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ABSTRACT: Supercells in landfalling tropical cyclones (TCs) often produce tornadoes within 50 km of the coastline. The
prevalence of TC tornadoes near the coast is not explained by the synoptic environments of the TC, suggesting a mesoscale
influence is likely. Past case studies point to thermodynamic contrasts between ocean and land or convergence along the
coast as a possible mechanism for enhancing supercell mesocyclones and storm intensity. This study augments past work
by examining the changes in the hurricane boundary layer over land in the context of vertical wind shear. Using ground-
based single- and dual-Doppler radar analyses, we show that the reduction in the boundary layer wind results in an increase
in vertical wind shear/storm-relative helicity inland of the coast. We also show that convergence along the coast may be im-
pactful to supercells as they cross the coastal boundary. Finally, we briefly document the changes in mesocyclone vertical
vorticity to assess how the environmental changes may impact individual supercells.
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1. Introduction

Supercells in tropical cyclones (TCs) represent one of the
most significant wind and water hazards in the outer rainband
environments and pose a threat to both life and property
(Rappaport 2014; Brauer et al. 2020). TC supercells can cause
locally increased winds that can reach severe criteria in addi-
tion to tornadoes (Vescio et al. 1996; Edwards 2012). Accu-
rate forecasting of TC supercell environments is generally not
a function of the intensity of the TC itself; rather, TCs with
broader outer wind fields often spawn the greatest number
of tornadoes regardless of their intensity (McCaul 1991;
Edwards 2012; Paredes et al. 2021). Understanding TC super-
cell environments requires a comprehensive view of the envi-
ronmental buoyancy and total vertical wind shear (VWS)
which can often be concentrated in the lowest 1 km (Novlan
and Gray 1974; McCaul 1991) as well as the VWS associated
with the background synoptic environment (Schenkel et al.
2020, 2021). While the key environmental characteristics (e.g.,
buoyancy and VWS) that often support TC supercells are
known, the mesoscale changes (such as small zones of en-
hanced buoyancy and VWS as in McCaul et al. 2004) in the
environmental characteristics surrounding TC supercells have
been understudied due to a lack of robust observations.

TC supercell environments differ from traditional supercell
environments (e.g., in the U.S. Great Plains). Buoyancy is of-
ten substantially weaker in TC supercell environments than

Great Plains supercell environments and is often maximized
in the lowest few kilometers altitude compared to ;10-km al-
titude in Great Plains environments (McCaul 1991). Buoy-
ancy is not uniform in the TC environment, however. Local
dry air intrusions in the outer band environments may locally
enhance buoyancy through midlevel evaporative cooling or
through the erosion of convection and associated enhance-
ments in local surface heating (e.g., McCaul 1991; Curtis 2004;
Baker et al. 2009; Schultz and Cecil 2009). In contrast to buoy-
ancy, VWS and helicity are often of similar (or greater) mag-
nitude in TC supercell environments compared to Great
Plains environments, but typically concentrated in the low lev-
els (Eastin and Link 2009; Green et al. 2011; Baker et al.
2009; Carroll-Smith et al. 2019; Schenkel et al. 2020). Like-
wise, the distribution of VWS is not uniform. Based on clima-
tology studies, tornadoes in general form in the right-front
quadrant of the TC relative to TC motion and/or down and
to the right of the synoptic-scale VWS vector (Gentry 1983;
Baker et al. 2009; Molinari and Vollaro 2010; Schenkel et al.
2021). Recent observational work also suggests that the de-
crease in VWS and increase in buoyancy as a function of ra-
dius from the TC center result in a favorable overlap in
VWS–buoyancy space in the outer bands (or at least a portion
thereof; Schenkel et al. 2020; Nowotarski et al. 2021; Paredes
et al. 2021; Trier et al. 2023).

Although buoyancy and VWS are routinely measured via
National Weather Service radiosondes, TC supercell environ-
ments and their heterogeneities are likely undersampled
(McCaul et al. 2004; Edwards and Pietrycha 2006). Taking
radiosonde observations in TCs can be quite difficult, causing
TC supercell proximity soundings to be relatively sparse
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(McCaul 1991; Edwards and Thompson 2012; Nowotarski
et al. 2021). Many studies attempting to examine mesoscale
environments (i.e., those not resolved by the standard radio-
sonde network) of TC supercells employ numerical modeling
to characterize the storm-scale and mesoscale environments
of TC supercells. For example, on the meso-b scale, Green
et al. (2011) showed a boundary that was draped across the
U.S. Gulf Coast and interacted with TC supercells in Hurri-
cane Katrina (2005) by enhancing low-level VWS that sub-
sequently led to mesocyclone intensification in some supercells.
However, the role of baroclinicity in storm-scale processes
(e.g., mesocyclone intensification) is less certain (McCaul and
Weisman 1996, 2001) but has been shown to be integral to me-
soscale processes in the outer rainbands (Eastin et al. 2012).
More generally, the coastal interface itself is hypothesized to
lead to changes in the local supercell environment in TCs
and can be influenced by the strength of the TC winds (Chen
and Chavas 2020; Hlywiak and Nolan 2021). For example, in
an observational study employing ground-based Weather
Surveillance Radar-1988 Doppler (WSR-88D) and airborne
radar analyses, supercells in Hurricane Ivan (2004) were ob-
served to intensify as they moved onshore (Eastin and Link
2009). As the low-level, coast-perpendicular wind field re-
sponds to the increased surface roughness over land, some
studies have suggested convergence along the coast may en-
hance updrafts, which would act to enhance tilting and stretch-
ing of low-level horizontal vorticity (Gentry 1983; Eastin and
Link 2009; Green et al. 2011). Such a conceptual model is
consistent with the near-coast tornado maximum (Gentry
1983; Schultz and Cecil 2009). Alternatively, studies such as
Knupp et al. (2006) and Baker et al. (2009) point to differ-
ences in the thermodynamic profiles over land versus over
water and suggest buoyancy is enhanced by surface heating
over land.

While each of the above factors leading to environmental
heterogeneity likely plays a role in individual cases, a study by
Schenkel et al. (2021) combined TC tornado reports with
VWS data derived from radiosondes to perform a climatology
of TC tornadoes. Not to be confused with the total VWS
available to any individual supercell, Schenkel et al. (2021)
specifically characterized tornadoes as a function of synoptic-
scale 850–200-hPa VWS regimes, which is representative of
the background VWS acting upon the TC itself. The computa-
tion of the 850–200-hPa VWS involves removing the TC wind
field to determine the background VWS. For clarity herein,
we refer to the background, synoptic-scale 850–200-hPa VWS
as the “background VWS” or “BVWS.” The study showed
that there were a disproportionate number of tornadoes
within the first 50 km inland of the coastline [see Schenkel
et al. (2021) and their Fig. 7] under all BVWS regimes. Al-
though the TCs under strong BVWS spawned the most torna-
does at all coast-relative distances, the coast itself may
influence TC supercells more strongly than the synoptic or
even mesoscale environments in which the TC supercells are
embedded.

Recently, Alford et al. (2020) used ground-based dual-
Doppler analysis to characterize the hurricane boundary layer
transition for a 12-h period during the landfall of Hurricane

Irene (2011). Similar to the results of Hirth et al. (2012), an in-
ternal boundary layer response (i.e., the response of the
boundary layer to an increase in surface roughness) was ob-
served as parcels moved from over the ocean to over land. Us-
ing spatiotemporal average profiles from the dual-Doppler
analyses, Alford et al. (2020) were able to show that the
boundary layer wind field significantly changes within the first
10 km inland of the coastline, while little change is observed
above the boundary layer. Such a drastic evolution of the low-
level wind profile is likely to change the low-level shear avail-
able to TC supercells, in addition to coastal-scale convergence
of the winds as discussed previously. Indeed, Novlan and
Gray (1974), Gentry (1983), and Morin and Parker (2011) hy-
pothesized that the low-level reduction and backing of the
winds over land could lead to an enhancement of VWS.
Additionally, Alford et al. (2023b) showed that tornadic
mesocyclones were more intense onshore than their offshore
counterparts using 8 years of radar-observed TC supercells,
suggesting that processes at the coastal interface help to inten-
sify tornadic mesocyclones.

