within
a TC experiencing opposing motion and shear vectors usually
occur to the right of motion, concomitant with maximum inflow
downshear and to the right of motion (Zhang and Uhlhorn
2012; Zhang et al. 2013; Uhlhorn et al. 2014).

For a TC within coastal waters, the surface frictional field is
marked by not only the translation effect but also by the pres-
ence of land. Unfortunately, little is known about how the
structure of the TCBL wind field changes during landfall, out-
side of rapid weakening for winds crossing the coastline. Pre-
vious studies have provided evidence for the increased
occurrence of transient features such as mesovortices and

horizontal boundary layer roll vortices near land (Blackwell
2000; Morrison et al. 2005; Alford et al. 2019; Li et al. 2021).
Well ahead of landfall, other studies of idealized numerical
simulations of TC have suggested that bands characterized by
high potential vorticity and low equivalent potential tempera-
ture wrap around the offshore side of a TC. Entrainment of
these bands may then perturb the inner eyewall, forcing eye-
wall replacement-like cycles as the vortex symmetrizes (Chen
and Yau 2003; Williams 2019).

Observations and numerical simulations of Hurricanes Fred-
eric (1979), Mitch (1998), and Wilma (2005) suggest that the
presence of land upstream forces the growth of higher-order
wavenumber patterns to the TC inflow. Nolan et al. (2021a,b)
showed that two wind analysis products that rely on observations
from over the ocean}HWind (Powell et al. 1998) and the Tropi-
cal Cyclone Surface Wind Analysis (TCSWA) (Knaff et al.
2015)}broadly captured the surface total wind fields of Wilma
near land compared to numerical simulations. However, these
products disagreed with the simulated inflow over land. An anal-
ysis of the TCBL structure over the coastal waters was not the
focus of these studies; however, Fig. 8 of Nolan et al. (2021b)
reveals that inflow angles within the offshore flow of the numeri-
cal simulations increased significantly just before landfall. For the
cases of Frederic and Mitch, strong inflow developed along the
onshore coastline and to the left of motion before landfall,
respectively (Powell 1982; Kepert 2006). Consequently, inflow
angles greatly exceeded what is typically observed over the
ocean. Additionally, Alford et al. (2020) compared radar and
dropsonde data along the North Carolina coastline sampled dur-
ing the landfall of Hurricane Irene (2011) to study the transition
of the TCBL during across the coast. They note that the forma-
tion of the inland internal boundary layer (IBL) mixes an
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increasingly deeper layer of the original TCBL, leaving the flow
above unaltered. Thus, the TCBL tangential wind maximum}

which typically resides within the inflow layer over the open
ocean}is elevated above the TCBL and may remain intact for
several kilometers inland.

There is also support within previous idealized studies for
significant changes to the TCBL wind field caused by fric-
tional convergence during landfall. Tang and Tan (2006),
Wong and Chan (2007), and Szeto and Chan (2010) deter-
mined that the offshore flow was highly subgradient over the
ocean, leading to enhanced inflow and subsequent upper-
TCBL convergence. Similarly, Li et al. (2014, 2015) found
greater vertical velocities and rainfall maxima within the off-
shore flow over water, a finding corroborated by observations
within the South China Sea (Xu et al. 2014). Finally, Hlywiak
and Nolan (2021) studied the sensitivity of the inland decay of
the surface winds after landfall over a variety of inland surface
characteristics using idealized simulations. In those simula-
tions, frictional convergence before landfall accelerated a sec-
ondary circulation throughout the TCBL which was enhanced
for increasing the surface roughness. This occurred first within
the forward quadrants relative to the TC motion, suggesting
that the response to the presence of land for a translating TC
is highly asymmetric.

However, there is little observational evidence elsewhere in
support of or contrasting the role of land in forcing enhanced
offshore inflow, and the physical processes behind this evolu-
tion are not clear. Additionally, questions remain regarding
subsequent effects on the total winds throughout the TCBL,
including changes to the location and strength of supergra-
dient TCBL jets. Here, we address these gaps in the literature
through analysis of the evolution of the TC boundary layer
wind field before and during landfall using idealized, meso-
scale simulations. Specifically, we identify how the presence
of land ahead of a landfalling TC affects the radial velocity
field and the subsequent impacts on the total wind field. Addi-
tional sensitivity experiments include modifying translation
speed and inland aerodynamic roughness length. Last, a brief
analysis of observations of surface winds collected by coastal
stations and offshore buoys during the landfalls of three Gulf
of Mexico hurricanes is presented.

2. Methodology

a. Numerical methods

Simulations were performed using the Advanced Weather
Research and Forecasting (WRF-ARW) Model, version 4.2.1.
The experimental procedure was very similar to that of Hlywiak
and Nolan (2021). First, an ocean-only case was performed,
which will be referred to as OCN. Initialization consisted of
embedding a weak vortex within the surrounding atmospheric
environment following the point-downscaling method of Nolan
(2011). Easterly winds below 850 hPa were 5 m s21 and sinusoi-
dally decreased to 2.5 m s21 above 200 hPa, resulting in 2.5 m
s21 of westerly bulk vertical wind shear. Although not the focus
of this study, background vertical wind shear was desired here
to improve the realism of the simulations; all TCs in nature

experience shear to some degree. Thus, including shear here
resulted in a familiar and typical TCBL wind field over the
ocean. Regardless, the vertical wind shear was light and had lit-
tle to no impact on the inner core structure, and forced only a
slight preference for higher inflow angles downshear. Transla-
tion speed was a fairly consistent 4.25 m s21. Motion can be
approximated as due westward, which is accurate to within 108
throughout the duration of each simulation. Sea surface temper-
atures remained static in time and in space at 278C, to simplify
the thermal discontinuity at the coastline. The mean tropical
sounding of Jordan (1958) was used to initialize the atmospheric
temperature and moisture vertical profiles. OCN was integrated
forward in time over eight days. Landfall simulations were ini-
tialized from OCN at the start of the fifth day and were inte-
grated over four additional days, making landfall roughly three
days after restarting. Simulations were performed within a large
outer parent domain of horizontal resolutions dx, y = 27 km on
an f plane equivalent to the Coriolis parameter at 208N. Three
nested, vortex-following domains facilitated finer resolution of
the inner core. These domains featured resolutions of dx, y = 9,
3, and 1 km. Nudging of the environmental sounding toward
the initial state was applied to the outermost domain only using
the time-varying PDS (TVPDS) method of Onderlinde and
Nolan (2017) with a nudging time scale of t = 12 h. Nudging
was enabled in order to minimize modifications to the TC struc-
ture unrelated to the change in surface conditions. 51 vertical
levels were enabled using the stretched WRF pressure coordi-
nate system, with 19 of these levels concentrated below roughly
2 km. Wind and pressure variables at each height were saved
every 2 min, while other variables were saved every 10 min.

