
1. Introduction
Wave and storm surge models are key tools for predicting the impacts of landfalling tropical cyclones (TCs). 
These models are usually forced by the surface wind field from either a full physics atmospheric model or para-
metric wind model. Accurate representation of the surface wind vector in these models is important for improv-
ing wave and surge forecasts in TC conditions. Several parametric wind speed models for TCs, in particular 
axisymmetric models, have been developed in the past based on theory and observations (Chavas & Lin, 2016; 
Holland, 1980; Willoughby, 1990). However, two-dimensional parametric surface wind models that predict both 
the wind speed and direction have been limited mainly due to limited observations of surface wind direction in 
TCs (Zhang & Uhlhorn, 2012, hereafter Z12). The inflow angle, defined as the arctangent of the ratio of radial to 
tangential wind components, has been known to be crucial for storm surge and wave modeling (Fan et al., 2009; 
Houston et al., 1999). Peng et al. (2006) found that larger inflow angles can induce larger sea level surge in storm 
surge models. Zhao and Hong  (2011) indicated that increasing inflow angle results in increasing maximum 
significant wave height and larger quadrant differences of mean significant wave height. Inflow angle is thus an 
important dynamic parameter for the development and evaluation of both storm-surge and TC forecast models 
(Aijaz et al., 2019; Bryan, 2012; Fan et al., 2020; Kepert, 2010; Wang et al., 2018; Zhang et al., 2015, 2017).

Abstract Characterizing inflow structure is important to better represent tropical cyclone impacts in 
numerical models. While much research has considered the impact of storm translation on the distribution 
of inflow angle, comparatively less research has examined its distribution relative to the environmental wind 
shear. This study analyzes data from 3,655 dropsondes in 44 storms to investigate the radial and shear-relative 
distribution of surface inflow angle. Emphasis is placed on its relationship with intensity change. The 
results show that the radial variation in the inflow angle is small and not significantly dependent on the 
shear magnitude or intensity change rate. In contrast, the azimuthal distribution of the inflow angle shows a 
significant asymmetry, with the amplitude of the asymmetry increasing with shear magnitude. The maximum 
inflow angle is located in the downshear side. The degree of asymmetry is larger in the outer core than in the 
eyewall. Intensifying storms have a smaller degree of asymmetry than steady-state storms under moderate 
shear.

Plain Language Summary The inflow angle represents the degree that the wind vector deviates 
from the tangential wind. It is an important factor for the successful modeling of tropical cyclone evolution and 
storm surge. Although the inflow angle in the storm-relative framework and its variation with storm intensity 
have been documented in the past, it is still unknown how the inflow angle varies with intensity change in 
different variations of environmental wind speed and direction with height. This study uses the observational 
data from aircraft to investigate the characteristics of the radial and azimuthal distributions of inflow angle 
in storms with different values of environmental wind variation and intensity change rates. The results 
show minor differences in inflow angle with increasing radius from the storm center, but more significant 
differences in inflow angle moving around the storm. The degree of asymmetry increases with the magnitude 
of environmental wind variation and decreases with the storm intensity change rate. The inflow angle is more 
asymmetric in the outer core region than in the eyewall region.
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In the Sea, Lake and Overland Surge from Hurricanes (SLOSH) model, the 
inflow angle is parameterized as a function of radial distance without consid-
eration of the azimuthal variation of the inflow angle (Bretschneider, 1972; 
Lin & Chavas, 2012; Queensland Government, 2001; Zhang et  al.,  2016). 
Values of the inflow angle in SLOSH were set based on a limited number of 
numerical and observational studies (Malkus & Riehl, 1960; Powell, 1982; 
Powell et al., 2009). Z12 documented the storm-motion-relative distribution 
of the surface inflow angle using ∼1,800 dropsondes collected in TCs and 
pointed out that the degree of azimuthal asymmetry in inflow angle increases 
with the storm motion speed. Another significant contributor to asymmetries 
in storm structure is environmental wind shear. The relationship between 
wind shear and inflow angle has yet to be examined, however. Furthermore, 
environmental wind shear is a very important factor influencing the structure 
of a TC. How the inflow angle distribution varies in storms under different 
environmental wind shear conditions remains to be explored.