Apart from the above case studies, a detailed analysis of
the near-coast mesoscale environment has not been per-
formed. Moreover, the coast’s influence as a frictional bound-
ary of sorts has yet to be documented in detail. This study
employs a similar framework to that of Alford et al. (2020) to
characterize the near-coast wind profiles in the outer bands of
three TCs. Specifically, we seek to understand the role of
near-coastal convergence and near-coastal changes to VWS
that may enhance supercell mesocyclones. We emphasize
that this study focuses specifically on supercells, not torna-
does. We document the structure of the VWS utilizing high-
resolution dual-Doppler analyses to investigate whether the
hurricane boundary layer transition can affect the mesoscale
and storm-scale environments through which TC supercells
are propagating. We also present the trends of TC supercell
mesocyclone rotation as observed by ground-based radar,
focusing on the low-level mesocyclone rotation intensity
from ocean to land.

2. Cases and data analysis

a. SMART radar deployments

In this study, we leverage data collected by the Shared
Mobile Atmospheric Research and Teaching (SMART) ra-
dars (SRs; Biggerstaff et al. 2005, 2021) to examine the kine-
matic mesoscale environment. The SRs are a pair (called SR1
and SR2) of C-band dual-polarization mobile weather radars
built for observing convective and mesoscale phenomena.
The SRs have observed numerous landfalling TCs since 2001.
Three cases observed, Hurricane Frances (2004), Hurricane
Irene (2011), and Hurricane Laura (2020), are particularly fa-
vorable for examining the outer bands. The SRs have been
leveraged extensively in TC-based studies to examine convec-
tive and mesoscale processes (e.g., Hirth et al. 2012; Alford
et al. 2019a,b, 2020, 2023a).

In both Irene and Laura, an SR (SR2 in Irene and SR1 in
Laura) was paired with a nearby WSR-88D in order to
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retrieve three-dimensional wind fields via dual-Doppler anal-
ysis (discussed in the following subsection). In Irene, the
WSR-88D in Morehead City, North Carolina (KMHX), was
used, and in Laura, the WSR-88D in Lake Charles, Louisiana
(KLCH), was used. In Hurricane Frances, both SRs were em-
ployed as in Hirth et al. (2012). We note that Hurricanes
Irene, Frances, and Laura were categorized at their official
landfalls as category 1, 2, and 4 hurricanes, respectively.
Here, we focus on the outer band environments, rather than
the inner-core and eyewall regions. In Figs. 1a, 1c, and 1e, the
tracks of the center of all three TCs can be seen relative to
the dual-Doppler domain. In Figs. 1b, 1d, and 1f, plan position
indicators (PPIs) of reflectivity from KMLB (Melbourne,
Florida), KMHX, and KLCH, respectively, can be seen. The
PPIs were collected in the outer bands, many of which con-
tained supercell structures similar to those seen in the figure.
In Frances, the observations were collected in the boundary
layer of the right-front quadrant relative to TC motion and
with the dual-Doppler domain origin more than 145 km from
the TC center. In Irene, the observations were collected
near the boundary of the right- and left-front quadrants rela-
tive to TC motion and with the dual-Doppler domain origin
more than 190 km from the TC center. In Laura, the observa-
tions were collected in the right-front quadrant and with the
dual-Doppler domain origin more than 115 km from the TC
center.

b. Wind syntheses

Dual- and multi-Doppler wind synthesis is a commonly uti-
lized method to combine radar Doppler velocity measure-
ments to retrieve estimates of the full, three-dimensional
wind often used in supercell and mesoscale convective system
studies (e.g., Biggerstaff and Houze 1991; Yuter and Houze
1995; Wurman et al. 2007; DiGangi et al. 2016; Betten et al.
2018; Miller et al. 2020). In TCs, ground-based dual-Doppler
analysis has also been successfully applied to boundary layer
(e.g., Hirth et al. 2012; Kosiba andWurman 2014; Alford et al.
2020) and convective-scale and mesoscale processes (e.g.,
Wingo and Knupp 2016; Fernández-Cabán et al. 2019; Alford
et al. 2019a,b, 2023a). We use similar approaches in our analy-
sis of all three cases. In Frances, we employ data from the SRs
likewise used in Hirth et al. (2012). In Irene, the dataset from
Alford et al. (2020) is leveraged. Described in more detail in
Alford et al. (2020), dual-Doppler volumes in Frances and
Irene were constructed by first quality controlling the data
leveraging a variety of subjective (Oye et al. 1995) and objec-
tive (Helmus and Collis 2016; Alford et al. 2022) techniques.
Then, the data were interpolated to a Cartesian grid following
the method of Biggerstaff et al. (2021), which leverages natu-
ral neighbor interpolation (Sibson 1981). In Irene, spatio-
temporally variable advection correction (Shapiro et al. 2010)
was applied, as SR2 was not synced in time with KMHX. Fi-
nally, the wind syntheses were retrieved via a three-dimensional
variational data assimilation dual-Doppler technique (Potvin
et al. 2012). The method is nearly identical to the methods
of Alford et al. (2023a). The dual-Doppler domains (described
in Table 1) can be seen in Figs. 1a and 1c. In Frances, the

Cartesian domain covers a similar region to that used in Hirth
et al. (2012) and favors the easternmost domain, which was less
affected by beam blockage. In Irene, the Cartesian domain cov-
ers only the northern dual-Doppler lobe as the southern lobe
was severely contaminated by beam blockage (Alford et al.
2020).

As with any dual-Doppler study, error increases on the
outer edges of a dual-Doppler lobe and can be exacerbated in
larger domains (Doviak et al. 1976). In Frances and Irene, the
small distance between the contributing radars yields better
resolution and low-level coverage (Fig. 1). In this study, we
also incorporate observations from Laura, which had a much
larger domain and yielded much less sampling of the bound-
ary layer. Therefore, we leverage a retrieval technique to
estimate the horizontal wind using the Spline Analysis at
Mesoscale Utilizing Radar and Aircraft Instrumentation
(SAMURAI) technique. SAMURAI was developed in Bell
and Lee (2012) for the purposes of leveraging a variety of ob-
servations to retrieve a maximum-likelihood estimate of the
atmosphere. As in the Potvin et al. (2012) method, SAMURAI
does not require integration of the mass continuity equation. In
addition, both methods [i.e., the SAMURAI and Potvin et al.’s
(2012) methods] can take in a background estimate of the at-
mosphere. SAMURAI goes further by minimizing the impact
of boundary conditions and reducing the impact of interpola-
tion assumptions on mass conservation through its spline-based
approach [see del Moral et al. (2020) for further discussion].
By introducing a background estimate of the atmosphere and
relying less on gridpoint interpolation, SAMURAI can help to
minimize error inherent to dual-Doppler synthesis. Thus, the
regions on the edges of the dual-Doppler lobe where the lower
portion of the lowest radar elevation angle is used to estimate
the lowest analysis level are more accurately computed, but we
acknowledge there is larger error at the lowest analysis level
due to undersampling.

The following steps were employed to retrieve the wind
fields using SAMURAI in Hurricane Laura:

1) To create a background wind field, we employ mobile ra-
diosonde launches that were conducted by the National
Severe Storms Laboratory (NSSL) to the southeast of
SR1. The location of the sounding launches is shown in
Fig. 1e. Launches were conducted at 2346 UTC 26 August
2020 and 0238 and 0432 UTC 27 August 2020. The sound-
ings were interpolated to a regular height grid (from 105 m
altitude to 11000 m every 100 m) and a regular time grid
(from 0000 to 0400 UTC 27 August 2020 UTC at every
1 min) using linear interpolation. The resulting background
horizontal wind speed is shown in Fig. 2. We note that the
density profile is also derived from the time-interpolated
soundings, which is used in the mass continuity constraint of
SAMURAI similar to del Moral et al. (2020).