The Mellor–Yamada–Janjić (MYJ) planetary boundary layer
scheme was enabled for all simulations (Janjić 2002). The version
of MYJ used here differs from the standard package provided by
WRF in two ways. First, the drag coefficient over water was
updated to match Edson et al. (2013), for which the drag coeffi-
cient saturates at high wind speeds. This relationship has been
thoroughly verified by previous studies (Donelan et al. 2004; Bell
et al. 2012; Green and Zhang 2013). Enthalpy fluxes were com-
puted using a constant moisture roughness length (isftcflx = 1
within WRF). Second, a line of code originally commented out in
the WRF MYJ module was reinstated to increase the sensitivity
of the 10 m winds to the aerodynamic roughness length following
the advice of the authors of Cao and Fovell (2016). Offline tests as
well as results from that study and Nolan et al. (2021a,b) reveal a
significant improvement in the computed diagnostic 10-m wind
field when using this modification. Additional experiments for this
study using theYonseiUniversity (YSU)PBL scheme (Hong et al.
2006) produced TCs featuring stronger maximum winds (5 m s21)
and deeper minimum pressures (5 hPa); however, the overall
TCBL structure, depth, and evolution throughout the simulation
revealed similar results (not shown). Readers are encouraged to
refer to Nolan et al. (2009a,b, 2021a,b) for discussions on the dif-
ferences in overall PBL characteristics between solutions of MYJ
and YSU within WRF. The WRF single-moment 5 (Lim and
Hong 2005) microphysics option was enabled, and convection was
parameterized for the outermost domain using the modified
Tiedtke scheme (C. Zhang et al. 2011). Incoming solar and

MONTHLY WEATHER REV I EW VOLUME 150530

Brought to you by UNIVERSITY OF MIAMI (RSMAS) | Unauthenticated | Downloaded 05/01/22 06:01 PM UTC



outgoing longwave radiation schemes were disabled to remove
the effects of the diurnal cycle.

The Noah land surface model (Chen and Dudhia 2001) was
used to parameterize surface fluxes, where the soil is specified as
having loam characteristics. The majority of the following land-
fall analysis reflects a single, control simulation. The inland aero-
dynamic roughness length Z0 used for the control simulation was
25 cm, thus this simulation will be referred to as Z25. The volu-
metric soil moisture content Sc was set to 0.30 and remained
static in time. Additional simulations consisting of a fast back-
ground steering flow with identical surface characteristics to Z25
as well as inland Z0 values of 5 and 50 cm are discussed in sec-
tions 4a and b. The land surface temperature is held constant to
remove alterations to the TCBL associated with changes in heat
fluxes at the coast, as this was not the focus of the research. For a
more detailed analysis of how inland temperature changes affect
the near-surface wind field, refer to Hlywiak and Nolan (2021).

b. The TCBL wind structure over the ocean

Figure 1 reveals the TC intensity by maximum 10-m total
wind speed (S10max), minimum surface pressure (Pmin), and the
azimuthally averaged maximum tangential winds at 10 m and 2
km (Vt10max and Vt2kmmax) for OCN and Z25. Both TCs experi-
enced a similar intensity evolution by all three metrics and pla-
teaued above 65 m s21 for two full days before landfall. Z25
decayed rapidly upon landfall. Intensity changed very little over
the two days before landfall, besides slight intensification over
the 24 h before landfall. The Pmin, Vt10max, and Vt2kmmax of Z25
weakened roughly 5 h before landfall; however, the S10max of
Z25 briefly increased by more than 5 m s21 at 2 h before landfall.
This spike in intensity before landfall was related to the forma-
tion of mesoscale eyewall vortices (not shown).

Figures 2 and 3 show the azimuthal-mean tangential and
radial winds}Vt and Vr} below 3 km for OCN at t = 170 h.
Each field is averaged within the four TC motion-relative quad-
rants. Also plotted are the height of the maximum Vt, the depth
of the inflow layer}defined as the height at which the radial
velocity exceeds 10% of the quadrant-averaged minimum in
radial velocity as in J. A. Zhang et al. (2011a)}and the TCBL
height computed by the MYJ scheme. The latter is essentially
the height at which the turbulent kinetic energy (TKE) falls
below a threshold. This threshold value is a function of the mas-
ter mixing length, which changes based on the stability and
shear production within the layer (Janjić 2002).

The weak yet persistent environmental shear acting on the
TC plus the steady westward motion forces slight asymmetries
within the TCBL. The overall structure is in good agreement
with analysis of dropsonde composites within mature TCs (J. A.
Zhang et al. 2011b, 2013). The region of highest Vt near the
RMW was fairly symmetric and was centered between heights
of 500–700 m. The Vr near the surface was most intense within
the front-right quadrant due to the translation effect; however,
the inflow layer was much deeper behind the TC as a result of
the slight vortex tilt due to the wind shear. The inflow layer mir-
rors the TCBL depth defined by the TKE, revealing an increase
in depth with increasing radius out to roughly 2–3 times the
RMW followed by a steady decrease with increasing radius.

The inflow depth was shallower within the front quadrants and
deeper within the rear quadrants}which also align with the
upshear and downshear quadrants}which is in agreement with
the composite profiles revealed in Zhang et al. (2013). Of the
three definitions, the TKE-based TCBL depth has the sharpest
peak near the RMW where the vertical wind shear and TKE
production is greatest, yet follows a similar decrease with
increasing radius at large radii. Thus, despite the slight differ-
ences between the depth of the TCBL provided by each unique
definition, when considering the above evidence, it is clear that
three km is an appropriate upper bound for the following analy-
sis of the TCBL.

3. Evolution of the near-surface winds during landfall

a. Development of enhanced inflow within the
offshore flow

The sudden decay in intensity shown in Fig. 1 masked the
more complex evolution of the near surface flow, beginning

FIG. 1. (a) Maximum 10-m wind speed (m s21), (b) minimum
central pressure (hPa), and (c) maximum azimuthal-mean tangen-
tial wind speed at 10 m (thin plots) and 2 km (thick plots) (m s21)
for OCN (blue plots) and Z25 (red plots) cases.
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several hours before landfall. Figure 4 reveals Hovmöller dia-
grams of Earth-relative Vt and Vr at the lowest model level
for Z25 as a function of azimuth relative to the TC center at
each analysis time, averaged within a radial band extending

from the RMW to 20 km outside of the RMW. Periodic,
cyclonically traveling streaks in both Vt and Vr maxima associ-
ated with mesovortices were ubiquitous features well before
landfall. Streaks of inflow maxima generally originated to the

FIG. 2. Azimuthally averaged tangential winds Vt by quadrant for OCN at t = 170h. The height of the maximum Vt

is plotted as the solid black line while the TCBL height determined by the MYJ scheme based on the TKE field is
shown in the dashed black line.

