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ABSTRACT: The relationship between deep-layer environmental wind shear direction and tropical cyclone (TC) bound-
ary layer thermodynamic structures is explored in multiple independent databases. Analyses derived from the tropical
cyclone buoy database (TCBD) show that when TCs experience northerly component shear, the 10-m equivalent potential
temperature ue tends to be more symmetric than when shear has a southerly component. The primary asymmetry in ue in
TCs experiencing southerly component shear is radially outward from 2 times the radius of maximum wind speed, with the
left-of-shear quadrants having lower ue by 4–6 K than the right-of-shear quadrants. As with the TCBD, an asymmetric
distribution of 10-m ue for TCs experiencing southerly component shear and a symmetric distribution of 10-m ue for TCs
experiencing northerly component shear was found using composite observations from dropsondes. These analyses show
that differences in the degree of symmetry near the sea surface extend through the depth of the boundary layer. Addition-
ally, mean dropsonde profiles illustrate that TCs experiencing northerly component shear are more potentially unstable
between 500- and 1000-m altitude, signaling a more favorable environment for the development of surface-based convec-
tion in rainband regions. Analyses from the Statistical Hurricane Intensity Prediction Scheme (SHIPS) database show that
subsequent strengthening for TCs in the Atlantic Ocean basin preferentially occurs in northerly component deep-layer envi-
ronmental wind shear environments whereas subsequent weakening preferentially occurs in southerly component wind shear
environments, which further illustrates that the asymmetric distribution of boundary layer thermodynamics is unfavorable for
TC intensification. These differences emphasize the impact of deep-layer wind shear direction on TC intensity changes that
likely result from the superposition of large-scale advection with the shear-relative asymmetries in TC structure.

SIGNIFICANCE STATEMENT: This research investigates how the direction of the winds surrounding the storm
impacts the strength of a tropical cyclone. Analyses from this study illustrate that when the winds come from the south
the atmospheric boundary layer has a cool and dry side along with a warm and moist side. When the large-scale winds
come from the north, temperature and moisture conditions are more uniform throughout the boundary layer. Conse-
quently, results from tropical cyclone climatology show that winds observed to come from the north favor subsequent
intensification. These relationships illustrate that tropical cyclone structure and intensity are directly influenced by their
surrounding environments and that knowledge of the wind environment could help to improve future forecasts of tropi-
cal cyclone intensity change.
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1. Introduction

Landfalling tropical cyclones (TCs) cause devastating loss
of life and billions of dollars annually in property damage
(e.g., Pielke and Landsea 1998; Pielke et al. 2008; Klotzbach
et al. 2018). While track forecasts have significantly improved
over recent years, providing coastal communities additional
lead time to prepare, the accurate prediction of TC intensity
changes remains a challenge to both the operational and
research communities due to the multiscale interactions that
control storm evolution (e.g., Marks and Shay 1998; Rogers
et al. 2006, 2013a; DeMaria et al. 2014).

In recent years, many studies have shown that TC intensity
changes are related to how a storm responds to deep-layer

environmental vertical wind shear, defined as the difference in
environmental winds between 850 and 200 hPa (hereinafter
referred to as shear). Generally, these studies show that a critical
factor controlling whether the TC undergoes intensification is its
resilience to both kinematic and thermodynamic asymmetries
resulting from shear. For example, Rogers et al. (2013b) used an
airborne radar database to show that the distribution of convec-
tion is more symmetric in intensifying storms when compared
with steady-state systems, which have a greater concentration of
convection in downshear quadrants. The linkage between con-
vection propagating into the upshear-left (USL) quadrant and
subsequent intensification is confirmed in several observational
(e.g., Stevenson et al. 2014, 2018; Zagrodnik and Jiang 2014;
Alvey et al. 2015; Rogers et al. 2015, 2016; Rios-Berrios and
Torn 2017; Wadler et al. 2018a) and modeling studies (e.g., Chen
and Gopalakrishnan 2015; Onderlinde and Nolan 2014, 2016;
Rios-Berrios et al. 2016a,b; Leighton et al. 2018; Zhang and
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Rogers 2019). Satellite-based studies also highlight the importance
of storm symmetry for intensification, and generally emphasize
the importance of stratiform precipitation and shallow convection
(e.g., Jiang 2012; Kieper and Jiang 2012; Zagrodnik and Jiang
2014; Tao and Jiang 2015; Tao et al. 2017). Using satellite compo-
sites, Jiang et al. (2018) found that an increase in stratiform precip-
itation occurs ∼18 h before the onset of rapid intensification [RI; a
greater than 30-kt (1 kt ≈ 0.51 m s21) increase in intensity over
24 h] and that an increase in shallow convection occurs ∼3 h
before the onset of RI.

It is likely that convective and precipitation symmetry for
TCs in shear is related to the midlevel and boundary layer
thermodynamic profiles. Alvey et al. (2020) showed that
ensemble simulations of Hurricane Edouard (2014) favored
RI when specific humidity values were increased upshear.
This finding supports results from recent observational case
studies by Zawislak et al. (2016) and Nguyen et al. (2017),
who showed that persistent precipitation propagation into the
upshear quadrants did not occur until increased midlevel rela-
tive humidity (RH) values were observed. Alvey et al. (2020)
found that the increased upshear midlevel humidification was
the result of the evaporation and sublimation of condensate
from downshear deep convection being advected upshear.

One process that can reduce thermodynamic symmetry is venti-
lation, that is, the mixing of dry environmental air into the TC
circulation. Previous studies have defined ventilation through
low-level (e.g., Riemer et al. 2010) and midlevel (e.g., Tang and
Emanuel 2010, 2012) processes. More generally, Alland et al.
(2021a,b) defined ventilation through two distinct pathways: radial
and downdraft. Through radial ventilation, the dry air can directly
reduce midlevel humidity and mix with the eyewall (Tang and
Emanuel 2010, 2012; Alland et al. 2017, 2021a). In downdraft ven-
tilation, the low-ue air can be transported into the boundary layer
through downdrafts underneath quasi-persistent convection typi-
cally in the left-of-shear quadrants (Riemer et al. 2010, 2013). In
the simulations by Riemer et al. (2010), the amount of low-ue air
transported into the boundary layer via convective downdrafts is
amplified with increasing shear magnitude.

While the Riemer et al. (2010) simulations showed low-ue
air from downdrafts entering the eyewall, which effectively
reduced the efficiency of the TC heat engine, observational
case studies (Molinari et al. 2013; Zhang et al. 2017; Wadler
et al. 2018b; Rudzin et al. 2020), dropsonde composite studies
(Zhang et al. 2013, Nguyen et al. 2019), and modeling studies
(Alland et al. 2021a; Chen et al. 2021) illustrate that as parcels
travel from the downdraft region to the downshear-right
(DSR) quadrant, which is the primary region for convective
initiation (Reasor et al. 2013; DeHart et al. 2014) due to the
convergence of low-level vorticity in an area of high ue
(Riemer 2016), the air-sea enthalpy fluxes can provide enough
energy to recover the low-ue air in parcels to values that
existed in the DSR quadrant prior to the downdrafts occur-
rence. Since high-ue air entering the eyewall is favorable for
convective development, the amount of air–sea enthalpy
fluxes downwind of convective downdrafts in the left-of-shear
quadrants is likely linked to future TC intensification. For
example, in a composite study by Cione et al. (2013), intensi-
fying storms were shown to have a statistically significant

larger air-sea moisture contrast downshear and right-of-shear
(signaling larger moisture fluxes, assuming no difference in wind
speed distribution) relative to weakening systems. Besides larger
near-surface wind speeds, locally enhanced air–sea enthalpy
fluxes can result from limited low-level atmospheric moisture
(Cione 2015) or high sea surface temperatures (SSTs; e.g., Shay
et al. 2000; Jaimes and Shay 2015, 2016; Wadler et al. 2021a).