2) The SAMURAI analysis is then performed with KLCH
and SR1 data as input data, resulting in a quasi-dual-
Doppler analysis across the domain (detailed in Fig. 1 and
Table 1). We refer to the analysis as a “quasi-dual-
Doppler” analysis, as SAMURAI does not inherently limit
the analysis to a 308 dual-Doppler cross-beam angle, and
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FIG. 1. Details of the dual-Doppler domains in (a),(b) Frances, (c),(d) Irene, and (e),(f) Laura are shown.
In (a) and (c), the 308 dual-Doppler lobe is shaded, the locations of the radars are indicated by the blue
dots, the heavy black box outlines the Cartesian dual-Doppler grid (although only the overlapping region be-
tween the dual-Doppler domain and the dual-Doppler lobes is utilized in the final analysis), and the red lines
with the corresponding stars display the best track locations of each TC (with the day and hour/minute in
UTC shown next to the star). For illustrative purposes, the areas of the coastline most pertinent to this analy-
sis are shown in the bold magenta lines. In (a), the track is shown via the inset. In (e), the location of the
NSSL radiosonde launches is shown via the black marker. In (b), (d), and (f), example PPIs of radar reflec-
tivity (dBZ) are shown with the black lines showing the 308 dual-Doppler lobe for reference. The curved ar-
rows point out examples of supercell-like structures in the PPIs. The date and times in the PPIs are in UTC.
In (c), we also show an inset of radar reflectivity with a wider view for context to show the location of the
center of Irene’s circulation to the south of the dual-Doppler domain.
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hence, the Cartesian grid is larger surrounding the 308
lobes in Fig. 1e. However, we do so upon output. The
SAMURAI analyses are performed as in Bell and Lee
(2012) and del Moral et al. (2020) where the Gaussian re-
cursive filter length scale (in number of grid points) was
set to 4 and 2 in the horizontal and vertical dimensions, re-
spectively. The spline cutoff length was set to two grid
points in all directions. We also allow adjustment of the
background and impose a minimum of 10 dBZ echo for
the wind field to be retrieved at any point.

3) We note that we allow a 0-m lowest analysis level in the
SAMURAI system in order to prescribe the appropriate
boundary conditions. However, it is not used and is

replaced with an approximate 10-m wind vector (discussed
next).

We tested using SAMURAI in Irene, but ultimately elected
to use the methodology of Alford et al. (2020) in Irene
and Frances. Relatively dense (temporally) NSSL-launched
soundings were available in Laura, where SAMURAI is a
more beneficial technique to leverage. However, we found
that the cubic-spline analysis technique, while advantageous
in Laura due to the formerly described reasons, was detrimen-
tal to the Irene analyses above 7-km altitude. Gridpoint inter-
polation yielded a more continuous result following the
method of Alford et al. (2020) in the increasingly data-sparse
regions aloft between upper elevation angle radar PPIs. The
problem is particularly exacerbated in Irene, as the smaller
dual-Doppler domain on the whole is nearer the cone of si-
lence of both radars. The same problem did not occur in
Laura (due to the size of the dual-Doppler domain) or Fran-
ces (due to the shallow nature of the radar scanning strate-
gies). However, it is also worth noting that in our tests of
SAMURAI in Irene, we found that the resulting wind fields
below 7-km altitude were nearly identical to the dual-Doppler
results, suggesting limited sensitivity to our choice of method.
Table 1 documents the domain details for the dual-Doppler
analyses in Hurricanes Frances and Irene and the SAMURAI-
based analyses in Laura. Since both analysis types retrieve the
horizontal and vertical wind components as well as the reflectiv-
ity at each grid point, we simply refer to SAMURAI-based anal-
yses as dual-Doppler analyses herein.

We also approximate the 10-m altitude winds from the
lowest available dual-Doppler winds. We do so by leveraging
the projection techniques discussed in Kosiba and Wurman
(2014) and Alford et al. (2019b). In summary, 30-m land-use
classifications obtained from the National Oceanic and Atmo-
spheric Administration Coastal Change Analysis Program
(available online at https://coast.noaa.gov/digitalcoast/tools/
lca.html) are converted to an approximate surface roughness.
Then, for each dual-Doppler point, the nearest 10 land-use
surface roughness values are averaged. The lowest available

TABLE 1. Details of the radars contributing to the dual-Doppler analyses for each case including the radar names and their
locations. Radar 1 is the radar at which the origin of the dual-Doppler domain is located. Radar 2 is the second radar in the dual-
Doppler pair. The horizontal and vertical grid spacing is noted in kilometers. The terms xmin, ymin, and zmin denote the minimum
locations of the Cartesian grid relative to the origin (Radar 1). The number of grid points along the x, y, and z directions xnum, ynum,
and znum is also documented. The baseline distance (distance between Radars 1 and 2) is also indicated.

Frances (2004) Irene (2011) Laura (2020)

Contributing Radar 1 SR1 KMHX KLCH
Contributing Radar 2 SR2 SR2 SR1
Radar 1 (lat, lon; 8) 28.3415, 280.6876 34.7760, 276.8762 30.1253, 293.2160
Radar 2 (lat, lon; 8) 28.5115, 280.7998 35.7331, 276.6620 30.3653, 292.8673
Horizontal, vertical resolution (km) 0.25, 0.1 0.25, 0.2 1.0, 0.5
xmin, ymin, zmin (km) 220, 210, 0.2 5, 5, 0.2 230, 280, 0.0
xnum, ynum, znum 200, 200, 20 180, 180, 50 131, 121, 21
Times leveraged 1900 UTC 4 Sep 2004–

0600 UTC 5 Sep 2004a
0000–0500 UTC
27 Aug 2011

0000–0315 UTC
27 Aug 2020

Baseline distance 21.8 km 19.0 km 43.2 km
a Note that the times leveraged are the same as in Hirth et al. (2012): 1900–1915, 1945–2000, 2145–2200 UTC 4 Sep 2004, 2345 UTC 4 Sep–
0000 UTC 5 Sep 2004, 0300–0315, 0345–0400, 0500–0515, and 0545–0600 UTC 5 Sep 2004.

FIG. 2. Linearly interpolated horizontal wind speeds from NSSL
sounding data.
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winds are then projected to 10-m altitude using a logarithmic
profile assumption. In Irene and Laura, the 250- and 500-m
altitude winds are used. In Frances, the very fine 100-m vertical
resolution results in some missing data in the lowest few grid
points mostly over the ocean. However, the same technique is
used to project the lowest available wind to estimate the 10-m
wind, since the projection is valid to use below the maximum
wind altitude. Both Kosiba and Wurman (2014) and Alford
et al. (2019b) showed good agreement between the projected
estimates and in situ surface observations, but we do acknowl-
edge some uncertainty with such a technique.

c. AzShear data and mesocyclone tracking

We also employ the use of single-Doppler azimuthal shear
(commonly referred to as “AzShear”; Mahalik et al. 2019) to
document the intensity of low-level mesocyclones without the
constraints of the cross-beam limitations of dual-Doppler
analysis. AzShear is a local, linear, least squares derivative of
dealiased single-Doppler velocity data, which approximates
to one-half of the total vertical vorticity. Hence, it can be used
to quantify the intensity of low-level mesocyclones, particu-
larly within 75 km of a weather radar.

In this study, besides using AzShear to estimate the inten-
sity of individual mesocyclones, a tracking algorithm was em-
ployed to objectively identify supercells capable of producing
a tornado (Sandmæl et al. 2023). We note that we did not dis-
criminate between storms that did or did not produce a tor-
nado, as storms need not be tornadic for the purposes of this
work (i.e., we are interested in the mesocyclone response
rather than tornado formation itself). This approach also
eliminates uncertainties inherent to the TC tornado database
(Edwards et al. 2012; Edwards and Mosier 2022). Storms with
0.58-tilt single-radar AzShear above 0.006 s21 were identified
as supercells capable of producing a tornado and checked
against a 20-dBZ reflectivity dilation filter to remove spurious
noise not associated with an actual storm object. As discussed
in Sandmæl et al. (2023), 0.006 s21 represents a threshold that
reasonably discriminates potentially tornadic versus nontor-
nadic mesocyclones across all storms. The training and test
datasets in Sandmæl et al. (2023) included TC supercell meso-
cyclones, which were tracked with similar success to Great
Plains supercell mesocyclones and quasi-linear convective sys-
tem mesovortices. In a recent study, Schenkel et al. (2023)
confirmed that the 0.006 s21 AzShear threshold reasonably
discriminated between potentially tornadic and nontornadic
mesocyclones in TCs. As in the Sandmæl et al. (2023) study,
there was overlap between tornadic and nontornadic distribu-
tions near the 0.006 s21 threshold and is not a perfect discrimi-
nator. Nevertheless, in our study each storm track was
checked manually. Any storm not resembling a supercell at
some point during its lifetime was removed. It is known that
identifying a supercell in TCs can be difficult from weather ra-
dar (Spratt et al. 1997; Devanas et al. 2008; Martinaitis 2017;
Nowotarski et al. 2021) largely due to their small sizes and
less distinct radar characteristics when embedded within
rainbands. In this study, the objectively tracked supercells
(or supercell-like structures) were examined individually to

confirm that 1) the AzShear maximum was associated with
deep convection and 2) the radar attributes were reasonably
characteristic of a supercell (e.g., high reflectivity and pres-
ence of a hook echo and/or forward-flank-like structure).
We show examples of supercells retained in section 4.