FIG. 3. As in Fig. 2, but for the azimuthally averaged radial winds Vr by quadrant for OCN at t = 170 h. The depth of
the inflow layer as defined in the text plotted as the solid black line while the TCBL height determined by the MYJ
scheme based on the TKE field is shown in the dashed black line.
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right of motion and accelerated within the front-right quad-
rant. Maxima in Vt originated within the rear-left quadrant
and propagated through the right quadrants before decaying
in the front-left quadrant.

Figure 4b shows that from 9 to 6 h before landfall, the radial
velocity within the front-right quadrant decelerated. Con-
versely, beginning 6 h before landfall, the inflow within the
rear-left quadrant rapidly accelerated. As the TC approached
land, this inflow maximum rotated anticyclonically toward the
front left and increased in magnitude. At the same time, the
inflow within the front-right and rear-right quadrants continued
to weaken, despite this quadrant being characterized by
onshore flow. During this time, Fig. 4a reveals that the down-
stream Vt within the right quadrants accelerated. Strong winds
persisted right up to the point at which the flow reached the
shoreline. Meanwhile, Vt within the region of enhanced inflow
weakened, and a band of weak Vt occurred along the offshore
coastline. The effect of the changes in Vr on the total winds is
discussed in section 3b.

Figure 5 offers a top-down view of Z25 at t = 215 and23 h
before landfall, showing the vertically averaged gradient wind
ratio}defined as the vertically averaged ratio of Vt to the gra-
dient wind Vgr}below 1 km as well as the inflow angle at
z = 250 m. At t = 215 h, supergradient flow was collocated
with the RMW, forming a symmetric band. Outer streaks of
supergradient flow coinciding with spiral rainbands were
mostly found to the right of motion. The majority of the flow
to the left was subgradient. Inflow angles for most of the
period over the ocean were strongest ahead of the TC at small
radii, rotating anticyclonically with increasing radius and max-
imizing between 258 and 308.

By t =23 h, the vertical layer below 1 km became increasingly
more subgradient with distance downstream over land. The sub-
gradient part of the flow was collocated with large inflow angles
in excess of 458 out to a radius of 100 km. This is in stark contrast
to the left-of-motion flow over the ocean, for which inflow was
very weak. Thus, there appears to be a correlation between the
increasing departure of the flow from gradient wind balance and

FIG. 4. Azimuthal–time Hovmöller diagram of (a) tangential and (b) radial winds (m s21) at the lowest model level,
averaged within a radial band from the RMW to 20 km outside of the RMW as a function of TC-motion relative azi-
muth, wrapping cyclonically around the TC. The horizontal black lines at t = 0 indicate the time of landfall, while the
black plot that varies in time indicates the moment at which that portion of the flow reached land, approximated using
the center of the radial annulus.
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distance inland. Additionally, winds around the RMW became
more supergradient, especially within the rear quadrants. This
latter result is expounded in section 3b.

To determine the direct causes for the enhanced offshore
inflow, Fig. 6 shows the individual contributions by the domi-
nant forces represented in the Vr equation of motion at t = 24
h, vertically averaged below z = 500m. The approximated Vr

budget is shown below as (1):

dVr

dt
�2

1
r

­p
­r

1 fVt 1
V2

t

r
1 Fr: (1)

The term on the left-hand side is the total derivative, and the
terms on the right-hand side in order are the pressure gradient,
Coriolis, centrifugal, and frictional terms. The frictional term
here is computed by the PBL scheme in WRF. The pressure gra-
dient, friction, and centrifugal terms dominated the Vr budget
within 50 km of the center. Outside of this range, the centrifugal
force weakened considerably. A local minimum in the frictional

deceleration within the offshore flow over water coincided with
very slight minima in the Coriolis and centrifugal forces, while
the pressure gradient force remained relatively unaffected. The
net effect is enhanced negative radial velocity}i.e., positive
inflow}tendency within the front-left quadrant. Thus, the accel-
eration of the offshore inflow was driven by the weakening of the
frictional deceleration, which occurred instantaneously in con-
trast to the slower relaxation of the highly agradient offshore
flow back toward gradient wind balance.

b. Changes to the total wind field

The enhanced Vr within the offshore flow contributed to
significant changes to the angular momentum field before
landfall. Figure 7 shows the advective tendency of angular
momentum by the radial and vertical windsMadv, i.e., (2), ver-
tically averaged between two layers}from the lowest model
level to 1 km and between 1 and 3 km}as well as radially
averaged between the RMW and 30 km outside the RMW:

FIG. 5. (a),(c) Vertically averaged gradient wind ratio below z = 1 km. Less (greater) than 1 indicates the mean flow
is sub- (super)-gradient. (b),(d) Inflow angle for Z25 at z = 250 m, where positive indicates inflow. Two times are
shown: (top) 15 and (bottom) 3 h before landfall. The black solid (dashed) lines indicate the azimuthally averaged
RMW (tropical force wind radius) by quadrant. The vertical black solid line indicates the position of the coastline. The
black arrows in (b) and (d) indicate the direction of motion.
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Madv �2 Vr
­M
­r

1 w
­M
­z

( )
: (2)

In addition, regions of vertical velocity greater than 1 m s21

at the top of each layer are also plotted. Beginning with the
lower layer, Madv was greatest within the front-right quadrant
and slightly negative to the left well before landfall, coinciding
with the inflow patterns from Fig. 4b.Madv was greatest below
1 km and regulated more by the inflow field than the vertical
velocity field within the lower layer. In fact, regions of strong
vertical velocity were associated with weaker Madv below 1
km. Beginning around t = 25 h, Madv within the rear-left and
right quadrants increased substantially within the lower layer.
Additionally, the enhanced offshore inflow led to greater
TCBL convergence offshore (not shown), which resulted in
greater vertical velocities downstream within the rear quad-
rants and to the right of motion. As the front portion of the
wind field crossed the coastline, Madv remained strong within
the rear-left and rear-right quadrants.

Within the layer between z = 1–3 km, Madv was regulated
more by the vertical advection as opposed to the radial advec-
tion. The Madv within this annulus was weak well before land-
fall, but as convergence and vertical velocities increased to
the rear and to the right, so didMadv. WhileMadv was greatest
within the rear-left quadrant within the lower layer, the upper
layer featured greatest Madv roughly 908 downstream within
the rear-right quadrant. Thus, it appears that the enhanced
offshore inflow increased radial advection of positive angular
momentum and radial convergence within the offshore flow

near the surface. This enhanced angular momentum was then
elevated vertically and advected downstream.