The above discussion highlights how structural asymmetries
in TCs due to shear are related to intensity change. However,
the deep-layer vertical wind shear is a simple vector difference
of large-scale averaged winds at two pressure levels. Properties
of the environmental wind profile are also important for TC
development and formation. For example, Finocchio et al.
(2016) showed that the vertical structure of the environmental
wind profile (i.e., low-level shear or upper-level shear, regardless
of the shear direction) influences TC development, with shallow
and low-level shear being the most destructive for TCs. The ori-
entation of the environmental low-level wind field relative to
the shear also plays an important role in a TC’s intensity evolu-
tion (Rappin and Nolan 2012; Chen et al. 2018, 2019). The simu-
lations by Rappin and Nolan (2012) showed that enhanced
surface fluxes left-of-shear favored TC intensification when the
low-level mean flow was oriented opposite of the shear vector.
Chen et al. (2018) showed that when the low-level mean flow is
oriented toward the left-of-shear direction, there were enhanced
storm-relative wind speeds (and air–sea enthalpy fluxes) through
inflow trajectories in the downshear quadrants, promoting con-
vective symmetry that is efficient for intensification (e.g., Nolan
and Grasso 2003; Nolan et al. 2007). Tropical cyclone-relative
environmental helicity (TCREH) is also related to storm symme-
try, as positive TCREH promotes eyewall convective symmetry
and rapid recovery of low-ue air in the boundary layer resulting
from downdrafts (Onderlinde and Nolan 2014, 2016).

The horizontal direction of the deep-layer wind shear vector
has also been linked to TC genesis and storm structure. For gen-
esis, easterly shear is statistically more favorable than westerly
shear (Tuleya and Kurihara 1981), but that may be due to east-
erly shear occurring in more favorable environmental thermody-
namic conditions (Nolan and McGauley 2012). For developed
storms, Cione et al. (2013) highlighted that TCs experiencing
southerly shear had higher atmospheric specific humidity values
downshear and right-of-shear, but TCs experiencing northerly
shear had more symmetric moisture distributions. What has not
been studied is how the horizontal direction of the deep-layer
wind shear vector impacts Atlantic basin TC intensity change
through its impact on the degree of asymmetry in both boundary
layer thermodynamic and kinematic characteristics, the primary
objective of this paper. The specific goals are to

1) diagnose how shear direction is climatologically corre-
lated to Atlantic basin TC intensity changes,

2) characterize how the near-surface thermodynamic distri-
butions and boundary layer stability profiles are linked to
shear direction, and

3) tie the results of goal 2 to TC intensity change and provide
physical reasoning for how the shear direction affects the
near-surface thermodynamics due to the combined effect of
environmental gradients and the shear-induced asymmetry.
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2. Data and method

a. Tropical cyclone buoy database

The primary analysis tool for studying the distribution of ther-
modynamic structures in relation to environmental wind shear is
the tropical cyclone buoy database (TCBD) that contains post-
processed and quality-controlled near-surface in situ measure-
ments from the National Data Buoy Center (NDBC; Gilhousen
1988, 1998) and Coastal-Marine Automated Network (C-MAN)
platforms [see Cione et al. (2000) for details about the quality
control]. The buoys directly measure sea surface temperature
(SST) and atmospheric temperature, humidity, pressure, and
wind speed from fixed-length platforms near the sea surface and
have been used to study a variety of air–sea interaction processes
in the hurricane environment (Cione et al. 2000, 2013; Cione and
Uhlhorn 2003; Cione 2015). In this study, the collocated in situ
atmospheric and oceanic measurements from the buoys are used
to calculate sensible heat and latent heat fluxes [Eqs. (1) and (2),
respectively; combined, they are referred to as enthalpy flux]:

Qs 5racpChU10 SST2T10( ) and (1)

Ql 5raLyCeU10 qs 2q10( ), (2)

where ra is the density of dry air, Ch 5 Ce 5 1.1 3 1023

are the exchange coefficients for sensible heat and latent
heat fluxes, respectively [values derived from Zhang et al.
(2008)], cp 5 1004 J kg21 K21 is the specific heat of dry air
at constant pressure, Ly 52.5 3 106 J kg21 is the latent heat
of evaporation, U10 is the 10-m wind speed, T10 and SST
are the 10-m air and sea surface temperature, respectively;
and q10 and qs are the 10-m and sea surface specific humidity,
respectively.

A unique aspect of this measurement platform is obtaining
observations farther from the TC center than standard aircraft-
based measurements (e.g., dual-Doppler radar and dropsondes),
which are often limited to within 200–250 km from the TC cen-
ter, allowing for an analysis of how the TC interacts with its
nearby synoptic environment. With buoys fixed in space and
reporting measurements hourly (using observations between
minutes 52–60), they have the ability to measure Eulerian time
series as TCs move through the basin. To ensure the observa-
tions in this research have tropical characteristics, the TCBD
observations had to be within 555 km of a TC center, south of
358 latitude, and exhibit SSTs greater than 268C. In this study,
tropical depressions were excluded so as to only include storms
with organized circulations. In addition, TCs that made landfall
within 12 h of the observations were discounted due to the
effect of land interactions on the TC circulation and thermody-
namic distribution. Currently, the TCBD includes data for
storm events that occurred between 1978 and 2017.

All buoy locations and time series used in this study from the
updated database are given in Fig. 1. With the constraints
described above applied to the updated database, there are a
total of 274 buoys that are primarily located throughout the Gulf
of Mexico and near the east coast of the United States (Fig. 1a).
Additional platforms are located near the Bahamas and in the
Caribbean Sea. In total, there are 2393 time series that span the

entire western Atlantic TC basin (Fig. 1b), although they are
biased toward nearshore regions and north of 208N. Of those
time series, 1806 are for tropical storms, 380 are for minimal hur-
ricanes (category 1–2 on the Saffir–Simpson scale), and 207 are
major hurricanes (category 3–5 on the Saffir–Simpson scale).

In addition to in situ measurements, each TCBD observation
is matched with environmental diagnostics from the Statistical
Hurricane Intensity Prediction Scheme (SHIPS) database,
including environmental variables, such as the 850–200-hPa
environmental wind shear vector computed from Global Fore-
cast System (GFS) analyses (see section 2c for further details).
These measurements are also linked with data associated with
the corresponding TC, including its location, maximum sus-
tained 10-m wind speed, and minimum central pressure from
the Atlantic hurricane (HURDAT2; Landsea and Franklin
2013) database, as well as estimates of the radius of maximum
wind speed (RMW) from the extended best track (EBT;
Demuth et al. 2006) database. The variables from those data-
bases are linearly interpolated between points that are 6 h apart
to the time of the buoy observation.