d. BVWS computations

In Schenkel et al. (2020), BVWS was computed from the
fifth major global reanalysis produced by European Centre
for Medium-Range Weather Forecasts (ERA5; Hersbach
et al. 2020). To calculate BVWS, Schenkel et al. (2021) re-
moved the TC wind field for all 6-h International Best Track
Archive for Climate Stewardship data, version 4 (Knapp et al.
2010), to characterize the BVWS for all TCs between 1980
and 2018 following prior work (Davis et al. 2008; Galarneau
and Davis 2013). In summary, the synoptic winds are com-
puted by first calculating the irrotational and nondivergent
winds that characterize the TC. The irrotational and nondi-
vergent winds are then removed from the TC total wind field
to retrieve the background synoptic-scale horizontal wind
field. However, rather than leveraging the BVWS magnitude
and direction directly as in the Schenkel et al. (2021) study,
we retain the background synoptic-scale horizontal wind field
used to compute the BVWS and convert it to the local dual-
Doppler height grid. Specifically, the wind field is available on
the ERA5 output grid on isobaric levels with vertical grid
spacing of 25–50 hPa. Thus, the 6-h synoptic winds are linearly
interpolated onto the vertical dual-Doppler grids for direct
comparison.

e. Coastal compositing

As in Alford et al. (2020), we employ a simple compositing
technique using dual-Doppler observations to characterize
the deep-layer VWS relative to the coast. Dual-Doppler radar
observations collected in the outer bands of the TC cases
are temporally and spatially averaged through the following
steps:

1) For each x, y location on the dual-Doppler grid, we first
calculate the distance (regardless of wind direction) to the
nearest point on the coast, computed from the Global
Self-Consistent, Hierarchical, High-Resolution Geography
Database (Wessel and Smith 1996). While computing the
coast-relative distance as a function of wind direction
(i.e., the fetch an air parcel travels over land) may yield
different results, we employ the compositing method of
Alford et al. (2020) for consistency, because a more rigorous
trajectory-based analysis would require three-dimensional
wind retrieval regions much larger than the dual-Doppler
domains in this study. When accounting for coast-relative
distance, we removed the small coastal waterways in the
Frances dataset and the inland lakes from the Hurricane
Laura dataset. We retain the relatively large coastal water-
ways in the Irene dataset (e.g., the Neuse River and
Pamlico Sound in Fig. 1a), as they serve as proxies for
offshore water surfaces (discussed and validated in Alford
et al. 2020).
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2) VWS (also known as the bulk wind difference) is defined
as the magnitude of the vector difference in the winds
between two layers. Here, the VWS is computed by
subtracting the u and y components of the wind at the

10-m height from each u and y wind observation at each
height z. We compute VWS for each x, y location in
the dual-Doppler domain for each analysis time t as in
Eq. (1):

VWS(x,y,t) 5
�������������������������������������������������������������������������������
[u(x,y,z,t) 2 u(x,y,z 5 10,t)]2 1 [y(x,y,z,t) 2 y(x,y,z 5 10,t)]2

√
: (1)

3) As discussed in Franklin et al. (2003), Zhang et al. (2011),
and Alford et al. (2020), comparing wind profiles in vary-
ing flow regimes (i.e., changes in the vertical structure
and/or magnitude of the flow) requires normalization of
the wind profiles. Therefore, we also compute the normal-
ized wind magnitude at each x, y location by dividing the
wind magnitude at each height in a column by the mean

wind at and below 500 m in the column following Alford
et al. (2020). We then retrieve the normalized u and y

components of the wind. To compute the normalized VWS,
we then subtract the 10-m normalized u and y components
from each z-km observation to generate the normalized u
and y components of VWS. The normalized VWS is then
the magnitude of the former vector and shown in Eq. (2):

VWSNorm(x,y,t) 5
�������������������������������������������������������������������������������
u(x,y,z,t) 2 u(x,y,z 5 10,t)

u(x,y,z 5 10 : 500,t)
[ ]2

1
y(x,y,z,t) 2 y (x,y,z 5 10,t)

y (x,y,z 5 10 : 500,t)
[ ]2√

: (2)

4) Finally, in 2.5-km bins relative to the coast, the horizontal
wind magnitude, the individual u and y components (both
total and normalized) of the horizontal wind, the diver-
gence, the VWS, and the normalized VWS are averaged
over space and time. Here, we define positive and negative
distances relative to the coast as over water and over land,
respectively.

We note that we do not remove supercells themselves from
the coastal compositing. The supercells here typically are
O(10) km in their longest dimension and are often short lived
(Spratt et al. 1997; Martinaitis 2017). When considering the
dual-Doppler area and when considering that the composites
are built over hours of dual-Doppler analysis, they constitute
a small fraction of the dual-Doppler observations. We tested
the sensitivity of the results by removing profiles in Laura
with absolute vertical velocities that exceeded 5 m s21 (analy-
sis not shown). We found negligible differences in the com-
posite results. Nevertheless, we not only acknowledge some
“contamination” of the supercells on the composites but also
emphasize that it is difficult to separate the effects of super-
cells on their environment (Parker 2014; Nowotarski and
Markowski 2016; Wade et al. 2018).

3. Coastal transition deep-layer VWS

a. Coastal-composite kinematics

We first examine the coastal-composite kinematics in Hur-
ricanes Frances and Irene. Both of these cases have been pre-
viously examined in terms of how the boundary layer winds
respond to the increase in surface roughness at the coast
(Hirth et al. 2012; Alford et al. 2020). In both cases, an

internal boundary layer response (Garratt 1990) was observed
wherein the flow within the forming internal boundary layer
decelerated and the flow above the boundary layer remained
quasi steady. Again, the observations were taken near the
boundary of the left-front (partly in Irene) and right-front
(both Frances and Irene) quadrants relative to TC motion in
the outer bands. As noted in Hirth et al. (2012) and Alford
et al. (2020), the flow in both cases has a significant eastward
component (mean 0–2-km and 0–3-km wind directions of 708
and 988 in Frances and Irene, respectively, meaning the flow is
onshore from the Atlantic Ocean toward Florida and North
Carolina in Frances and Irene, respectively), although we fur-
ther discuss some of the local coastline effects on the analysis.

As noted in both Hirth et al. (2012) and Alford et al.
(2020), periods when a parcel traversed land and moved back
over water are important to consider when examining the
near-coastal internal boundary layer response. In Alford et al.
(2020), specifically, the flow in Irene observed over water was
found to be representative of open-ocean dropsonde profiles
taken well offshore, although at times parcels had likely previ-
ously interacted with land surfaces. Both studies of Frances
and Irene focused on the lowest few kilometers of the atmo-
sphere. Here, we begin with a similar analysis in Frances, but
extend the analysis of the coastal-composite wind field
through the full depth of the dual-Doppler volumes in Irene,
which leveraged much deeper radar volumes than were used
to observe Frances. We first examine the coast-relative com-
posite kinematic environment in Fig. 3, but with the addition
of the estimated 10-m winds as described in section 2. Consis-
tent with both Hirth et al. (2012) and Alford et al. (2020), the
coast-relative composite wind profiles (Figs. 3a,d) show that
the wind profile below 1 km changes inland. In particular, the
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low-level winds reduce over land compared to those over the
ocean. The low-level wind speed reduction grows in height
deeper inland. However, above 1–2-km altitude the horizontal
winds change more slowly as a function of coast-relative dis-
tance. The corresponding VWS (Figs. 3b,e) increases over
land. For example, over the 0–1-km layer, the VWS over the
ocean in both cases is near 15 m s21 compared to values of
20–25 m s21 over land. In Irene, specifically, over a deeper
layer (e.g., the 0–6-km layer), a similar response is seen with
VWS increasing over land compared to the shear over water.
We also note that in very shallow layers (e.g., 0–0.25-km
layers), which are likely pivotal for tornadogenesis (Coffer
et al. 2019), there are actually decreases in VWS inland rela-
tive to the deeper-layer VWS (i.e., the 0–1, 0–3, or 0–6-km
VWS) previously discussed. The maximum in very low-level
VWS in both analyses tends to be very near the coast.