Consequently, changes to the Madv field manifested as
changes to the tangential winds near the top of the TCBL.
Figure 8 shows azimuthal transects}also known as curtain
plots}of the Z25 and OCN flows below 3 km averaged within
a radial distance of r = 60–90 km from the center at t = 22.5 h
and the corresponding time for OCN. Note that this annulus
intersects where the mean Vgr ratio over land was most sub-
gradient in Figs. 5c,d, and does not overlap with the annulus
shown in Fig. 4. Beginning at 08}due east}and traveling
cyclonically with increasing azimuth, the OCN TCBL flow to
the right of motion (08–1808) featured moderate inflow below
1 km and strong Vt around an altitude of 2.5 km. Within the
front quadrants of OCN}between 908 and 2708}outflow
occurred above weak inflow which co-aligned with weaker Vt.
The TCBL height defined by the TKE field decreased slightly
within the front-right quadrant (908–1808) before deepening
to about 1.2 km within the front-left quadrant (1808–2708).
This height changed little downstream. The flow to the left of
the TC (1808–3608) was characterized by a Vt minimum aloft
and a deepening of the inflow layer concomitant with a deep
subgradient layer which stemmed from the surface.

The same transect for Z25 before landfall featured key differ-
ences. First, the upper-TCBL Vt within the right quadrants was
stronger and more supergradient. This supergradient layer
extended farther toward the surface than for OCN and intruded
farther downstream over land. Additionally, inflow ahead of
Z25}i.e., over land}accelerated with distance downstream

FIG. 6. (a)–(d) Pressure gradient, Coriolis, centrifugal, and Reynolds wind stress forces as in (1) (m s22) for Z25 at t = 23 h. Fields are
vertically integrated and averaged below a height of 500 m. Note that the Coriolis force is multiplied by 10 in (b). (e) The total derivative
of the radial velocity computed as the sum of the four terms on the right hand side of Eq. (1), where blue (negative) indicates inflow accel-
eration and red (positive) indicates outflow acceleration. As before, the black arrow in (e) indicates the direction of motion.
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and coincided with an increasingly deeper subgradient layer,
which further deviated from gradient wind balance with increas-
ing azimuth, reaching a maximum depth}defined by values for
which the ratio was equivalent to or less than 1}and minimum
Vgr ratio within the front-left quadrant over land. At the same
time, the outflow layer aloft over land was stronger than for
OCN, reflecting an accelerated near-surface secondary circula-
tion. The TCBL height continued to deepen over land, reaching
a maximum of approximately 1.6 km directly over the offshore
coastline. This increase in TCBL depth with distance inland is
in agreement with radar observations within Hurricane Irene
(2011) (Alford et al. 2020). Thus, the longer the flow was
exposed to land, the deeper and more subgradient the TCBL
became. The offshore TCBL over the ocean relaxed closer
toward gradient balance, despite the acceleration of deep
inflow. However, upper-TCBL winds downstream of the
enhanced inflow accelerated relative to OCN. Additional exam-
ination of Fig. 5c reveals a wide supergradient region behind
the TC, which provides further evidence of a stronger TCBL jet
to the rear of the TC.

We now focus on the changes to the vertical profiles of
wind just before landfall near the RMW. Figure 9 shows near-
surface Vt, Vr, and Vgr at two times}8 and 3 h before land-
fall}averaged within a radial band of 30–50 km from the cen-
ter at three TC-relative locations. These locations represent
the immediate onshore flow (location A), offshore flow (loca-
tion B), and upstream from the immediate onshore flow
(location C). We note that during this time frame, the RMW
remained between 20 and 25 km, yet the wind field of the TC
expanded slightly. Regardless, the greatest changes to the
wind field during this time were those forced by the coastline.
The onshore (A) Vt below 200 m did not change significantly
within this time, yet Vt increased above an altitude of 1 km.
The Vgr increased throughout the profile; thus, the onshore
flow beneath 300 m became slightly more subgradient despite
little change to Vt below this level. At the same time, the
winds above this were slightly more supergradient, in
line with the deepening of supergradient winds revealed in
Fig. 8e. Conversely, the onshore Vr profile near land changed
little over the course of this time period. Thus, the spatial-

FIG. 7. As in Fig. 4, but for Madv (3 103 m2 s22); Madv was averaged vertically within two layers: (a) below z = 1000
m and (b) between z = 1000–3000 m. Additionally, Madv was radially averaged from the instantaneous azimuthal-
mean RMW out to 30 km outside of the RMW. Vertical velocities in excess of 1 m s21 within this annulus are con-
toured as well.
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mean onshore flow retained characteristics similar to that
over the open ocean.

Within the offshore flow (B), the inflow layer near the sur-
face deepened by roughly 200 m concomitant with an increase
in the maximum inflow from 24 to 30 m s21. Similarly, the
outflow layer aloft deepened by several hundreds of meters
and increased in magnitude. Offshore Vt below 800 m deceler-
ated substantially, and the flow below this level was highly
subgradient, as previously observed. Additionally, the tangen-
tial flow above the subgradient layer became more supergra-
dient and increased in magnitude above 2 km. Thus, the
offshore flow retained characteristics of the upstream flow
over land.

At location C, Vt above an altitude of 3 km increased. At
the same time, the inflow layer was deeper than for over the
open ocean while a weak outflow layer developed above 2
km. Therefore, changes to the winds in this region mainly
occurred above the near-surface subgradient layer, as the
upper-TCBL winds became more supergradient. Thus, the
transition of the TCBL winds from location B back to A was
characterized by the relaxation from a large deviation from
gradient wind balance throughout the column toward a typi-
cal ocean vertical profile. The near-surface winds recovered
faster, as the winds above an altitude of 500 m within the
rear-right quadrant}and to a lesser extent, the front-right
quadrant}were still marked by supergradient winds.

These modifications to the TCBL flow impacted the asym-
metric RMW and the extent of strong winds at the surface.
Figure 10 shows time series of the surface RMW and the total
area encompassed by tropical storm force winds normalized
by that of OCN and delineated by quadrant. These signals
were periodic, and the timing of landfall for each quadrant
differed. However, two key results stand out. First, the RMW
within the quadrants to the left contracted by as much as 5%
relative to OCN before landfall. This reflects the weak Vt

near the RMW within the offshore flow. Conversely, the
RMW within the right quadrants expanded by a few percent
up until reaching land. Second, the area of tropical storm
force winds expanded by 10%–15% to the left of the TC
before reaching land. This was because although Vt was
weaker immediately offshore, enhanced Vr contributed signif-
icantly to the total wind field. The quadrants to the right fea-
tured nearly equivalent extents of tropical storm force winds
as for the ocean case.

Figure 11 compares spatial asymmetries in the total, tan-
gential, and radial wind fields for Z25 with that of OCN just
before landfall, providing a general summary of the patterns
expounded above. Asymmetries here are represented by the
sum of the wavenumber-1–5 components. It is important to
note that the asymmetries were small compared to the sym-
metric mode; the asymmetries represented at most roughly
12% of the total wind field as opposed to roughly 85%

FIG. 8. (a),(b) Vt (m s21); (c),(d) Vr (m s21); and (e),(f) Vgr ratio (unitless) for (left) Z25 and (right) OCN as functions of TC azimuth,
where 08 marks due east and increases cyclonically around the TC. Each panel features annotations at approximately 458, 1358, 2258, and
3158 corresponding to the rear-right, front-right, front-left, and rear-left quadrants. The time for the Z25 plots is t = 2.5 h before landfall
and for the OCN plots is t = 170 h. The solid black line shows the depth of the TCBL defined from the TKE field. Each field is averaged
within a radial band from r = 60–90 km from the center. The left and right vertical dashed lines indicate the onshore and offshore coast-
lines, respectively, and are also plotted for OCN for comparison.
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characterized by the symmetric flow before landfall. Away
from land, the wavenumber-1 mode was the dominant asym-
metry for all three wind fields. The S10 and Vt10 were stron-
gest within the front-right quadrant, slightly downstream from
the inflow maximum.