The RMW from the EBT is utilized so that composites
derived from the TCBD can be normalized relative to the
RMW. The normalized radius r*, where r* 5 radius/RMW,
coordinate system is commonly utilized in observational compo-
sites (e.g., Rogers et al. 2013b; Reasor et al. 2013; Cione et al.
2013; Zhang et al. 2013) because it allows for an analysis of how
the distributions relate to the known storm structure. Of note,
the RMW in the EBT has known limitations and uncertainties
such as instances where the EBT-reported RMW is larger than
one or more of the (34, 50, or 64 kt) wind radii (Landsea and
Franklin 2013; Davis 2018). In Davis (2018), there was often sig-
nificant disagreement between the objectively calculated and
EBT-reported RMW, even in major hurricanes that typically
have well-defined RMW values. In this study, efforts were made
to eliminate unrealistic values of the RMW, and the analyses
derived from the TCBDwere also computed using physical, non-
normalized, coordinates for further verification of the results.
The comparison between the normalized and physical coordi-
nates is discussed throughout the present study.

b. Dropsondes

In addition to measurements from the TCBD, this study
utilizes measurements derived from dropsondes, which are
commonly released on aircraft reconnaissance and research
missions. Dropsondes measure single profiles of wind speed,
wind direction, temperature, and humidity with an ∼7-m ver-
tical resolution (Hock and Franklin 1999). With the TCBD
observations only being near-surface, dropsonde observations
provide the ability to study a deeper layer of the atmosphere
(typically up to 3000 m, the altitude of NOAA P-3 during in-
storm missions), and to independently corroborate patterns
noticed from the TCBD derived analyses.

Each dropsonde is postprocessed with NCAR’s Atmospheric
Processing Environment (Aspen) software and put into storm-
centered coordinates using storm centers determined by the 2-min
resolution track data (available at https://www.aoml.noaa.gov/hrd/
Storm_pages) based on aircraft fixes following the method of
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Willoughby and Chelmow (1982). In this study, we analyze drop-
sonde data in TCs from 1999 to 2014 that were collected by
NOAA WP-3D (P-3) and G-IV, Air Force C-130, and NASA
DC-8 aircraft and Global Hawk. This dataset is an extension
of that given by Zhang et al. (2013, 2020). For the purpose of
investigating the boundary layer and near-surface structures,
only dropsondes that have wind, temperature and humidity
observations below 50-m altitude are included in the analysis.
Additionally, we only used profiles that contain less than a
50-m vertical gap at any point within the dropsonde profile. A
total of 3612 quality-controlled dropsondes are included in
the composite analysis, of which 304 are from tropical storms,

1427 are from minimal hurricanes, and 1881 are from major
hurricanes.

As with the analyses derived from the TCBD, the dropsonde
data are composited as a function of radius that is also normal-
ized relative to the RMW, which was determined from the maxi-
mum surface wind speed measurements from the stepped
frequency microwave radiometer (SFMR; Uhlhorn et al. 2007;
Klotz and Uhlhorn 2014). The storm-relative locations of the
dropsonde observations at 10-m altitude are in Fig. 2. While
most of the measurements are close to the inner core (67% of
observations within r* 5 2), observations extend outward to the
synoptic environment surrounding the storm. Of note, the RMW

FIG. 1. A geographical map of (a) buoy locations (black stars) and (b) storm tracks from the
TCBD that were used in this study. In (b), the tracks are color coded on the basis of maximum
TC intensity.
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measurements likely have a small low bias as compared with
the more commonly used 2-km-altitude RMW from aircraft
Doppler radar measurements (e.g., Rogers et al. 2013b, 2015,
2016; Reasor et al. 2013; Wadler et al. 2018a,b, 2021a) because of
the outward slope with height of the hurricane eyewall and its
associated wind field (e.g., Stern and Nolan 2009; Rogers et al.
2012; Hazelton et al. 2015). However, given that the sample size
of the SFMR derived RMW is much larger than that of radar
derived RMW (Air Force flights only have SFMR data), and
that our research focuses on surface-based air–sea interaction
processes, the surface RMW is used in the composite analysis.

c. Statistical Hurricane Intensity Prediction Scheme

The Statistical Hurricane Intensity Prediction Scheme (SHIPS)
is a multiple-linear regression model that provides operational
intensity forecasts every 6 h for tropical and subtropical cyclones
in both the Atlantic and eastern North Pacific basins (DeMaria
et al. 2005). The SHIPS model is rederived prior to each hurricane
season utilizing a developmental database that includes atmo-
spheric, oceanic, and satellite derived predictors for all tropical
and subtropical cyclones that formed between 1982 and the pre-
sent. The atmospheric predictors included in the SHIPS database
are derived from the National Centers for Environmental Predic-
tion (NCEP) 18 3 18 latitude–longitude resolution Climate Fore-
cast System Reanalyses (Saha et al. 2010) between 1982 and 1999
and Global Forecast System (GFS) operational analyses of that
same resolution from 2000 to the present. The SHIPS database
also includes satellite predictors derived from Geostationary
Operational Environmental Satellites (GOES) infrared imagery
(Mueller et al. 2006) and oceanic predictors derived from both the
Reynolds (Reynolds and Smith 1993) and Navy Coupled Ocean
Data Assimilation (NCODA; NCODA 2019) ocean analyses.

In this study, several predictors from the SHIPS developmen-
tal database were explicitly examined for every TC of tropical
storm strength or greater in the Atlantic basin between 1982
and 2017 (i.e., not only the TCs in the TCBD and dropsonde
databases). Those predictors (acronyms in parenthesis are the
variable names in the SHIPS database) include the magnitude
(SHRD) and heading (SHTD) of the deep-layer vertical shear
of the horizontal wind, the shallow-layer vertical shear (SHRS)
and direction (SHTS), the near-surface equivalent potential
temperature (E000), the low-level (RHLO), midlevel (RHMD),
and upper-level (RHHI) relative humidity and the sea surface
temperature (RSST) beneath the storm. The magnitude and
heading of the vertical shear of the horizontal wind between 200
and 850 hPa are determined by subtracting the 200–800-km
radius area-averaged u and y components of the wind at 200
hPa from those at 850 hPa. The RHLO, RHMD, and RHHI
predictors are the 200–800-km area-averaged and mass-
weighted relative humidity within the 850–700-, 700–500-, and
500–300-hPa layers, respectively. E000 is computed utilizing the
200–800-km area-averaged temperature and moisture values at
the 1000-hPa level. Last, sea surface temperature at the storm
center (RSST) is estimated by linearly interpolating the weekly
18 3 18 latitude–longitude Reynolds (Reynolds and Smith 1993)
sea surface temperatures obtained from the last available analy-
sis prior to storm arrival. Note that all of the above SHIPS vari-
ables are evaluated utilizing the storm location and intensity
information contained in the HURDAT2 dataset.

3. Results

a. TCBD thermodynamic composite analyses

The normalized distribution of all deep-layer (850–200
hPa) environmental wind shear headings for TCs in the

FIG. 2. The distribution of dropsonde locations at 10-m altitude
in normalized radial r* (r* 5 radius/radius of maximum wind
speed), and azimuthal coordinates. The observations are color
coded on the basis of TC intensity.