There are notable minima in VWS in the Frances case
(Fig. 3b) from25 to27.5 km inland and from217.5 to220 km
inland. Noted in Hirth et al. (2012), two inland waterways are lo-
cated within the dual-Doppler domain. While Hirth et al. (2012)
did not composite their dual-Doppler data as we do here, we
can determine the effects of the inland waterways on the mean
wind and VWS profiles by similarly compositing the surface
roughness estimates as described in section 2e. As shown in the

inset of Fig. 3b, area-averaged surface roughness decreases from
25 to217.5 km inland, corresponding with minima in the VWS
profiles. This result is consistent with the work of Hirth et al.
(2012), who documented that the internal boundary layer re-
sponse is a function of the underlying complexity in land-use
characteristics. We find similar results here in terms of
VWS. Although the surrounding coastal region in Irene is
quite complex (i.e., there are many inland waterways, penin-
sulas, and islands), the coastal region specifically within the
dual-Doppler domain (Fig. 3e) is characterized by only one
ocean surface (the Neuse River and Pamlico Sound) and
one land surface (the land surrounding the waterways).
Although the flow did at times first cross other land surfaces
prior to entering the Neuse River and Pamlico Sound, the
dual-Doppler domain in Irene was too small to further ex-
amine the more complex internal boundary layer response.
Nevertheless, internal boundary layer response in the low-
level wind speed appears to lead to an increase in VWS
over land surfaces in the Irene case, consistent with the re-
sults in Frances.

As noted previously, near-coastal convergence of the low-
level horizontal wind has been hypothesized to enhance the
vertical drafts of individual storms (e.g., Baker et al. 2009).
In the same coast-relative framework, we show the coastal-

FIG. 3. The dual-Doppler coast-relative composite (a) horizontal wind speed, (b) VWS (i.e., the total VWS), and (c) horizontal diver-
gence in Hurricane Frances are shown as a function of coast-relative distance on the x axis and height on the y axis. (d),(e),(f) As in (a), (b),
and (c), but for Irene. For reference, a value of 0 km on the x axis is the coast and negative distance is over land and is annotated in (a) and
(c) by the vertical black line. The inset in (b) shows the coast-relative area-mean surface roughness.
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composite profile of horizontal divergence in Figs. 3c and 3f.
In Frances, we find that significant convergence (negative di-
vergence) is observed in the low levels of the analysis in the
onshore flow. In contrast, positive divergence is observed in
the lowest 1 km in a coast-composite sense both onshore and
offshore in Irene. We further examined why convergence was
not seen in the generally onshore flow (flow from the east)
throughout the period. It was found that flow from the east
first crossed from Pamlico Sound onshore and then offshore
again over the Neuse River (see Fig. 1). Divergence was par-
ticularly maximized spatially when composited in time over
the regions surrounding the Neuse River (not shown). There-
fore, the divergence in the low levels likely is a result of the
complex coastal structure in Irene, suggesting that the pres-
ence of divergent or convergent flow is not necessarily ubiqui-
tous in the near-coastal zone, but rather is a function of the
upwind surface characteristics.

b. Estimating VWS in Hurricane Laura

As discussed in section 2b, the use of SAMURAI in retriev-
ing the wind field in Hurricane Laura helps to minimize (but
not eliminate) the errors associated with undersampling the
lowest analysis level, particularly since the aim of this study is
to determine the effects of the boundary layer transition (a
low-level feature) on VWS. Hurricane Laura was character-
ized by onshore flow (any wind with a northerly component
was removed from the analysis), but a significantly lesser com-
ponent thereof (1008 mean wind direction during the times
analyzed, meaning flow was mostly from the east with a small
component from the Gulf of Mexico toward Louisiana).
Nevertheless, we still examine the coastal-composite wind
profiles in Laura as in the previous analyses. A similar
coastal-composite analysis is shown for Hurricane Laura in
Fig. 4. The wind magnitude in Fig. 4a is stronger than in
Hurricane Frances or Irene with Laura being a category 4
(58–70 m s21) hurricane near landfall (Pasch et al. 2020).
Laura was also a smaller, more compact TC than Irene, mean-
ing that the outer bands were located nearer the center of the
circulation (Fig. 1). We note that the gradient in the average
wind profile is partly due to stronger winds near the inner core

first arriving in the offshore bins (and explore such effects
further in section 3d). Similar to the evolution in Irene, the
low-level wind speed in Laura (Fig. 4a) decreases over land.
A gradient in the low-altitude winds (below 2 km) in Fig. 4a
is seen, similar to the results of both Frances and Irene.
Although the near-coastal regions are undersampled by the ra-
dars contributing to the analysis, the SAMURAI-based analysis
reveals a signal of decreasing winds in the low levels, but over a
deeper layer than seen in Frances or Irene. Between 210 and
0 km, the mid- and upper-level wind speed (above 4–5 km)
varies relatively little as a function of coast-relative distance,
but weakens between 230 and 210 km. It is likely that the ef-
fects of the coast-relative compositing versus the prevailing
wind direction explain some differences between the Frances
and Irene analyses versus the Laura analyses. The onshore
component in Laura is not well aligned with the gradient in
coast-relative distance as approximated by the nearest point on
the coast (generally a north–south gradient in Laura). As such,
the composite results here are more strongly representative
of the cross-internal boundary layer response, rather than the
along-internal boundary layer response.

With the differences between the Frances and Irene analy-
ses versus the present analysis in mind, Fig. 4b shows the
coastal-composite VWS. There are two maxima in VWS: one
just inland between 215 and 0 km inland and one over water.
In particular, 0–3-km VWS increases from 25 to 30 m s21 over
water to .30 m s21 over land. Taking similar layers (e.g., the
0–6 or 0–1-km layers) yields similar increases in VWS inland
versus over water. Deeper inland in the coast-relative com-
posite, there is a general decrease in VWS, likely where par-
cels have longer histories over land. In Laura, we find that the
VWS increase is maximized between 210 and 0 km. We also
examine the coastal-composite divergence (Fig. 4c). Like in
Frances, the coastal-composite mean divergence field is gen-
erally convergent in the low levels (,1-km altitude) of the
near-coastal (.210 km) region. In this zone, convergence is
maximized in the low levels between 0 and 25 km offshore
unlike the preceding analysis of Irene, but like the preceding
analysis of Frances. This is likely due to a less complex coast-
line compared to that in Irene, suggesting that the onshore

FIG. 4. As in Fig. 3, but for Hurricane Laura.
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flow response does indeed result in a zone of convergence
in the coastal zone both over land and over water, similar
to the results of Frances and to past studies discussed in
section 1.

c. Storm-relative helicity

We also examine the evolution of the outer band environ-
ments as a function of coast-relative distance using storm-
relative helicity (SRH; Davies-Jones 1984) and hodographs.
Using the coast-relative binned wind profiles of u and v
described in section 2e, composite hodographs in only
Hurricanes Irene and Laura are shown in Figs. 5a and 5b, re-
spectively. We employ the SRH computation in Ramsay and

Doswell (2005), where SRH is computed from the Bunkers
right storm motion (Bunkers et al. 2000) using a 0–8-km
(rather than 0–6 km as in the original Bunkers method)
density-weighted mean wind that is adjusted using a 7.5 m s21

right deviation. The corresponding supercell storm motion in
this case was computed through the coastal-compositing
method as in the prior sections, but limited to dual-Doppler
points where continuous observations were available between
the lowest dual-Doppler level and 8-km altitude. Since the
analyses in Frances are limited to altitudes below 2 km, Frances
is not examined in this portion of the analysis. The mean wind
profile was weighted by the time-interpolated sounding density
profile described in section 2b (in Irene, we time interpolated

FIG. 5. Composite hodographs based on the wind profiles shown in Figs. 3 and 4 for (a) Irene and (b) Laura. The
blue dots indicate the wind at the estimated 10-m wind. The red triangle denotes the 1.0-km wind. The blue triangle
denotes the 3.0-km wind in each hodograph. The lines (dots) indicate the hodographs (Bunkers right storm motion)
at each coastal bin according to the legend. The 0–3-km SRH (m2 s22) is also shown in the legend. (c),(d) The same
hodographs as (a) and (b), but as a function of the tangential and radial winds relative to the TC center location. The
TC centers were found as in Alford et al. (2020).
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the 0000 and 0600 UTC 27 August 2011 soundings from the Na-
tional Weather Service to retrieve density). The Bunkers right
motion for each coast-relative hodograph can be seen in Fig. 5.
For simplicity, herein we refer to the 0–3-km SRH simply as
“SRH.” We note that the SRH computations are sensitive to
the validity of the 10-m wind projection method. Therefore, we
likewise computed the SRH between the lowest dual-Doppler
analysis level and 3 km and found the results herein were quali-
tatively similar (i.e., the trends in SRH as a function of coast-
relative distance were the same) but quantitatively different
(i.e., the SRH computed using the 10-m wind was larger as
expected).