Near land, asymmetries were dominated by weaker flow
over land and stronger flow over the ocean. The higher-order
asymmetries reveal more complex patterns in agreement with
the preceding analysis. First, the maximum inflow}i.e., mini-
mum radial velocity}asymmetry is clearly located to the left
of the TC, reaching a peak between r = 40 and 80 km
(Fig. 11c). Additionally, a positive anomaly in radial velocity
occurs within the right-of-motion RMW, despite this region
being associated with a negative anomaly for OCN case. The
S10 and Vt anomalies within the onshore flow are character-
ized by positive anomalies. Offshore S10 anomalies near the
RMW were slightly negative due to the reduction in Vt10, yet
positive at larger radii as the enhanced inflow comprised a sig-
nificant portion of the total wind field. Note that the negative
anomaly in Vt10 over land is greater than the decrease of the
inflow, especially within the front-left quadrant. Thus, even
though the inflow decreases, the inflow angle increases

(Fig. 5d). Although not shown here, the wavenumber-1 asym-
metry dominated the flow at z = 2 km. Additionally, the influ-
ence of land was weak aloft compared to at the surface, as
Z25 and OCN revealed similar asymmetries. Thus, it appears
that most of the spatial asymmetries forced by land decayed
with height up to 2 km.

To summarize these findings, the frictional forcing from the
presence of land ahead of the TC enhanced and deepened the
inflow layer within the offshore TC flow, which began roughly
7 h before landfall and approximately 200 km offshore. This
asymmetry was frictionally driven, as the longer the circula-
tion was exposed to the rougher surface and intense vertical
mixing, the greater the deceleration of the near surface winds
and deeper the affected layer were. Thus, the offshore flow
stretching from over land to roughly 50 km out over the ocean
was characterized by deep, strong inflow due to the relaxation
in the centrifugal, Coriolis, and frictional forces concomitant
with a relatively constant pressure gradient force. This deep
inflow and subsequent radial convergence advected angular
momentum above the TCBL and downstream, forcing an
acceleration of Vt over water near the top of the TCBL. This
result suggests that stronger wind gusts to the right of the TC

FIG. 9. Vertical profiles of Vt (m s21, blue), Vgr (m s21, red), and Vr (m s21, green), averaged within a radial band
from r = 30–50 and an azimuthal band spanning 408 centered at 1358 (location A), 2708 (location B), and 458 (location
C) counterclockwise from due east. Profiles for 8 and 3 h before landfall are shown. A schematic of the 10-m wind
speed at t = 23 h is shown in the top right to place the size of each averaging area into context with the rest of the
wind field.

MONTHLY WEATHER REV I EW VOLUME 150538

Brought to you by UNIVERSITY OF MIAMI (RSMAS) | Unauthenticated | Downloaded 05/01/22 06:01 PM UTC



near the coastline at the surface due to the presence of land
are possible as the mean upper-TCBL tangential flow
increases, assuming no change in the intensity of downward
turbulent velocities. We note that the time-mean maximum
tangential velocity for Z25 just before landfall is slightly
weaker than for OCN, however (Fig. 11). A detailed analysis
of gust factors requires saving data at a higher frequency than
we have done here (2 min), to avoid aliasing highly energetic
turbulent eddies. We save this for future work.

4. Sensitivity analyses

a. Translation speed

An additional simulation was performed to contrast the
above results with a fast-moving TC. This simulation was ini-
tialized from OCN at the start of the fifth day, as for the previ-
ous simulations. For this simulation, TVPDS was used to
nudge the background easterly winds from 5 and 2.5 m s21

below 850 hPa and above 200 hPa to 10 and 7.5 m s21 over
the first day after initialization. Thus, the bulk vertical shear
was the same as before, although the steering flow was
increased. This simulation is referred to as Z25FAST.

Figure 12c reveals the increase in translation speed for
Z25FAST occurred mainly within the first day after initializa-
tion and peaked 36 h after initialization. Z25FAST makes

landfall with a translation speed around 7.5 m s21, compared
to 4 m s21 for Z25. The S10max and Pmin are shown in
Figs. 12a and 12b. Z25FAST was marginally weaker than
Z25, otherwise the intensity evolution was nearly identical.
As with the control simulation, S10max of Z25FAST increased
by about 5 m s21 a few hours before landfall despite a reduc-
tion in Pmin.

Figure 13 shows Earth-relative S10, Vt10, and Vr10 asym-
metries for Z25 versus Z25FAST as in Fig. 11 at t = 216 h,
before either TC experienced the effects of land. Increasing
the translation speed amplified the wavenumber-1 pattern,
which also rotated cyclonically by 458–908. Figure 14 shows
the same asymmetric wind fields for when both TCs resided
roughly 50 km offshore. The S10 and Vt10 negative anomalies
over land and within the offshore flow were similar in areal
extent and in magnitude between the two TCs. However, the
positive anomalies in these fields to the right (within the
onshore flow) were very similar to that for each TC several
hours before. This provides further evidence that the onshore
flow shares characteristics very similar to that over the open
ocean, even when near land. Both simulations also featured a
maximum in S10 within the right-rear quadrant (Figs. 14d,h).

Additionally, the right to left Vr10 asymmetry was ampli-
fied in Z25FAST. This is possibly due to the fact that the
inflow maximum over the ocean for Z25FAST was located
farther downstream cyclonically than for Z25. Thus, the asym-
metries produced by land and the fast motion may construc-
tively interfere. Still, the asymmetries forced by land are
similar between these TCs. Finally, although not shown here,
increasing the translation speed did little to affect the asym-
metric field at 2 km outside a slight amplification of the along-
coast gradient.

b. Surface aerodynamic roughness length

Two simulations featuring differing surface roughness val-
ues over land of Z0 = 5 and 50 cm were performed using the
same methods as for Z25. These simulations are referred to as
Z05 and Z50. The intensities of both TCs were similar to each
other for the majority of the simulation time period, as seen
in Figs. 12a,b. Over land, Z50 decayed at a faster rate than
Z05 and Z25. Differences in the values of Pmin began 14 h
before landfall, when the Pmin of Z50 increased while Z05
briefly deepened. Conversely, the S10max of Z05 follows
nearly an identical progression to that of OCN up until land-
fall, while the S10max of Z50 increased by several meters per
second in the hours before landfall, despite the weakening in
Pmin of Z50. Further analysis revealed that the elevated
S10max before landfall was associated with mesovortices (not
shown), as for Z25. However, it is interesting that this spike in
S10max was greater and lasted longer for increasing roughness.
Analysis of the relationship between surface roughness and
mesovortex activity before landfall is left for a future study.