FIG. 3. The normalized distribution (normalized by total number of
cases) of all shear headings in the TCBD.
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TCBD is given in Fig. 3. The most common shear headings
are between 308 and 1208 and the large majority (78.5%) of
TCs in the database experience westerly shear. To diagnose
how shear direction impacts the thermodynamic distributions,
the TCBD time series are subdivided into cases when the
shear has a northerly component (i.e., shear pointing to the
south; heading between 90.18 and 269.98) and southerly compo-
nent (i.e., shear pointing to the north; heading between 270.18
and 89.98). The two groups are large with 17629 distinct buoy
measurements from TCs experiencing northerly component shear
and 16916 buoy measurements from TCs experiencing distinct
southerly component, and they are chosen because both shear
components are commonly observed. Note that we did not com-
pare easterly versus westerly shear cases, such as was done in the
genesis studies of Tuleya and Kurihara (1981) and Nolan and
McGauley (2012), because easterly shear is relatively rare. While
the northerly component shear cases have slightly more favorable
environmental conditions for TC development (Table 1), the two
groups experience comparable mean initial shear magnitudes
between 850 and 200 hPa and between 850 and 500 hPa, SSTs,
850–700- and 700–500-hPa relative humidity values, and latitudes.
The similar environmental conditions control for differences
between the groups being attributed to different environmental
regimes. The differences in mean longitude (i.e., southerly compo-
nent shear TCs being farther west) is due to a higher concentration
of TCs in the northern Gulf of Mexico in southerly component
shear cases (not shown). The initial mean intensity of 63.2 and
70.5 kt is also comparable between TCs experiencing northerly
component and southerly component shear, respectively.

Each TCBD observation is further stratified into a shear-
relative quadrant and put into normalized radial bins (bin
spacing is one RMW). Outside of the innermost radial bin,
each radial bin of each quadrant has more than 100 unique
observations (with a mean of 245 observations in each radial

bin/quadrant; not shown). Radially outward of r* 5 2, the
near-surface ue in the southerly component shear cases is
more asymmetric than in the northerly component shear cases
(Fig. 4). Between r* 5 2 and r* 5 10 of the southerly compo-
nent shear cases (Fig. 4a), the USL and downshear-left (DSL)
quadrants generally have mean ue values between 352 and 355
K while the upshear-right (USR) and DSR quadrants have
values between 356 and 359 K. In every radial bin between
r* 5 2 and r* 5 10, the differences between the left-of-shear
and right-of-shear quadrants are statistically significant for at
least the 95% confidence interval (as indicated by no overlap
of the shaded error bars).

In contrast to TCs experiencing southerly component shear,
there is no clear ue asymmetry between the quadrants in the

TABLE 1. A comparison of environmental variables in the TCBD
for TCs experiencing northerly component and southerly component
shear. All of the differences are statistically significant at 99%
confidence interval except the 850–200-hPa shear magnitude.

TCs experiencing
northerly

component shear

TCs experiencing
southerly

component shear

850–200-hPa shear
magnitude (kt)

14.5 14.6

850–500-hPa shear
magnitude (kt)

6.1 6.9

850–700-hPa, 200–500-km
area-averaged relative
humidity (%)

67.1 68.3

700–500-hPa, 200–500-km
area-averaged relative
humidity (%)

56.5 56.8

Sea surface
temperature (8C)

28.6 28.4

Latitude (8) 25.9 25.7
Longitude (8) 276.1 277.9
Initial intensity (kt) 63.2 70.5

FIG. 4. Radial profiles of quadrant-averaged equivalent potential
temperature ue near the sea surface for TCs experiencing (a) southerly
component shear and (b) northerly component shear. In both panels,
the quadrant averaging is relative to the deep-layer environmental wind
shear with the downshear-right (DSR), downshear-left (DSL), upshear-
left (USL), and upshear-right (USR) quadrants outlined. Radial bin-
ning is by 1 times the radius of maximum wind speed (RMW). Shading
for each line is 2 times the standard error in each direction.
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northerly component shear cases (Fig. 4b). The differences
between the quadrants are not statistically significant in the
northerly component shear cases at most r*, with ue values radi-
ally outward of r*5 2 generally ranging between 355 and 359 K
and a mean close to 357 K in all radial bins. Note that the pat-
terns depicted in Fig. 4 are nearly identical when there is a
buffer zone between the groups such that the northerly compo-
nent shear heading is between 1008 and 2608 and the southerly
component shear heading is between 2808 and 808 (not shown).

The atmospheric specific humidity qa fields show a similar dis-
tribution to ue (Fig. 5). In the southerly component shear cases
(Fig. 5a), qa is significantly lower in the left-of-shear quadrants
than in the right-of-shear quadrants. The lowest mean qa values
are ∼17.8 g kg21 (USL quadrant) while the largest mean qa val-
ues, typically in the DSR quadrant, are ∼19.5 g kg21. Since the
latent heat flux may not always be sufficient to supply the addi-
tional energy transfer needed for ue values to recover by the
time parcels reach the DSR quadrant (i.e., the typical region of
convective development), the moisture asymmetry presents an
unfavorable thermodynamic distribution for the development
of convection and subsequent storm intensification (discussed
further below). In contrast, the northerly component shear cases
generally have no distinct asymmetry with quadrant-averaged

qa values between 18.5 and 19.5 g kg21 (Fig. 5b), although the
upshear quadrants generally have lower qa values than the
downshear quadrants. The symmetric distribution of atmo-
spheric moisture limits the necessity for the boundary layer ue
values to recover between the typical region of convective
downdrafts (DSL and USL quadrants) and the typical region of
convective development (DSR quadrant).

The atmospheric temperature Ta fields show a slightly dif-
ferent distribution than ue and qa (Fig. 6). Throughout all
radial bands, neither the southerly component shear nor
northerly component shear cases exhibit a wavenumber-1
asymmetry. However, in the southerly component shear cases
(Fig. 6a), the DSL quadrant has statistically significant cooler
temperatures than the other quadrants by ∼0.758–18C, which
all have similar Ta values between r* 5 3 and r* 5 6. While
Ta values generally increases with increasing radius, in the
DSL quadrant it ranges between 26.58 and 278C from r*5 3 to
r* 5 8. At these radii, Ta values are greater than 278C in the
other quadrants. The lower Ta values in the DSL quadrant
may be due to a combination of convective downdrafts in
the outer-core region and large-scale transport of cooler air
on the northern side of TCs (discussed further below). In

FIG. 6. As in Fig. 4, but for atmospheric temperature Ta.
FIG. 5. As in Fig. 4, but for atmospheric specific humidity qa.

W AD LER E T A L . 121JANUARY 2022

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/25/22 05:17 PM UTC



the northerly component shear cases (Fig. 6b) the DSL
quadrant is also cooler than the others between r* 5 2 and
r* 5 5 by a statistically significant margin, but the reduction
is only ∼0.25–0.58C. The reduced cooling is likely because
the DSL quadrant is typically on the eastern side of TCs
experiencing northerly component shear (i.e., in an area
characterized by advection of warm/moist air, discussed fur-
ther below).