In Irene, the hodographs (Fig. 5a) primarily change below
3-km altitude. In particular, the winds below 0.5-km altitude
decrease in magnitude. In TC relative space (Fig. 5c), the tan-
gential wind slows inland, and the radial wind component be-
comes more negative (stronger inflow toward the center of
the TC). Above 3 km, however, there is little change in the
winds across all hodographs, again suggesting that the low-
level wind field adjustment is primarily responsible for
changes in the kinematic environment. As such, the SRH val-
ues at each coastal bin increase over a 15-km distance. Just
over water at12.5 km, the SRH is 138 m2 s22 but increases to
460 m2 s22 at212.5 km (Fig. 5a).

In Laura (Fig. 5b), larger changes above 3-km altitude can
be seen in the hodographs compared to Irene. Nevertheless,
compared to the winds below 3 km, the winds aloft changed
slower than those below 3 km. A substantial decrease in pri-
marily the u component of the winds below 3 km is noted in
Laura. The y component of the wind changes little. As dis-
cussed previously, the results in Laura are more representa-
tive of the cross-internal boundary layer response, which is
consistent with the results of the hodographs. Nevertheless, a
change in SRH as a function of coast-relative distance is ob-
served. Two maxima in SRH are noted at 25 km inland and
17.5 km offshore. The latter maximum offshore, also seen in
the coastal-composite VWS (Fig. 4b), is likely attributable to
the changes in the mean wind profiles as a function of radius
in the TC. The topic is addressed in the next subsection. We
also note the decrease in SRH deeper inland. Like in the
VWS analysis (Fig. 5), the decrease in SRH is likely due to
the coast-relative profiles deeper inland being representative
of parcels with longer histories over land. As such, the effects
of the internal boundary layer response on VWS and SRH ap-
pear largely confined to the near-coastal zone prior to the
more complete adjustment of the winds through a deeper
layer.

d. Normalizing the wind profiles

While changes in the VWS and SRH discussed previously
indicate that VWS and SRH are maximized inland, the results
in Laura in particular indicate an offshore maximum in VWS
and SRH. We hypothesize that this is due to the outer regions
of the inner core entering the outer edge of the dual-Doppler
domain as Laura moved northward (i.e., the mean wind in-
creased in the offshore bins first). Thus, we explore VWS and
SRH in terms of normalized wind profiles, rather than in

terms of their raw values as in Figs. 3–5. We do so to compare
wind profiles of varying vertical structure or mean magnitude
as described in Zhang et al. (2011) and Alford et al. (2020) in
order to better isolate the effects on the wind profile from the
coast itself.

Figures 6a and 6b show the normalized VWS for Irene and
Laura according to Eq. (2). When composited in coast-relative
space, the highest values of normalized VWS are indeed inland
and maximized near 210 km in both cases for all layers. The
normalized VWS structure in Irene (Fig. 6a) largely mirrors the
total VWS seen in Fig. 3b. This finding is not surprising given
that the structure and magnitude of the wind profiles in the
outer bands varied little through space and time (Alford et al.
2020). In category 4 Laura, the radial gradient of the horizontal
wind at all heights was significantly stronger than in Irene,
yielding a gradient in the wind profiles across the dual-Doppler
domain. The normalized VWS in Laura is strongest inland.
However, we note that it is possible that normalized VWS can
increase without an increase in the total VWS, since the nor-
malized VWS is relative to the low-level wind. In Irene, the to-
tal VWS tends to increase and the low-level winds tend to
decrease over land, suggesting the increase in normalized VWS
is consistent with the results of the total VWS evolution relative
to the coast. In other words, the change in total VWS is related
to the onshore flow and subsequent boundary layer transition.
In Laura, the normalization of the VWS profile yields the abil-
ity to interpret the changes in VWS regardless of the back-
ground wind regime changes. In Fig. 4b, the maximum in total
VWS is over land (with a corresponding relative minimum in
the low-level wind), suggesting that the maximum in normal-
ized VWS is at least in part attributable to an over land maxi-
mum in total VWS. However, the relatively small increase in
total VWS/SRH between land and ocean suggests that the con-
trast between land and ocean in Laura is more muted than in
Irene (or Frances). We discuss this result in the context of the
flow direction relative to the coastal geometry in section 5.

We also examine the evolution of the coastal-composite ho-
dographs in normalized wind space in Figs. 6c and 6d. The
normalization of the u and y wind components was described
in section 2e. Similar to the SRH computations in section 3b,
we likewise compute a “normalized SRH” over the 0–3-km
layer using a density-weighted Bunkers right supercell storm
motion. However, one modification in the Bunkers right mo-
tion had to be employed. The Bunkers right deviation from
the mean wind is typically 7.5 m s21 (Bunkers et al. 2000). For
each wind profile, we computed the normalized deviation D
at each dual-Doppler grid point for all dual-Doppler times by
dividing D by the mean wind at or below 500-m altitude to
yield D as a function of x, y, and t. Then D was composited as
in section 2e to prescribe the proper adjustment to the mean
wind in the SRH computation.

Similar to VWS, the normalized hodographs suggest that
the most substantial changes in the normalized wind profile
occur below 3-km altitude and are particularly prominent be-
low 1-km altitude. The corresponding normalized SRH in-
creases inland, similar to the full SRH in Fig. 5c. In Laura
(Fig. 6d), the hodographs are elongated largely due to
changes in the 3-km altitude winds. We note that the increase
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in the 3-km winds does not reflect an increase in the actual
wind, but rather an increase in the wind near 3-km altitude
relative to the changes in the low-level wind (i.e., the low-
level winds are decreasing). However, it is clear that these
changes manifest in an increase in normalized SRH, which is
maximized at 210 km inland. The result is similar to the full
composite hodograph in Fig. 5d and suggests that SRH in-
creases inland for similar wind profiles. We note that for the
same reasons as described in the discussion of normalized
VWS, the normalized SRH values in Laura do suggest an in-
crease in SRH over land, but with a more muted response be-
tween land and ocean. We also note that no offshore
maximum exists in either the VWS or SRH space upon nor-
malization, suggesting that the offshore maximum seen in
Figs. 4b and 5b is the result of the advancing inner core, which
was characterized by a stronger wind profile, and increasing

total VWS and SRH. This result is consistent with the results
of Bogner et al. (2000), Franklin et al. (2003), and Nowotarski
et al. (2021), for example, who showed that VWS typically in-
creases toward the center of circulation.

e. Effects of BVWS

We next turn to the effects of BVWS on the near-coastal
environments in Irene and Laura (we again neglect Frances
due to the shallow nature of the dual-Doppler volumes). As
discussed in section 1, near-coast supercell tornadoes are not
directly explained by the synoptic environment in which the
TC is embedded (i.e., the BVWS; Schenkel et al. 2021). How-
ever, the total TC tornadoes (regardless of coast-relative dis-
tance) are related to the BVWS. Thus far, the VWS examined
is related to the total horizontal wind field which includes the
background synoptic wind field usynop. However, by removing

FIG. 6. As in Figs. 3b and 4b where VWS is shown for Irene and Laura, respectively. (a),(b) The coast-composite
normalized VWS values according to Eq. (2). Similarly, the normalized hodographs for (c) Irene and (d) Laura are
shown. As in Fig. 5, the SRH is shown in the legend (unitless), the 10-m wind is shown by the blue dots, the 1-km
wind is shown by the red triangles, and the 3-km wind is shown by the blue triangles.
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usynop, we compute the TC-induced wind field uTC. Thus,
Eq. (3) shows the VWS as a function of usynop and uTC, where
z denotes the height and a subscript 0 denotes the 10-m esti-
mated dual-Doppler level:

VWS 5 uTC(z) 1 usynop(z) 2 (u0TC 1 u0synop): (3)

Hence, VWS with the synoptic windfield removed VWSTC is
assumed to be the result of only TC itself and is shown in
Eq. (4):

VWSTC 5 VWS 2 [usynop(z) 2 u0synop]: (4)