Figure 15 reveals the inflow angle field at z = 250 m at
t = 210, 26, and 22 h between Z05 and Z50. It is clear that
increasing the Z0 resulted in a greater enhancement of inflow
angles within the offshore region, both in extent and in magni-
tude. Thus, inland roughness positively correlates with the

FIG. 10. (a) Time series of RMW and (b) area of tropical storm
force winds by quadrant, normalized by the corresponding metrics
for OCN. RR, FR, FL, and RL indicate the rear-right, front-right,
front-left, and rear-left quadrants, respectively. Note that each
quadrant reaches land at differing times, thus sudden changes to
the rear quadrants lag the front by several hours.
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amplitude of the inflow angle response of the TCBL to land
revealed in section 3.

In Hlywiak and Nolan (2021), the enhancement of the
angular momentum import by the radial velocity with increas-
ing aerodynamic roughness length was discussed for a set of
simulations similar to those performed in this study. In that
study, this pathway led to increased winds within the original
RMW during landfall for increasing roughness length, as well
as a more marked outflow near a height of 3 km [see Fig. 11
of Hlywiak and Nolan (2021)]. We evaluate the azimuthal-
mean response here as well, to compare with those previous
results. Figure 16 shows the secondary circulation wind
strength}i.e.,

������������
V2

r 1W2
√

}and the Vt field for Z05 and Z50
at landfall, azimuthally averaged within the front quadrants
over land (Figs. 16a–f) and the rear quadrants over the ocean
(Figs. 16g–l). Within the front quadrants, the secondary circu-
lation was dominated by strong inflow at the surface and out-
flow at a height of 1 km near the RMW which increased in
height with increasing radius. The TC-wide maximum Vt and
inflow were greater for Z05. However, the difference
plots}Figs. 16c,f, which show the Z50 fields subtracted from
the Z05 fields}reveal that the tangential winds inside the
RMW of Z50 were stronger than for Z05. Additionally, the
inflow at the surface was faster for Z05; however, the inflow
and outflow layers were deeper for Z50. Thus, the results here
are in agreement with the results from the simulations in
Hlywiak and Nolan (2021).

Within the rear quadrants, increasing Z0 enhanced the sec-
ondary circulation throughout the lower-troposphere except
for at the RMW near the surface. Additionally, while

tangential winds were weaker near the RMW for Z50 than
for Z05, this relationship was reversed outside of the RMW.
Specifically, stronger Z50 Vt was located around two RMW
and z = 2 km. However, Vt outside of the RMW was stronger
throughout the lower-troposphere for the smoother surface at
landfall (not shown). Thus, a TC making landfall over a very
rough surface may experience stronger winds inside the initial
RMW, in addition to a deeper TCBL and land-forced acceler-
ation of the low-level secondary circulation than for a TC
making landfall over a smoother surface. Additionally,
greater Z0 enhanced the TCBL jet over the ocean up until
landfall.

In summary, increasing the roughness contrast between the
ocean and the inland surface amplified the responses docu-
mented in section 3. An inland roughness length of 50 cm led
to a stronger inflow within the offshore flow and behind the
TC than for a roughness length of 5 cm. Thus, TCBL winds to
the rear and right of the Z50 TC were more supergradient
than for Z05.

5. Case studies

Here, we analyze in situ and satellite data collected from
three landfalling Gulf of Mexico hurricanes to find evidence
in nature for increased inflow angles within the offshore flow
before landfall. These hurricanes}Hurricanes Ike (2008),
Harvey (2017), and Michael (2018)}were selected because
they most closely resembled the TCs simulated for this
research, i.e., they spent ample time over the Gulf of Mexico
waters before making landfall at an angle fairly perpendicular
to the coast. Additionally, two out of the three}Michael

FIG. 11. Sum of wavenumber-1–5 modes of (a),(e) S10; (b),(f) Vt10; and (c),(g) Vr10 for (a)–(c) Z25 and (e)–(g) OCN averaged within a
1-h window centered at t = 23 h (equivalent to t = 168 h for OCN). (d),(h) The sum of the S10 wavenumber-0–5 components for Z25 and
OCN, respectively. All fields are in m s21. The vertical black line marks the location of land for Z25. The S10max for each TC is displayed
in (d) and (h). The black arcs near the RMW in each plot note the RMW for six azimuthally averaged sectors of equal azimuthal width
(608). As before, the black arrows in (d) and (h) indicate the direction of motion.
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being the exception}occurred in late August or early Sep-
tember, transiting environments lacking significant vertical
wind shear or midlatitude weather phenomena. The large-
scale roughness of the Gulf Coast region is dominated by wet-
land environments toward the northwest and low forests
toward the east. Thus, these TCs experienced conditions simi-
lar to the Z05 and Z25 simulations. We emphasize that this
analysis is not meant to be comprehensive; rather, the goal
here is to make a preliminary connection between the ideal-
ized simulations and reality.

Buoy and coastal station data were obtained from the
National Data Buoy Center website. These stations provided
basic meteorological data reported every six minutes when
available. For this analysis, wind speed and direction were
used to compute the inflow angles. The TC track data used to
compute the radial and tangential winds comes from the
revised Atlantic Hurricane Database HURDAT2 (Landsea

and Franklin 2013), linearly interpolated to 6-min positions to
match the buoy and station output frequency. Station loca-
tions were selected based on proximity to both storms, with
an emphasis on stations between roughly 20 and 150 km from
the landfall location. Equal numbers of stations to the left and
right of landfall were desired; however, this was not always
available. Additionally, station and buoy data were often
incomplete, thus the following analysis only considers when
stations reported data}i.e., no further interpolation of data
was applied. The location of selected buoys and coastal sta-
tions relative to the track of each TC are shown in Fig. 17.
Unfortunately, data were sparse and prone to failures mid-TC
passage. For example, buoy 42043 was in an ideal location to
observe the offshore inflow of Ike; however, this buoy went
out of service well before landfall.

For Ike, surface wind data were obtained from the National
Centers for Environmental Information’s Blended Sea Winds
dataset (Peng et al. 2013). This dataset covers the years
1987–2011, and thus was only available for Ike. This dataset
blends several different satellite and in situ measurements to
obtain as accurate an estimate of the surface winds as possi-
ble. Data are available at 6-h intervals. This gridded product
is offered at a horizontal resolution of 0.258, which is too
coarse to observe the inner core winds associated with a TC
but sufficient for observing trends in the broader wind field.
(Note that the inflow angle values in Figs. 19c,f are extremely
large for what is typically observed.) We suggest that the exact
inflow angle values should be taken with some skepticism, as
they are likely an artifact of the coarse resolution of the data-
set. The overall changes in the inflow angle patterns appear to
be valid, however.

a. Hurricane Ike

Hurricane Ike (2008) was a long-lived system that formed
from an African easterly wave in late August (Berg 2009).
After tracking across the Atlantic, the TC moved into the Gulf
of Mexico where it regained category-2 intensity. Figures 18a–c
shows the total and radial wind fields as well as inflow angles at
the surface when the TC was located in the central part of the
Gulf. At this time, Ike was embedded in an environment that
lacked strong vertical wind shear or other disruptive environ-
mental forces. The strongest total winds were located ahead of
and within the front-right quadrants, while the strongest inflow
was located within the rear-left quadrant.