The differences in the distribution of near-surface thermo-
dynamics between the two shear direction groups have signifi-
cant implications for subsequent TC intensity change. In
nonnormalized plan view (Figs. 7a,b) using a bin spacing of
100 km (data distribution in Figs. 7d,e), the highest ue values
for both shear direction groups are in the southeastern quad-
rant. With a median shear heading of 518 for southerly com-
ponent shear cases, the right-of-shear quadrants1 (i.e.,
southeast area of a storm) are characterized by ue values
exceeding 357 K, while the left-of-shear quadrants are char-
acterized by ue values below 354 K. This wavenumber-1
asymmetry (which exists both inside and outside the inner-
core region) in near-surface ue is similar to that presented in
the simulations of Riemer et al. (2010) and in observational
composites (e.g., Zhang et al. 2013). However, we note that
the differences between the quadrants cannot be solely
attributed to downdraft ventilation (and thus vortex tilt)
since convective downdrafts are concentrated in rainband
regions that are typically near r*5 2 and r*5 3 (∼100–200-km
radius; e.g., Willoughby et al. 1984; Wang 2009; Riemer et al.
2010).

In contrast to southerly component shear cases, TCs
experiencing northerly component shear (with a mean shear
heading of 1478; Fig. 7b) have a less-amplified 10-m ue asym-
metry (data distribution in Fig. 7e), although the values out-
side the inner-core are still largest in the southeast (DSR)
quadrant. Using a Student’s t test that assumes unequal var-
iances, significant differences (at 95%) between the groups
are noted outside the inner-core in every quadrant (Fig. 7c).
The largest differences are in the northwest quadrant, with
the higher values from TCs experiencing northerly compo-
nent shear by 4–6 K. In a normalized shear-relative frame-
work, the largest ue differences are in the left-of-shear
quadrants (similar result to Fig. 4, not shown), with the TCs
experiencing northerly component shear also having higher
values by 4–6 K.

As stated earlier, since the thermodynamic differences are
continuously statistically significant between r* 5 2 and r* 5

10 and are not in the same shear-relative locations, they can-
not be solely attributed to convective downdrafts. With the
buoy data biased toward nearshore regions and north of
208N, we hypothesize that the superposition between the loca-
tion of convective downdrafts with large-scale horizontal
advection is responsible for the different thermodynamic

distributions. In both shear direction groups, there is negative
horizontal ue advection on the west and southwestern sides of
the TCs (i.e., equatorward advection of subtropical low-ue air;
Fig. 8). With the negative ue advection occurring on the west-
ern side of the TCs (and different shear-relative locations) for
both shear direction groups, it is most likely a combination of
being from the environment and from vortex-scale transport
of air from downdraft ventilation. The negative advection has
a larger magnitude in the southerly component shear cases
(Fig. 8a, maximized at ∼21.5 K h21), and occurs in the USR
quadrant, which likely counteracts boundary layer recovery in
this region (discussed further below). With a ue maximum in
the southeastern quadrant of both shear direction groups,
each has positive ue advection on the eastern side of the
storms (i.e., poleward advection of high-ue tropical air). The
positive horizontal ue advection is of a larger magnitude in
the northerly component shear cases (Fig. 8b, maximized at
∼1.5 K h21), and is located in the DSL quadrant, which can
help to partially offset the negative effects of downdrafts typi-
cal of this region (e.g., Riemer et al. 2010). The ue advection
in the southerly component shear cases becomes positive in
the DSR quadrant, which may lead to insufficient boundary
layer recovery for convective updrafts to form in this region
(as the recovery needs to occur upwind). A further discussion
about the role of large-scale advection is given in section 4.

Regardless of the mechanism responsible, the lower ue
values left-of-shear of the southerly component shear cases
are unfavorable for TC intensification because mechanical
work (both wind-driven and thermodynamically driven)
through air–sea enthalpy fluxes is required to generate the
enhanced moisture needed to recover ue values before par-
cels reach the downshear quadrants. While an increase of
4–6 K in ue (difference in values between left-of-shear and
right-of-shear quadrants) due to the air–sea enthalpy fluxes
is feasible based on past case studies of convective down-
drafts away from the eyewall (Molinari et al. 2013; Zhang
et al. 2017; Wadler et al. 2018b; Rudzin et al. 2020), the low-
ue air can also spiral inward toward the inner-core before
fully recovering, reducing the ability for convection to form
downshear, which can lead to subsequent reductions in TC
intensity (Riemer et al. 2010; Zhang et al. 2017). Even if the
boundary layer recovery process is insufficient, the enthalpy
fluxes that parcels experience as they spiral inward is likely
the reason that the ue asymmetries are less significant radi-
ally inward of r* 5 2.

The estimated total enthalpy flux2 (Fig. 9, latent heat flux
plus sensible heat flux) shows a similar wavenumber-1 asym-
metry between the left-of-shear and right-of-shear quadrants
for both shear direction groups, with values generally greater

1 The analyses in Fig. 7 are not truly shear relative since only the
median shear vector for each group is plotted. However, the
results in a normalized shear-relative framework showed nearly
identical results (not shown).

2 The enthalpy flux is likely underestimated since the buoy
measurements are only recorded for 8 min of each hour, which
would tend to undersample the strongest winds, especially in the
inner core. Additionally, with fixed-length platforms that are often
tilted in high-wind hurricane conditions, the measurements are not
at the standard 10-m altitude. Even with these restrictions, how-
ever, the total enthalpy flux provides a reasonable and non-
sample-biased estimate of the distributions of the fields.
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than 225 W m22 radially outward of r* 5 2 left-of-shear and
values lower than 200 W m22 right-of-shear. While likely an
underestimate (see footnote), the relatively low magnitudes
of the enthalpy fluxes in the southerly component shear cases,
particularly in the USR quadrant, which also has negative ue
advection (Fig. 8a), likely means that the boundary layer ue
values do not always fully recover from the low values left-of-
shear before reaching the downshear quadrants. Note that

enhanced enthalpy fluxes in this quadrant are shown to be
favorable for intensification in a dropsonde composite study
of weak TCs by Nguyen et al. (2019).

To test this hypothesis further, the southerly component
shear cases were broken up into those that underwent 5-kt-
or-greater strengthening or weakening in the subsequent 12 h.
The mean upshear enthalpy flux radially inward of r* 5 6 for
strengthening and weakening TCs is 246 and 212 W m22. The

FIG. 7. The distribution of near-surface ue values for TCs experiencing (a) southerly component shear and
(b) northerly component shear. In both (a) and (b), the data are grouped into bins with grid size of 100 km. In both
(a) and (b) the median shear vector is plotted and the shear-relative DSR, DSL, USL, and USR quadrants are
outlined. (c) The difference between (b) and (a), with statically significant differences at 95% hashed. The four pink
range rings in (a)–(c) represent radial rings of 100–400 km. (d),(e) The data distributions for (a) and (b), respectively.
Note that no means are computed for bins with less than 40 data points.
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statistically significant (at 90% confidence interval) 16%
increase in upshear enthalpy flux demonstrates that when a ue
asymmetry is present, the magnitude of the enthalpy flux can
determine whether boundary layer ue values recover between
the left-of-shear and right-of-shear quadrants, which can
directly influence the TC intensification rate. Likely associ-
ated with the lack of boundary layer recovery, 15.2% of the
TC observations in the TCBD experiencing southerly compo-
nent shear undergo subsequent weakening, relative to 9.8%
of the northerly component shear cases that undergo subse-
quent weakening. Conversely, 27.5% of the TC observations
in the TCBD experiencing southerly component shear
undergo subsequent strengthening (same intensity change cri-
teria as above), relative to 34% of the northerly component
shear cases that undergo subsequent strengthening.