It is well known that environmental wind shear imposes a wavenumber-1 
asymmetry on TC structure. Previous studies have found that the downshear 
side of a storm tends to have stronger upward motion (Black et  al.,  2002; 
DeHart et al., 2014; Reasor et al., 2009), higher convective available poten-
tial energy (CAPE) and larger helicity (Molinari & Vollaro, 2008; Molinari 
et  al.,  2012), and a deeper boundary layer (Zhang et  al.,  2013) than the 
upshear side. Severe and deep convection depicted by lightning and heavy 
rainfall also tends to occur downshear, with the maximum rainfall being 
in the downshear-left quadrant (Corbosiero & Molinari,  2002; Reasor 
et al., 2013; Rogers et al., 2016). Analyses of Doppler radar and dropsonde 
data indicate that convection is initiated in the downshear-right quadrant and 
becomes mature in the downshear-left quadrant, where the boundary layer 
convergence is also significant (DeHart et  al.,  2014; Reasor et  al.,  2013; 
Wadler et al., 2018; Zhang et al., 2013). While one could infer the relation-
ship between inflow angle and vertical shear direction based on this previous 
work, no studies have quantified the relationship between vertical shear and 
inflow angle.

TCs under large environmental shear typically weaken, while TCs under 
weak shear tend to intensify rapidly given otherwise favorable environmen-
tal conditions of sea-surface temperature and low- and mid-level humidity 
(Frank & Ritchie, 2001; Onderlinde & Nolan, 2017; Tao & Zhang, 2014). 
Previous studies have shown that the intensity change of a TC under moder-
ate shear, typically defined as 850–200 hPa shear magnitude between 5 and 
10 m s −1 (Molinari et al., 2004; Rios-Berrios et al., 2018), is comparatively 
uncertain due to vortex and shear interactions and various distributions 
of convection (e.g., Rios-Berrios et  al.,  2018; Rogers et  al.,  2016,  2020; 
Ryglicki et al., 2018, 2019). Boundary layer processes such as vertical turbu-
lent mixing and enthalpy transfer also modulate the TC intensity change in 
shear by affecting the inflow strength, convective initiation, and recovery of 
downdraft-induced low entropy air (Nguyen et al., 2019; Wadler et al., 2021; 
Zhang & Rogers, 2019). For instance, the magnitude of inflow is related to 
the length of time air parcels travel from the outer core to the eyewall region 
of a hurricane, which is important for the recovery process. It is thus impor-
tant to understand the shear-relative distribution of boundary layer inflow 
and its relationship to TC intensity change.

The objectives of the present study are as follows:

Storm name Year Storm intensity (kt)
Number of 

flights
Number 

of sondes

Dennis 999 65–90 12 124

Floyd 999 90–135 10 63

Lili 2002 34–124 17 94

Fabian 2003 105–120 9 49

Isabel 2003 131–140 11 55

Frances 2004 43–64 18 175

Ivan 2004 90–145 30 232

Jeanne 2004 34–100 15 70

Dennis 2005 67–125 15 64

Katrina 2005 45–150 17 72

Rita 2005 49–154 23 234

Wilma 2005 145–153 1 2

Dean 2007 80–150 8 25

Felix 2007 145–150 3 12

Gustav 2008 41–122 15 99

Earl 2010 50–121 26 200

Irene 2011 45–105 24 355

Isaac 2012 45–70 15 319

Leslie 2012 55–60 4 29

Sandy 2012 60–81 9 115

Ingrid 2013 38–74 8 93

Arthur 2014 41–83 9 100

Bertha 2014 47–70 5 71

Cristobal 2014 34–70 9 117

Edouard 2014 72–102 8 79

Gonzalo 2014 107–125 3 12

Danny 2015 34–106 7 65

Joaquin 2015 82–134 5 36

Earl 2016 50–70 3 19

Matthew 2016 67–133 15 80

Harvey 2017 34–110 8 29

Irma 2017 98–155 15 49

Jose 2017 70–80 2 7

Maria 2017 65–150 4 27

Nate 2017 35–80 6 42

Chris 2018 35–60 3 13

Florence 2018 57–124 12 95

Gordon 2018 50–57 3 9

Isaac 2018 38–55 3 19

Michael 2018 82–126 7 69

Barry 2019 34–52 8 87

Dorian 2019 45–116 12 71

Table 1 
Storm Information and Numbers of Flights and Dropsondes
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1.  To document the inflow angle distribution relative to the environmental 
wind shear.

2.  To investigate the variation in the magnitude of axisymmetric inflow 
angle and the degree of shear-relative asymmetry as a function of shear 
magnitude.

3.  To investigate the possible linkage between the radial and azimuthal 
distribution of inflow angle and TC intensity change.