Within the following two days, a subtropical ridge steered
Ike toward the northwest, and the TC eventually made land-
fall perpendicular to the Texas coastline. Figures 18d–f show
the wind field of Ike when the TC was located just offshore.
At this time, the wind field over the ocean was much more
symmetric, as strong winds were observed within both the
onshore and the offshore flows. At the same time, the off-
shore flow was characterized by strong inflow and increased
inflow angles. Thus, the evolution of Ike from this dataset
resembled that of the idealized simulations presented here.

From the available data, Fig. 19 reveals the sustained winds
and inflow angles experienced at each station during the pas-
sage of Ike. Until 13 September, it appears that the onshore

FIG. 12. (a) S10max (m s21), (b) Pmin (hPa), and (c) translation
speed (m s21) for Z25 (blue) and the three sensitivity simulations
Z25FAST (red), Z05 (orange), and Z50 (purple) as a function of
time. The respective vertical dashed lines mark the time of landfall
for each TC. Note that Z25FAST reached the western edge of the
domain earlier, thus ends around t = 180 h.
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stations}RLOT2 and SRST2}experienced slightly greater
inflow angles on the order of 258 compared to near 08 for the
offshore buoys. However, the available data were sparse.

For comparison with the idealized simulations, Fig. 20
shows plots of total wind speed and inflow angle for Z25 at six
locations. Four of these were along the coast: OFF60L,
OFF40L, ON40L, and ON60L. The other two were 25 km off-
shore over water: OFF40W and ON40W. These “stations”
are located 60 and 40 km south of the landfall location within
the offshore flow and 40 and 60 km north of the landfall loca-
tion within the onshore flow. The greatest wind speeds
between the six locations were generally observed onshore.

The exception is with OFF40W, which observed winds that
were several meters per second greater than for ON40W up
until roughly 3 h before landfall.

Independent of wind speed, inflow angles increased in time
up until landfall, reaching 458 offshore and 258 onshore. Most
notably, inflow angles at OFF40W resembled the inflow angles
for the onshore locations until 6 h before landfall. After this
time, inflow angles at OFF40W increased dramatically to
match the values observed at the coastal offshore locations.
After landfall, inflow angles at all locations converged between
358 and 408, as the rear TC quadrants were characterized by
fairly uniform inflow angles.

FIG. 13. As in Fig. 11, but for (a)–(d) Z25 and (e)–(h) Z25FAST at t =216 h, when both TCs resided over the ocean.

FIG. 14. As in Fig. 13, but at t =23.75 for Z25 and t =22 h for Z25FAST, when both TCs were roughly 50 km offshore.
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Inflow angle magnitudes from Ike and from Z25 were simi-
lar before landfall, and the observations show a continued
increase after the passage of Ike. Unfortunately, partly due to
a lack of consistent observations, a definitive statement
regarding whether the observations from Ike support the
results from the idealized experiments cannot be made.

b. Hurricane Harvey

Before infamously producing catastrophic rainfall over por-
tions of eastern Texas and Louisiana, Hurricane Harvey
(2018) made landfall along the Texas coast as a category-4
storm after traversing the western Gulf of Mexico (Blake and
Zelinsky 2018). The following analysis focuses on this first
landfall over Texas.

The location of the selected buoy and coastal stations for
Harvey are shown in Figs. 17b and 21. The curvature of the
Texas coastline prevented a purely perpendicular landfall,
and it is likely that the presence of the coast to the west of
Harvey influenced winds. Thus, stations along the perpendicu-
lar section of the coast are considered. Before landfall, the
offshore stations}ANPT2 and MQTT2}reported inflow
angles of roughly 408 and 658, which remained consistent in
time. Meanwhile, the onshore stations}MBET2 and
AWRT2}experienced inflow angles of 08 and 358. Between
1200 and 1800 UTC 25 August, the near-eyewall AWRT2
inflow angles were similar to that of the farther offshore
MQTT2; however, after this time MQTT2 reported larger
angles. Note that IRDT2 experienced a significant jump in
inflow angles, from roughly 308 to greater than 1008. Because

this station is located only 15 km from MQTT2, it is possible
that IRDT2 was highly influenced by nearby inland obstacles.

Regardless, these offshore stations featured greater sus-
tained inflow angles than the two onshore stations. Addition-
ally, the values shown here were quite similar to those
revealed in Figs. 5 and 20. Last, buoy (42020) experienced a
significant increase in inflow angle in time, as with OFF40W
in Fig. 20b. Thus, this case seems to support the evidence of
elevated offshore inflow angles from section 3.

c. Hurricane Michael

Hurricane Michael (2018) rapidly intensified while over the
eastern Gulf of Mexico and continued to intensify to a cate-
gory-5 system up until landfall over the Florida Peninsula
region (Beven II et al. 2019). Michael differs from the other
two TCs in this section in that the storm formed late in the
Atlantic hurricane season and interacted with an extratropical
trough near land. Callaghan (2019) suggested that this interac-
tion affected the thermal structure of the TC by facilitating
warm-air advection to the west of the TC. Thus, the surface
discontinuity was not the only factor altering the wind field
leading up to landfall. Additionally, a cold-core eddy associ-
ated with the Loop Current system was in the vicinity of the
TC (Wadler et al. 2021). These factors}in addition to possi-
ble rapid changes to the storm structure resulting from the
rapid intensification}likely had an impact on the asymmetric
wind structure.

The station and buoy locations are revealed in Figs. 17c and 22.
Landfall occurred at 1730 UTC 10 October 2018. Data were

FIG. 15. Inflow angles (8) for (top) Z05 and (bottom) Z50 at t = (a),(d)210; (b),(e)26; and (c),(f)210 h. Quadrant RMW and R18 are
shown by the black solid and dashed lines, respectively. The location of land is marked by the vertical solid black line.
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FIG. 16. (a)–(c),(g)–(i) Secondary circulation winds and (d)–(f),(j)–(l) Vt (m s21), azimuthally averaged over the front two quadrants in
(a)–(f) and the rear two quadrants in (g)–(l) for Z05 and Z50 at landfall. The difference in each field is shown in (c), (f), (i), and (l), where
red (blue) indicates stronger (weaker) winds for the Z05 winds. The radial coordinate is normalized by the instantaneous RMW for each
TC. In (a)–(f), the coastline is marked by the vertical dashed line.
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recorded uninterrupted from four stations}two offshore
and two onshore}up until landfall. The coastal stations fea-
tured data that were highly periodic; however, from 0000 to
1700 UTC 10 October offshore inflow angles increased rela-
tive to the onshore angles by roughly 208. These angles are
also in agreement from those in Figs. 5 and 20. After land-
fall, the reporting three stations featured nearly identical
inflow angles as all three stations became located to the rear
of the TC. Thus, the evidence presented here seems to sup-
port the findings from section 3.