To emphasize the unfavorable nature of the southerly compo-
nent shear thermodynamic and enthalpy flux distributions, the

TCBD was recategorized for TCs that underwent intensification
(.5-kt intensity change over the subsequent 12 h) and those
that underwent weakening (,25-kt intensity change over the
subsequent 12 h), regardless of shear direction (sample sizes
were too small to show distributions when the data were strati-
fied by both shear direction and intensity change). The TCs
that underwent weakening exhibited large asymmetries in ue
(Fig. 10a) that resemble those in the southerly component
shear cases (Fig. 4a). The weakening TCs had greater bound-
ary layer ue asymmetries (i.e., the USL quadrant having the
lowest ue of ∼352–353 K, while the DSR having the largest ue
of ∼358–360 K), even though their initial intensity was larger
(81.6 kt for weakening TCs vs 60.4 kt for intensifying TCs).
While the differences between the USR and DSL quadrants
are not significant, the differences in ue values between the
DSR and USL quadrants emphasizes the unfavorable nature
of requiring the boundary layer to recover ue between those
regions. The favorable distribution of boundary layer ue in
northerly component shear cases (Fig. 4b) resembles the dis-
tribution of TCs that underwent intensification (Fig. 10b).
Between r* 5 2 and r* 5 8 in all quadrants, TCs that

FIG. 8. As in Figs. 7a and 7b, but for horizontal ue advection. In
both panels, 10-m wind vectors are overlaid. Note that the domain
is reduced here relative to Fig. 7 because the finite-difference
method of estimating a derivative eliminates the outermost grid
point in both directions.

FIG. 9. As in Figs. 7a and 7b, but for total enthalpy (latent heat plus
sensible heat) flux.
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underwent intensification had mean ue values between 355
and 358 K, with no clear asymmetry.

b. Dropsonde analyses

The dropsonde database, composed of measurements that
are independent of the TCBD, shows a remarkably similar ue
difference between the left-of-shear and right-of-shear quad-
rants (Fig. 11). In the southerly component shear cases (Fig.
11a), outside of r* 5 2, the 10-m average ue in the right-of-
shear and left-of-shear quadrants is 357.1 and 355.1 K, respec-
tively. Interestingly, the statistically significant differences
between the left- and right-of-shear quadrants extend all the
way to 3000-m altitude, signaling that the distinct asymmetries
noticed outside r* 5 2 at 10-m altitude are not only from sur-
face-based processes. As with the TCBD analyses, and other
studies of downdraft ventilation in TCs (e.g., Zhang et al.
2017; Wadler et al. 2018b, 2021a,b; Nguyen et al. 2019), the
differences in ue between the shear-relative quadrants largely
resembles differences in atmospheric moisture (not shown).

In the northerly component shear cases (Fig. 11b), the aver-
age dropsonde profiles at 10-m altitude show some separation
between the quadrants, though the gradient between the left-
of-shear to right-of-shear quadrants is reduced. For example,
parcels traveling from the DSR quadrant to the DSL quad-
rant in the northerly component shear cases do not experi-
ence as much of a ue reduction as in the southerly component
shear cases. The only statistically significant difference at
10 m is between the DSR and USL quadrants, which have
mean 10-m ue values of 357.8 and 355.2 K, respectively. This
reduced ue asymmetry between the left-of-shear and right-of-
shear quadrants of the northerly component shear cases is
consistent throughout the lowest 500-m, but the differences
become less robust above that altitude. Above ∼1 km altitude,
there is a separation between the left-of-shear and right-of-

FIG. 10. As in Fig. 4, but for (a) weakening TCs and (b) intensifying
TCs.

FIG. 11. Vertical profiles of quadrant-averaged ue from drop-
sonde observations outside r* 5 2 for TCs experiencing (a) south-
erly component shear and (b) northerly component shear. In both
panels, the quadrant averaging is relative to the deep-layer environ-
mental wind shear with the DSR, DSL, USL, and USR quadrants
outlined. The profiles zoomed into the lowest 500 m are embedded
in the top right of each panel. Shading for each line is 2 times the
standard error in each direction.
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shear quadrants, although not as robust as in the southerly
component shear cases.

Another interesting aspect of the dropsonde profiles is a differ-
ence in the vertical ue gradient between the northerly component
and southerly component shear cases (Fig. 12). While both nega-
tive, the vertical ue gradient is larger (more negative) in all quad-
rants between 500- and 1000-m altitude for the northerly
component shear cases, meaning these profiles have more poten-
tial instability, favoring the growth of surface-based convection.
Recall that, since all of these dropsondes are outside of r*5 2, the
increased convective instability in the northerly component shear
cases can lead to stronger rainband convection. It is currently an
open question if enhanced rainband activity is favorable for inten-
sification. For example, enhanced rainband activity can negatively
lead to low-ue air transferred to the boundary layer (e.g., Riemer
et al. 2010). However, strong rainbands can help a TC resist dry
air intrusion (Kimball 2006) and be a significant source of potential
vorticity for the eyewall (e.g., Carr and Williams 1989; Montgom-
ery and Kallenbach 1997; Nolan and Farrell 1999). A more com-
prehensive discussion about the role of rainbands for TC intensity
can be found in inWang (2009) andMoon and Nolan (2010).

c. SHIPS

With the SHIPS developmental database updated at 6-h inter-
vals for every tropical system, the predictors and environmental
variables in the database essentially represent a climatology over
the years to which they are estimated (1982–2017). The popula-
tion distributions of selected environmental variables are given in
Fig. 13 for both TCs experiencing northerly component and
southerly component shear. Generally, northerly component
shear cases exhibit a more favorable environment, consistent with
what was found in both the TCBD and dropsonde composites.
The mean SST (Fig. 13a) for northerly component shear cases is
28.58C, and the mean SST (Fig. 13a) for southerly component
shear cases is 28.38C, while the mean deep-layer wind shear mag-
nitude (Fig. 13b) is 13.8 and 15.5 kt, respectively. Both differences
are statistically significant at 99.9% confidence interval. In con-
trast, averaged RH between 850 and 700 hPa (Fig. 13c) show no
statistically significant differences. There are also no differences in
average RH between 700–500 and 500–300 hPa (not shown). The
ue at 1000 hPa (Fig. 13d), averaged in an annulus between 200
and 800 km, shows a ∼1 K higher value in northerly component
shear cases, which is also statistically significant at 99.9%, and
resembles the results shown in the TCBD analyses.