2. Data and Methodology
GPS dropsonde data are analyzed to study the characteristics of the surface inflow angle. The dropsonde data 
were obtained in 44 TCs from 1999 to 2019 during research and reconnaissance missions over the Atlantic basin 
including dropsondes deployed by WP-3D, G-IV, Global Hawk, DC-8, and Airforce flights. A GPS dropsonde 
measures vertical profiles of wind velocities, air temperature, relative humidity, and pressure with a sampling 
rate of 2 Hz. Information on the detailed dropsonde instrumentation and accuracy is found in Hock and Frank-
lin (1999). The dropsonde data was post-processed and quality-controlled using the National Center for Atmos-
pheric Research (NCAR)’s Atmospheric Sounding Processing Environment (ASPEN) software (Barnes, 2008; 
Zhang et al., 2013, 2020). Table 1 summarizes the storm name, year, intensity range, number of flights, and 
number of dropsondes. To study the surface inflow angle distribution, only dropsondes that have measurements 
near the surface (10 m altitude) were used in this study. The horizontal wind components are linearly interpolated 
to the 10-m altitude to derive the surface inflow angle. The total number of quality-controlled dropsondes that 
meet these criteria is 3,655.

The frequency distributions of the surface inflow angle and storm characteristics, including the environmental 
vertical wind shear magnitude, storm intensity (Vmax), radius of maximum surface wind speed (Rmax), and 12 hr 
intensity change which is the difference in Vmax between the dropsonde time and 12 hr after, are presented in 
Figure 1. The environmental vertical wind shear data is obtained from the Statistical Hurricane Intensity Predic-
tion Scheme (SHIPS, DeMaria et al., 2005). The magnitude and direction of the vertical shear of horizontal wind 
between 850 and 200 hPa are calculated by subtracting the averaged wind vector in a 200–800 km annulus from 
the storm center at 200 hPa from that at 850 hPa. The Vmax values are obtained from the best-track database inter-
polated to the time of dropsonde observations and 12 hr after that time. Rmax is determined from near-concurrent 
surface winds measured by the Stepped Frequency Microwave Radiometer. This study focuses on TCs of tropical 
storm strength or greater (i.e., Vmax > 34 kt) with shear magnitudes ranging between 0 and 16 m s −1. The data 
were averaged as a function of radius (r) normalized by Rmax (i.e., r* = r/Rmax) with a radial bin width of r* = 0.2 
to exclude the effect of storm size and illustrate the radial variation of the axisymmetric inflow angle. The asym-
metric distribution of inflow angle is examined in a shear-relative framework for groups with different shear 
magnitudes and radii. The shear-relative data distribution is shown in Figure 2.

3. Results
3.1. Axisymmetric Distribution

Figure 3 shows the axisymmetric inflow angle as a function of radius, magnitude of vertical shear, and TC inten-
sity change. The mean value of the inflow angle is −21.12° from all samples including all radii and azimuths 
(Figure 3a), which is in agreement with previous studies (e.g., Z12, Powell et al., 2009). (The negative value of 
inflow angle is defined as the inflow, and the larger value means stronger inflow.) This result indicates that the 
mean radial flow of all samples is inflow. Figure 3b shows the azimuthally-averaged inflow angle as a function 
of r*. The inflow angle magnitude shows an increasing trend with increasing r* (Figure 3b), which also agrees 
well with the axisymmetric characteristic of the storm-relative inflow angle in Z12, although their sample size is 
much smaller than ours. We then stratify the inflow angle into three groups by the shear magnitude: weak shear 
(≤5 m s −1), moderate shear (5–10 m s −1), and high shear (≥10 m s −1) (Figure 3c). The inflow angle difference 
close to Rmax (1–3 r*) among these shear groups is relatively small, but the difference appears to be much larger 
in the outer core region (4–8 r*), where the inflow angle in the weak- and moderate-shear groups is larger than 
that of the high-shear group.