6. Summary and discussion

Here, idealized simulations of powerful TCs reveal that the
TCBL wind field undergoes several modifications forced by
the coastal discontinuity ahead of landfall. These modifica-
tions are simplified by the schematic in Fig. 23. Beginning 6–9
h before landfall, the outer portion of the wind field ahead of
the TC rapidly decelerates near the surface over land due to
increased friction. This forces high inflow angles over land
while simultaneously weakening winds with distance inland.

FIG. 17. Location of buoys and coastal stations along the Gulf of Mexico for Hurricanes (a) Ike, (b) Harvey, and (c) Michael. Tracks are
shown by the blue plot, and the location and time of landfall are marked by the plus signs and the time within the title. The number next to
each station indicates the minimum distance between the station and the track during the time period for which the station was active. For
example, buoy 42043 went out of service when the center of Ike was 321.7 km away.

FIG. 18. (a),(d) Total wind speed (m s21); (b),(e) radial winds (m s21); and (c),(f) inflow angles (8) for Hurricane Ike at (top) 0600 UTC
11 Sep and (bottom) 0600 UTC 13 Sep. Wind data are taken from the NCEI BlendedWinds Dataset (Peng et al. 2013). Track data, plotted
by the solid black lines, is provided by HURDAT2. Note that due to the resolution of the wind field data, the wind field is not centered
directly at the position of the TC.
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Once over the ocean, friction is dramatically reduced while
the flow remains highly subgradient, resulting in an accelera-
tion in the radial velocity. Thus, the advection of angular
momentum by the secondary circulation downstream is
enhanced. Convergence due to the inflow elevates vertical
velocities near the TC core, adding to the inward advection of
high momentum air by the secondary circulation. Thus,
upper-TCBL winds to the rear and rear-right relative to the
TC motion are enhanced before landfall. Alford et al. (2020)
revealed that the supergradient TCBL jet may persist inland
even as the near-surface flow deteriorates. The authors specu-
lated that this could lead to stronger, more damaging gusts.
Although not analyzed directly here, sporadic downdrafts may
transport enhanced, supergradient flow toward the surface to the
right of motion, leading to locally higher surface winds.

Sensitivity experiments revealed that increasing the surface
roughness amplified these asymmetries. Additionally, a simu-
lation with faster translation speed showed a similar evolu-
tion, indicating that the land-forced asymmetries are of a
greater magnitude than the translation asymmetries. How-
ever, in the case of a landfall perpendicular to the coastline}
these two effects may constructively interfere with each other
to amplify the inflow response a few hours before landfall. In
situ data from three landfalling hurricanes in nature provided
evidence of elevated inflow angles within the offshore flow
before landfall. A future analysis of observations of upper-
TCBL winds before landfall would be beneficial to the argu-
ments provided here.

The mechanism described here is similar to that presented
by Shapiro (1983) and the similar Tang and Tan (2006). The
coastal discontinuity in roughness appears to act similarly to
the frictional gradient, yet at a much greater magnitude.
Additionally, as the landmass was located directly ahead of
the TC in our simulations, this pathway was rotated cycloni-
cally by roughly 908 from that forced by the motion-induced

friction asymmetry. Future trajectory analyses following air
parcels around the TC before landfall would benefit this
theory.

The simulated TCs here landfall at nearly perpendicular
angles to the coast. Few landfalls in nature are this idyllic, and
complex coastal geography is often involved. We hypothesize
that changes to the landfall angle and shape of the coastline
would rotate the region characterized by strong inflow angles.
For example, a TC in the Gulf of Mexico translating toward
the west roughly 100 miles south of the Gulf coastline may
experience heightened inflow angles to the right of motion.
Theoretically, the asymmetries forced by the coast would con-
structively interfere with inflow asymmetries forced by the TC
motion, depending on the size of the TC and the distance off-
shore. However, continual advection of dry continental air
from the north would deteriorate the tropical nature of the
TC. Additionally, environmental vertical wind shear patterns
often change drastically near land, which could force asymme-
tries near the surface that interact with the asymmetries
forced by the presence of land. Thus, future research elucidat-
ing the wind response for angled landfalls would be greatly
beneficial toward understanding the landfall process.

Investigations of internal boundary layer (IBL) develop-
ment within the TCBL have accelerated within the past cou-
ple of decades (Hirth et al. 2012; Alford et al. 2020), as

FIG. 19. Time series of (a) sustained wind speed and (b) inflow
angle for each station during the landfall of Hurricane Ike. Gaps in
the plots indicate missing data.

FIG. 20. Time series of (a) sustained wind speed and (b) inflow
angle for six coastal locations within the Z25 simulation. Three
“stations” are located within the offshore flow at 60 and 40 km
south of the landfall location [solid plots; OFF60L (blue), OFF40L
(red), and OFF40W (orange), respectively] and the other three are
located at the equivalent distances north of the landfall location
[dashed plots; ON60L (blue) and ON40L (red), and ON40W
(orange), respectively]. The “L” indicates location at the coastline
while the “W” indicates location 25 km offshore from the coastline
over the water.
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improved wind sampling technologies within coastal regions
have rendered such studies possible. Understanding the
development of both onshore and offshore IBLs is a highly
important problem, as these features modify local surface
fluxes to an extent which may impact stress imparted on local
infrastructure. Analyses of onshore IBL development within
our simulations suggest that a logarithmic growth in the IBL
height within a neutral boundary layer}see Hirth et al.’s
(2012) Eq. (1)}is a valid approximation [refer to chapter 4 of
Hlywiak (2021) for more information]. We refrain from dis-
cussing the IBL further here, as this was not a main focus of
this manuscript. The exact near-surface wind structure and

intensity of the surface fluxes here would be better simulated
using large-eddy simulations embedded within a regional sim-
ulation framework.

This pathway has profound implications for coastal hazard
forecasting. A stronger upper-TCBL jet may possibly result in
stronger gusts at the surface to due mixing of accelerated
momentum above toward the surface. Thus, wind damages to
the right-of-motion may be more severe than in situations
where this structural evolution is absent. Additionally, many
catastrophe and hazard models assume wind fields based on
observations from over the ocean. For example, storm surge
models rely on the surface wind speed and direction to com-
pute wind stress and surge response. Thus, the results here
imply that input wind fields should account for changes to the
TCBL due to frictional convergence forced during landfall to
improve accuracy.
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