By taking the ratio of the magnitudes of the VWS to the
VWSTC, we ascertain the superposition of the synoptic wind
on the near-coastal VWS structure. We note that we assume
the synoptic winds to be constant across the TC and do not ac-
count for the (assumed) small change in the synoptic wind
that would occur over land. For reference, the BVWS is con-
structive when VWS/VWSTC . 1. Figure 7 shows the ratio of
the VWS to the VWSTC. In both Irene (Fig. 7a) and Laura
(Fig. 7b), the layers where VWS/VWSTC . 1 are generally
those that include mid- and upper levels. More specifically, in
Irene the BVWS is constructively superimposed at altitudes
above 8 km, whereas in Laura the BVWS is constructively
superimposed at all heights. In both cases, the ratio becomes
larger over a deeper layer, suggesting that the BVWS may be
more constructive to the total VWS profile. In Laura, the
greatest superposition appears to be in the lowest analysis
level. In the low levels of Irene (e.g., 0–3 km), the ratio is gen-
erally less than 1 implying that the VWS associated with the
TC itself is most impactful to the total VWS profile, consistent

with Schenkel et al. (2020). In the case of Laura, the 0–3-km
layer is slightly .1, implying that the BVWS contributes con-
structively to the total VWS. It is difficult to draw conclusions
on the general relationship between the number of tornadoes
and the effects of BVWS on them directly (e.g., the super-
position of BVWS on the low-level VWS), particularly since
Irene had more confirmed tornadoes near the coast than con-
firmed in Laura according to the Storm Prediction Center TC
tornado (TCTOR) data (Edwards and Mosier 2022). How-
ever, two conclusions may be drawn:

1) The deep-layer VWS is enhanced by BVWS in these
two cases and is likely integral to convective organiza-
tion as found in previous studies (e.g., Schenkel et al.
2020, 2021).

2) Regardless of the low-level effects of BVWS on the total
VWS, the effects of the boundary layer transition on total
VWS yield greater VWS and SRH immediately inland in
both cases examined, particularly when the effects of ra-
dial gradients of wind speed are removed.

4. Response of individual supercells

The former section characterized the coast-relative com-
posite VWS and SRH environments through which an indi-
vidual supercell storm may move. It is yet unclear how the
environmental changes project onto storm-scale structure,
particularly the low-level mesocyclone intensity. Alford et al.
(2023b) explored such changes for 8 years of TC supercell
data and showed evidence that tornadic supercells tend to in-
tensify as they cross the coastal boundary. The results of the
Alford et al. (2023b) study are consistent with the environmen-
tal analysis in section 3 such that TC supercell mesocyclones
are expected to intensify as they move inland into a higher

FIG. 7. The ratio of the VWS to the TC-only VWS is shown as a function of coast-relative distance (x axis)
and height (y axis). Values . 1 indicate that the magnitude of the VWS (including the synoptic-scale wind field) is
stronger than the TC-induced shear.
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VWS and SRH regime. Nevertheless, we explore this hypothe-
sis further here using single-Doppler radar in Irene, which was
optimal for tracking strong mesocyclones as they moved on-
shore. We do not explore the same in Laura, since the observa-
tions from KLCH were not optimal to track mesocyclones
.10 km offshore. We note that by leveraging single-Doppler
data, our analysis is not limited to the dual-Doppler domains as
in Fig. 1.

We first examine the individual storms tracked (in total
nine) in Hurricane Irene to verify the tracking algorithm
indeed tracked TC supercell storms. TC supercells are often
characterized by a hook echo in radar reflectivity and are as-
sociated with a persistent low-level mesocyclone (Spratt et al.
1997). Thus, we examined each individual case to confirm that
both criteria were met along the supercell track. Because of
our strict criteria, we may eliminate some supercells that are
not well resolved by weather radar (Devanas et al. 2008;
Martinaitis 2017). We show a subset of examples in Fig. 8 of
supercells with the distinguishing characteristics of 1) hook
echoes in reflectivity on the eastern portions of the storms
(since the supercell storm motion is to the west) and 2) promi-
nent AzShear maxima near and to the north of the hook echo
signatures.

We next examine the intensity of nine individual supercell
mesocyclones in the outer bands of Irene (Fig. 9a). The track-
ing algorithm identified a substantial fraction of mesocyclones
(or storm objects) near the coast (i.e., from 220 to 0 km in-
land; Fig. 9b). The storm objects were distributed both over
water and over land. A substantial portion of objects were
identified between 210 and 0 km inland compared to the ob-
jects identified over water at the same ranges. Additionally,
the storm objects (whether over water or over land) near the
coast are noted to be more intense in this analysis (Fig. 9b),
consistent with the findings of Baker et al. (2009), Green et al.
(2011), and Alford et al. (2023b). However, the median values
of AzShear onshore and offshore are nearly identical. Unlike
Alford et al. (2023b), the storm objects here were tracked re-
gardless of whether they produced a tornado or not.

Although the supercell mesocyclone median AzShear val-
ues are similar onshore and offshore (Fig. 9), it is the net
change in mesocyclone intensity that is important to examine
and to account for differences in mesocyclone intensity be-
tween storms. Thus, for each of the nine storms, we normalize
the AzShear values at each time by the storm-lifetime-
maximum AzShear. The method is identical to Alford et al.
(2023b), who likewise normalized each storm by its lifetime
mesocyclone maximum intensity. Figure 10a shows the distri-
bution of normalized AzShear as a function of coast-relative
distance. Unlike the results in Fig. 9b, there tend to be higher
values of normalized AzShear onshore than offshore, suggest-
ing that the supercell mesocyclones in Irene became more in-
tense as they moved onshore. Indeed, the median value of
normalized AzShear is higher onshore (0.79) than offshore
(0.64). Likewise, we examine the distribution of normalized
AzShear onshore and offshore in Fig. 10b. Both the median
and the distribution of normalized AzShear increase in the
onshore distribution. We found the differences in the onshore
and offshore distributions to be statistically significant at the

95% confidence interval when using a two-sided Kolmogorov–
Smirnov statistical test (Virtanen et al. 2020).

5. Discussion

a. Summary

This study has examined 1) the variability of kinematic
supercell environments and 2) the intensity of low-level
supercell mesocyclones within 30 km of the coastline in land-
falling tropical cyclones. Using high-resolution dual-Doppler
analyses collected by the SRs and nearby WSR-88Ds, the ef-
fects of the hurricane boundary layer transition (Alford et al.
2020) on the variability of VWS have been documented in ob-
servations in detail for the first time. Using coastal-composite
wind profiles from spatiotemporally averaged dual-Doppler
winds, the low-level wind speed was shown to reduce more
than the winds above the boundary layer over land. As such,
total VWS and SRH were shown to increase within the first
10–20 km inland, particularly when the background flow is
more perpendicular to the coast. We then examined the ef-
fects of the changing structure of the TC flow by normalizing
the VWS and SRH. We found that normalized VWS and
SRH likewise increase inland. We also examined the BVWS
relationship with total VWS and found that the BVWS pri-
marily augmented the deep-layer (.8 km deep) total VWS.
In the low levels where VWS is more likely to influence meso-
cyclone intensity, we found that the “TC-induced VWS” was
of greater importance below 3 km in Irene, consistent with
past findings (Schenkel et al. 2020, 2021). In contrast, BVWS
was shown to be constructive through the entire depth of the
Laura analyses. To examine how individual supercells re-
spond to the coast, single-Doppler analyses were examined in
Irene. In general, single-Doppler AzShear in individual super-
cells was found to increase as supercell mesocyclones crossed
the coastal boundary. This finding is consistent with the recent
work of (Alford et al. 2023b).