With a favorability in mean environmental characteristics for
northerly component shear cases, the mean 6-h subsequent inten-
sity change (Fig. 14a) for northerly component and southerly
component shear cases is 2.3 and 1.6 kt, respectively. The differ-
ence in intensification rate is more apparent at 12 h (Fig. 14b), as
the mean subsequent intensity change for northerly component
and southerly component shear cases is 4.4 and 2.8 kt, respec-
tively. The normalized (by the total case number) distributions
demonstrate a clear preference for northerly component or south-
erly component cases to undergo subsequent intensification or
weakening, respectively, further emphasizing the mean difference
of 1.6 kt in mean 12-h intensity change between the shear direc-
tions groups. Interestingly, the differences between northerly

component and southerly component shear are maximized in the
moderate shear range (Fig. 14c), defined as a shear magnitude
between 4.5 and 11.0 ms21, which is one of the most challenging
environmental regimes for TC intensity forecasting (Molinari et al.
2004, 2006; Molinari and Vollaro 2010; Montgomery et al. 2010;
Bhatia and Nolan 2013; Foerster et al. 2014; Stevenson et al. 2014;
Rios-Berrios et al. 2016b,a; Zawislak et al. 2016; Rios-Berrios and
Torn 2017; Nguyen et al. 2017; Finocchio and Majumdar 2017;
Rios-Berrios et al. 2018; Rogers et al. 2020). In this regime, the
difference in mean 12-h subsequent intensity change is 1.6 kt (sta-
tistically significant at over 99.9%). The normalized distribution
for TCs experiencing moderate wind shear shows a stronger pref-
erence for intensification for the northerly component shear cases,
especially when the subsequent intensity change is between 0 and
20 kt (mean shear magnitude for these cases is 14.7 kt in northerly
component shear and 15.1 kt in southerly component shear
cases). The southerly component shear cases show a stronger
preference for weakening between a subsequent intensity change
of 220 and 0 kt (mean shear magnitude for these cases is 15.3 kt
for northerly component shear and 15.5 kt for southerly compo-
nent shear cases).

A closer look at the shear direction emphasizes its relationship
with 6- and 12-h TC intensity change (Fig. 15). For 6-h intensity
change for TCs in moderate shear (Fig. 15a), weakening TCs
(defined as ,210-kt subsequent intensity change) occur most
frequently when the shear heading is 308–608 (more likely to
characterize the environment of an approaching trough). In con-
trast, intensifying TCs (defined as .10-kt subsequent intensity
change) occur most frequently when the shear heading is
908–1208 (more likely to characterize the environment of an
approaching ridge). The median shear headings for intensifying
and weakening TCs in moderate shear are 107.58 and 778, respec-
tively. This difference is also seen when examining 12-h subse-
quent intensity change (Fig. 15b). While at this intensity change

FIG. 12. Difference (northerly component shear 2 southerly
component shear) in vertical gradient of quadrant-averaged ue for
each shear-relative quadrant from dropsonde profiles radially out-
ward of r* 5 2. All profiles are smoothed by a 50-point moving
average. The vertical black dashed line outlines zero difference.
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interval the weakening TCs (same intensity change criteria) occur
most frequently at a shear heading of 608–908, a clockwise rota-
tion of the preferential shear heading from that at 6-h intensity
change, intensifying TCs still occur most frequently with a
908–1208 shear heading. Additionally, the median shear headings
of 1098 and 778 between intensifying and weakening TCs, respec-
tively, is remarkably similar to that from that at 6-h intensity
change. Note that these differences also appear when considering
TCs in all shear magnitudes, but the differences are not as signifi-
cant as in the moderate shear cases (not shown).

4. Discussion and conclusions

The relationship between deep-layer environmental wind
shear and the distribution of TC boundary layer thermody-
namics is explored using multiple independent datasets. Previ-
ous studies of TC genesis showed that easterly shear is

statistically more favorable than westerly shear (Tuleya and
Kurihara 1981), but that may be due to easterly shear occur-
ring in more favorable environmental thermodynamic condi-
tions (Nolan and McGauley 2012). A previous study of
developed storms showed that TCs experiencing southerly
component shear have higher atmospheric specific humidity
values downshear and right-of-shear, but TCs experiencing
northerly component shear have more symmetric moisture
distributions (Cione et al. 2013). In this study, analyses
derived from the tropical cyclone buoy database, which con-
tains information from TCs in the western Atlantic basin
between 1978 and 2017, show that the primary difference in
the near-surface thermodynamics between TCs experiencing
northerly component and southerly component shear is the
degree of asymmetry between the left-of-shear and right-of-
shear quadrants. When TCs are experiencing southerly com-
ponent shear, there is a wavenumber-1 asymmetry in the
ue distribution between r* 5 2 and r* 5 10, with the values

FIG. 13. Histograms for the relative distributions of (a) sea surface temperature, (b) deep-layer wind shear magnitude, (c) 850–700-hPa
relative humidity, and (d) 1000-hPa ue for all TCs experiencing northerly component and southerly component shear in the SHIPS data-
base. In each panel, the mean and median for each group as well as the p value from the Student’s t test are displayed. Note that since these
are relative distributions the ordinate axis is different in each panel.
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at each radial band in the left-of-shear quadrants ranging
generally between 352 and 355 K, while the values in the
right-of-shear quadrants are generally between 356 and
359 K. The low ue values in the left-of-shear quadrants corre-
spond with the northwest area of the TC. In contrast, the ue
distribution is less asymmetric when TCs experience northerly
component shear, with values at each radial band ranging
between 355 and 359 K (though the values are slightly lower
in the northwest and generally upshear quadrant). The differ-
ences in ue likely are maximized radially outward of r* 5 2
because as air spirals inward, the air–sea enthalpy fluxes lead
to boundary layer recovery of ue values (e.g., Alland et al.
2021a, Wadler et al. 2021b). This reduces the thermodynamic
asymmetry, even if the boundary layer recovery is insufficient
(discussed further below). Of note, no significant differences
in the SST or wind speed distributions were noticed between
the two shear direction groups.

Similar 10-m ue distributions were noticed outside r* 5 2
from analyses derived from an independent dropsonde data-
base, highlighting the robustness of these differences between
TCs experiencing northerly component and southerly compo-
nent shear. In the dropsonde database, the asymmetry in ue
between the left-of-shear and right-of-shear quadrants
observed at 10-m altitude for TCs experiencing southerly
component shear generally remains statistically significant up
to at least 3-km altitude (the highest altitude of the dropsonde
database). The reduced asymmetry between the quadrants in
the TCs experiencing northerly component shear extends
upward to 500-m altitude. In analyses from both the TCBD
and dropsonde database, the signals noticed for ue largely
resemble the distribution of atmospheric moisture, a similar
result to previous observational studies (e.g., Zhang et al.
2017; Wadler et al. 2018b, 2021a; Nguyen et al. 2019). A com-
posite study about how these thermodynamic asymmetries
relate to precipitation distributions is ongoing.