b. Relevance to past studies

Past studies of TC supercells have often focused on loca-
tions of tornadoes relative to TC motion (e.g., Gentry 1983),
inner core versus outer rainbands (Weiss 1987), vertical wind
shear (Schenkel et al. 2020), and coast-relative distance
(Schultz and Cecil 2009; Schenkel et al. 2021). The primary
motivation of this study was to understand why many torna-
does often occur within the first 50 km of the coastline. Vari-
ous case studies have pointed to baroclinic boundaries along
the coast due to synoptic fronts or contrasts between ocean
and land thermodynamic profiles (Baker et al. 2009; Green
et al. 2011). Others have pointed to convergence due to the
decrease in the low-level wind along the coast (Gentry 1983;
Green et al. 2011). The study by Green et al. (2011) is one ex-
ample that shows a relatively narrow strip of convergent flow
largely just off the coast in a simulation of Hurricane Katrina,
albeit at 125-m altitude (i.e., below the observable level of
most dual-Doppler analyses). In the coastal-composite pro-
files in Hurricanes Frances and Laura (Figs. 3c and 4c), there
is evidence that near-coastal convergence is strongest below
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FIG. 8. Examples of supercells tracked in Hurricane Irene. Cells with the identification numbers (top) 11, (middle)
21, and (bottom) 68 are shown. (left) Radar reflectivity (dBZ). (right) AzShear (s21). The red star shows the location
of the maximum AzShear.
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1 km within 5 km of the coastline. In contrast in Hurricane
Irene, general low-level divergence was found (Fig. 3c), but
was related to the compositing of the divergence field across
complex coastal waterways/coastal boundaries relative to the
direction of the low-level flow. A zone of convergence off-
shore suggests that the wind field begins responding to the
coast over the ocean, rather than at the ocean–land interface.
Likewise, normalized VWS begins increasing over the ocean
nearer the shore in both Irene and Laura (Fig. 6). The reason
for increases may not be fully resolved by dual-Doppler anal-
yses, as changes in sea surface aerodynamic surface roughness
in increasingly shallow waters are not accounted for (e.g.,
Powell et al. 2003). Changes in individual supercell meso-
cyclone intensity were seen just offshore in this study (Fig. 10)
and in Alford et al. (2023b). Hence, we suggest a gradual in-
crease in aerodynamic surface roughness in shallow waters
likely affects VWS, SRH, and convergence and should be ex-
amined in future studies.

We also discussed the results in the context of the coastal-
compositing technique that largely yielded analyses along the
internal boundary layer response in Frances and Irene versus
across the internal boundary layer response in Laura. In Irene
and Frances, clear differences in the total VWS over water
versus over land were observed in VWS, which we attribute
to the effects of the boundary layer transition across the
coastal interface. In both Frances and Irene, the flow direction
was more perpendicular to the coast than in Laura. In Laura,
the flow (within the dual-Doppler domain) was more parallel
to the coast and was representative of trajectories with rela-
tively long histories over land. Near the coast in the analysis,
an inland maximum in VWS/SRH is observed where trajec-
tory histories over land were relatively shorter. The profiles
with longer trajectories over land are indicative of wind pro-
files that had more completely adjusted to the inland surface

roughness changes. As such, the contrast between total VWS
and SRH over land is more muted in Laura. Nevertheless, the
small increase in total VWS and SRH between 210 and 0 km
inland in Laura is still likely the result of the over land bound-
ary layer adjustment, but from trajectories upstream (i.e.,
southeast of the Laura dual-Doppler domain). These results
are consistent with studies of internal boundary layer growth
(e.g., Garratt 1990; Hirth et al. 2012). In addition to the gen-
eral geometry of the coastline relative to the direction of the
background flow, the complexity of the local coastline can af-
fect VWS and SRH, as shown in the results of Frances. Multi-
ple inland waterways were contained within the dual-Doppler
domain of Frances, and individual maxima in VWS were ob-
served as the flow crossed the waterways back onto land. The
result is consistent with the work of Hirth et al. (2012), who
likewise examined the internal boundary layer response and
the complexity therein using the same dataset. However, a
point only peripherally examined in this study is how the
geometry and complexities of the coastline interface with the
background shear (in addition to the distribution of buoyancy,
which was not examined here), which is likely critical to suffi-
cient supercell storm and by extension mesocyclone organiza-
tion (Schenkel et al. 2020; Nowotarski et al. 2021; Paredes
et al. 2021; Trier et al. 2023). Likewise, changes in the spatial
structure, including changes in the vertical structure of the
horizontal wind, of the TC wind field as a function of TC
maximum intensity (Franklin et al. 2003; Zhang et al. 2011)
relative to the geometry of the coast were not directly exam-
ined here. A more comprehensive study leveraging both ki-
nematic and thermodynamic data should be performed in
the future.

Regardless of tornado production in an individual TC, this
study suggests that the evolution of the boundary layer struc-
ture results in an increase in VWS and SRH inland of the

FIG. 9. (a) The tracks of supercells moving from ocean to land in Hurricane Irene. The cell number is shown near
the beginning of each track. (b) A scatterplot of AzShear values from all storms in (a) is shown as a function of coast-
relative distance (negative distance is inland). The AzShear points in (b) are separated by red (onshore) and blue
(offshore) points for clarity. The median values of AzShear onshore and offshore are shown in the dashed red and
blue lines, respectively.
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coastal boundary, particularly when the flow is quasi per-
pendicular to the coastline. Morin and Parker (2011) indeed
suggested such evolution was likely based on numerical
modeling. Further evidence from observational works such as
Hirth et al. (2012) and Alford et al. (2020 and 2023b) sup-
ported such a hypothesis, but did not directly examine VWS
or SRH as a function of coast-relative distance. Therefore,
this study confirms that VWS and SRH increase as the low-
level wind field responds to the step function increase in sur-
face roughness. They may also be affected by the magnitude
of area-mean inland surface roughness. Further observational
and/or numerical modeling studies should be undertaken to
examine this hypothesis.

Finally, individual supercell responses to the more favor-
able VWS environment as storms move inland were exam-
ined. Alford et al. (2023b) examined tornadic mesocyclones
crossing the coastal boundary and showed that storms often
intensified quickly upon moving inland and some evidence
for the increase in mesocyclone intensity beginning just off-
shore. In this study, we further examine mesocyclones in
Irene regardless of tornado production. Similar to Alford et al.
(2023b), we found that storms at times intensified as they
moved across the coast. The single-Doppler results that in-
cluded both tornadic and nontornadic mesocyclones largely
mirrored the results of Alford et al. (2023b) and further

suggest that individual storms do intensify as a result of their
interaction with the changing kinematic environment at the
coastal boundary. However, we did not examine storms that
formed well inland of the coast and moved further inland.
Previous climatologies (Pearson and Sadowski 1965; Schultz
and Cecil 2009; Schenkel et al. 2021) suggest a minimum in
tornadoes deeper inland relative to those produced very near
the coast. Further work will be required to examine whether
such a result is widely applicable.

c. Relevance to operations and future work

This study has examined the often undersampled environ-
mental variability of TC supercell environments and the
storm-scale responses of supercell mesocyclones. Both topics
are important for forecasters at the NOAA Storm Prediction
Center and National Weather Service, for example. While TC
supercells continue to be difficult to sample from a radar per-
spective due to their shallow depths and small sizes (Spratt
et al. 1997), the results of this study suggest that supercell or
supercell-like structures should be carefully monitored, partic-
ularly as they move onshore during TC landfalls. To more
completely characterize the evolution of supercells, particu-
larly as they move quickly onshore, emerging technology such
as phased array radar will afford rapid volumetric updates for
kinematic and polarimetric variables and will be increasingly

FIG. 10. (a) A scatterplot of normalized AzShear is shown as a function of coast-relative distance (negative distance
is inland). The median values of normalized AzShear onshore and offshore distributions are shown in the red and
blue dashed lines, respectively. (b) Violin plots of the normalized AzShear values offshore and onshore in red and
blue, respectively. In the violin plots, the white dot represents the median of the distribution. The thick gray lines rep-
resent the inner-quartile range, the lower whisker shows the lowest datum above the first quartile minus the inner-
quartile range, and the upper whisker denotes the highest datum above the first quartile plus the inner-quartile range.
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critical for research and potentially operational settings as an
option for replacing the WSR-88D system in the 2035–40 time
frame (Palmer et al. 2022; Kollias et al. 2022).

While the national radiosonde network can characterize
mesoalpha- to synoptic-scale environments, the results herein
suggest that mesobeta-scale environments, which are often
difficult to sample, are integral to the evolution of TC super-
cells. Results from MacDonald and Nowotarski (2023) indicate
numerical models and mesoscale analysis products underpredict
both buoyancy and VWS. The VWS bias may be augmented
further near the coast based on the results of this manu-
script and should be examined in future work. In addition,
we note that this study focused on the storm-scale changes
in mesocyclone intensity. While intensifying storms are gen-
erally expected to be more likely to produce tornadoes, we
could not utilize the datasets here to directly examine torna-
dogenesis (or lack thereof) as supercells interact with the in-
land environment.
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