Since the buoy data are biased toward nearshore regions and
north of 208N, and the ue signals extend over a large area and
outward to r* 5 10, we hypothesize that the superposition
between the location of convective downdrafts with horizontal
large-scale advection is responsible for the different distribu-
tions (Fig. 16). For both shear direction groups, the largest ue
values are in the southeast quadrant, making the biggest differ-
ence between them the low-ue values in the northwest quadrant
of TCs experiencing southerly component shear. With a median
shear heading of 518 for southerly component cases (Fig. 16a),
poleward transport of moist-tropical air that is typical on the
eastern side of TCs coincides with the right-of-shear quadrants
(there is positive ue advection throughout the downshear quad-
rants), which are characterized by a moist inflow layer in the
region typically associated with convective initiation and low-
level convergence (e.g., Reasor et al. 2013; DeHart et al. 2014).
The equatorward transport of cooler/drier subtropical air that is

FIG. 14. Histograms for the relative distributions of (a) 6-h TC
intensity change, (b) 12-h TC intensity change, and (c) 12-h TC
intensity change when the wind shear magnitude was in the moder-
ate range (between 4.5 and 11.0 m s21) for all TCs experiencing
northerly component and southerly component shear in the SHIPS

←−
database. In each panel, the mean and median for each group as
well as the p value from the Student’s t test are displayed. Note that
since these are relative distributions the ordinate axis is different in
each panel.
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typical of the western side of TCs coincides with the left-of-
shear quadrants (there is negative ue advection throughout the
upshear quadrants), which are the characterized by outer-core
convective downdrafts that transport low ue air to the boundary
layer (i.e., Riemer et al. 2010). The superposition of subtropical
air with that from downdraft ventilation creates a particularly
unfavorable thermodynamic environment in this region. Note
that since the low ue air extends radially outward to r* 5 10,
convective downdrafts, which are typically concentrated in rain-
bands near r*5 2–3 (e.g., Wang 2009), cannot be fully responsi-
ble for the signal. Additionally, since the mean shear
magnitudes between the shear direction groups are comparable,
the more widespread low ue air in TCs exposed to southerly
component shear are unlikely to be due to a larger vertical-tilt
and more downward motions upshear.

With a median shear heading of 1478, the region of convec-
tive downdrafts for TCs experiencing northerly component
shear coincides with the areas of poleward transport of moist-
tropical air (Fig. 16b; largest positive ue advection is in the

DSL quadrant). The moisture transport may limit the nega-
tive effects of the downdrafts in the left-of-shear quadrants
(and limit the need for rapid recovery of the low-ue air via the
surface enthalpy fluxes) and lead to ue values that are more
comparable to those in the right-of-shear quadrants, which
feature equatorward advection of drier subtropical air (there
is negative ue advection through most areas of the right-of-
shear quadrants). While the differences between the two
groups are robust and shown in multiple independent obser-
vational databases, further evaluation of our findings can be
done using idealized numerical simulations and future case
studies with targeted observations near outer-core convective
downdrafts. Such studies can directly link specific structures
such as mesoscale/convective downdrafts and large-scale syn-
optic flow with the distribution of boundary layer thermody-
namics and subsequent ue evolution as air spirals inward from
radially outward of r* 5 2 to the inner core. Additionally, the
large-scale flow described for the northerly component and
southerly component shear cases should be most prominent
in the subtropics, as TCs approach the northwestern part of
the Atlantic basin. The primary signals are reflective of TCs
that are north of 208N latitude or west of 658W longitude (not
shown), but the sample sizes are much smaller when the geo-
graphic region is reduced. A study about the preferential geo-
graphic locations of these thermodynamic distributions under
different shear regimes is a topic of future work.

The more symmetric distribution of boundary layer ther-
modynamics in the northerly component shear cases is favor-
able for TC intensification. In these cases, less boundary layer
recovery of ue values is required between the left-of-shear and
right-of-shear quadrants, which increases the likelihood of
high entropy air entering the eyewall downshear. The asym-
metric ue distribution in the southerly component shear cases
requires a boundary layer recovery of 4–6 K ue deficit
throughout the depth of the boundary layer between the left-
of-shear and right-of-shear quadrants. Previous case studies
showed that the air–sea enthalpy fluxes can provide sufficient
heating for boundary layer ue recovery as air spirals inward
from the region of convective downdrafts to the RMW of
intensifying TCs (Zhang et al. 2017; Wadler et al. 2018a,
2021b; Rudzin et al. 2020), but the low entropy air can also
enter the eyewall region and cause a storm to weaken, espe-
cially when the shear is large and the downdrafts are wide-
spread (Riemer et al. 2010). It is likely that the magnitude of
the enthalpy fluxes and the efficiency of boundary layer recov-
ery plays a critical role in determining whether a storm will
intensify. Our results showed that TCs exposed to southerly
component shear that underwent subsequent strengthening
experiencing 16% higher total enthalpy flux in the upshear
quadrants (signifying more recovery) than those that under-
went subsequent weakening. Future studies are recom-
mended to evaluate the boundary layer recovery processes in
TCs with different size and strength in both shear-relative and
storm-relative frameworks.

The unfavorable thermodynamic distributions and less overall
favorable environmental conditions of the southerly component
shear cases are reflected in the SHIPS developmental database.
Analyses from this database showed that strengthening storms

FIG. 15. Polar histograms for the relative distributions of shear
heading based on (a) 6-h intensity change when the wind shear
magnitude was in the moderate range (between 4.5 and 11.0 m s21)
and (b) 12-h intensity change when the wind shear magnitude was
in the moderate range. In both panels, the median for each group
as well as the p value from the Student’s t test are displayed.
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favor northerly component shear whereas weakening storms
favor southerly component shear at both 6- and 12-h subsequent
intensity change intervals. The differences in intensity change
were maximized in the moderate shear (4.5–11.0 m s21) range,
with subsequently strengthening TCs occurring at the highest
frequency when the shear heading is between 908 and 1208 and
subsequently weakening TCs occurring at the highest frequency
when the shear heading is between 308 and 608. These statisti-
cally significant differences highlight the detrimental impact that
thermodynamic asymmetry can have on TC intensity, as the
mean axisymmetric RH shows no statistically significant differ-
ences between the shear directions groups at any altitude.
Potentially, the shear headings may also represent synoptic envi-
ronments of approaching troughs (heading of 308–608) or ridges

(heading of 908–1208), since a trough’s winds extend deeper
through the troposphere, a pattern noticed to be more detri-
mental to a TCs intensity (Elsberry and Jeffries 1996; Velden
and Sears 2014; Finocchio et al. 2016; Ryglicki et al. 2018). The
specific relationship between the degree of thermodynamic
asymmetry with shear direction, the depth of the shear, and the
synoptic environment is a topic of future work using global
reanalysis datasets where multiple wind shear metrics can be
calculated. Additionally, future work should consider how gra-
dients in the environmental parameters can lead to ventilation
of air mass into different geographic regions of TCs that may
have varying influence on the shear-induced asymmetries.

Our results highlight how deep-layer wind shear direction
influences future TC intensity changes through the distribution

FIG. 16. Schematic of the hypothesized environmental setup that leads to the boundary layer
thermodynamic distributions in TCs experiencing (a) southerly component shear and (b) north-
erly component shear. The red and blue arrows correspond to regions of high and low ue air,
respectively.
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of outer-core boundary layer thermodynamics. These relation-
ships can be utilized as an additional forecasting tool, espe-
cially in moderate wind shear regimes, which are a challenge
to forecast TC intensity. To further elucidate the processes
controlling boundary layer thermodynamic variability, both
observational and numerical case studies are needed. Observa-
tional studies would require extensive sampling of the bound-
ary layer outside the inner core of a TC, especially near
convectively active regions, which can be done with an
uncrewed aircraft (e.g., Cione et al. 2020) in combination with
dropsonde and radar observations. These observations could
be directly assimilated into numerical weather prediction mod-
els to enhance the accuracy of TC model initialization. Last,
these observations can be used to create an operational analy-
sis product that can be viewed by forecasters and will eventu-
ally lead to development of a new thermal predictor for the
operational SHIPS RI system to improve TC intensity change
prediction.
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