Table 1 
Continued

Storm name Year Storm intensity (kt)
Number of 

flights
Number 

of sondes

Jerry 2019 50–90 6 37

Lorenzo 2019 90–117 5 41

Totals 448 3,655
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The radial distribution of inflow angle in storms with different intensity change 
rates is compared in Figure 3d for intensifying 𝐴𝐴 (Δ𝑉𝑉max∕Δ𝑡𝑡 ≥ 10𝑘𝑘𝑡𝑡∕12ℎ) and 
steady-state 𝐴𝐴 (5𝑘𝑘𝑘𝑘∕12ℎ > Δ𝑉𝑉max∕Δ𝑘𝑘 ≥ −5𝑘𝑘𝑘𝑘∕12ℎ) groups. The mean inflow 
angle difference among the groups was relatively small close to the eyewall 
(r* < 3). In the outer core region (r* > 3), intensifying cases have a smaller 
magnitude of inflow angle than steady-state cases. The smaller inflow angle 
indicates longer residence time for air parcels to travel from the outer core 
region to the eyewall, which may allow for more accumulated surface enthalpy 
fluxes for intensification of the storm, assuming there is not a systematic 
difference in the 10-m winds and air-sea disequilibrium of enthalpy.

3.2. Shear-Relative Azimuthal Variation

Figure 4 shows the shear-relative azimuthal distribution of the inflow angle. 
The magnitude of the inflow angle on the downshear side is larger than 
that on the upshear side for all groups, with the maximum being downshear 
(Figure 4a). This result is consistent with convection being observed to be 
initiated on the downshear side more frequently than on the upshear side 
as shown in previous studies (e.g., Black et al., 2002; DeHart et al., 2014; 
Molinari et  al.,  2012; Reasor et  al.,  2013; Wadler et  al.,  2018; Zhang 
et al., 2013). Larger inflow angle downshear implies greater boundary-layer 
inflow and convergence, which supports convective initiation due to mass 
continuity. The azimuthal variation of inflow angle for the weak-shear group 
is minimal, while that in the moderate- and high-shear groups shows a larger 
degree of asymmetry (Figures  4b–4d). The amplitudes of wavenumber-1 
asymmetry were evaluated by fitting the data with a cosine function in a 

Figure 1. Frequency distribution of (a) shear magnitude, (b) storm intensity, (c) radius of the maximum wind speed (Rmax), 
and (d) intensity change. The sample size (n), mean value (m), and standard deviation (σ) are also shown.

Figure 2. Plot of horizontal distribution of the dropsonde data. The shear 
direction is denoted by the blue arrow. DSL, DSR, USL, and USR represent 
downshear-left, downshear-right, upshear-left, and upshear-right quadrant, 
respectively. Rmax is the radius of maximum surface wind speed.
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similar manner as in Z12. We first calculate the difference between the mean value and maximum value of the 
fitted curve, and the difference between the mean value and minimum value of the fitted curve, respectively. 
Then taking the mean value of the two differences as the amplitude of the fitted curve, the amplitudes are 7.76°, 
14.24°, 22.93° for weak-shear, moderate-shear and high-shear groups, respectively. Overall, the amplitude of the 
inflow angle asymmetry increases with the shear magnitude. We also test the statistical significance of the same 
azimuthal bin between different shear magnitudes through a student's t-test. As the numbers in Figures 4b–4d 
show, the differences are significant at the 95% or 90% confidence level for almost every azimuthal bin, indicat-
ing that the differences in azimuthal inflow angle among groups with different shear magnitudes are significant 
for almost all shear-relative quadrants. Furthermore, the differences between the 0° and 180° bins for weak, 
moderate, and high shear are significant at the 95% confidence interval. These results suggest a positive feedback 
between asymmetric convection and shear-induced overturning circulation that increases the inflow asymmetry, 
consistent with the schematic diagram given by Wong and Chan (2004, see their Figure 13).

To assess how the shear-relative azimuthal variation of inflow angle varies with radius, the data were divided into 
two additional groups based on radial locations that represent the eyewall region (0.5 < r* < 1.5) and outer core 
region (2.5 < r* < 7.5). Interestingly, the shear-relative inflow angle asymmetry in the eyewall region is smaller 
than that in the outer region for all three shear magnitude groups (Figure 5). The asymmetry amplitudes obtained 
by the cosine fitting of the data in the eyewall region are 2.13°, 6.86°, and 12.16° for the weak-, moderate-, and 
high-shear groups, respectively. On the other hand, the asymmetry amplitudes in the outer core region are 8.40°, 
14.53°, and 21.59° for the three shear groups. For the same shear group, the amplitude is always larger in the 
outer core than eyewall, which means there is a stronger azimuthal asymmetry in inflow angle in the outer core. 
Previous numerical studies also showed that a sheared storm has more asymmetric low-level structure in the outer 
core than in the inner core region (Jones, 1995; Li & Wang, 2012), consistent with our observations.

The asymmetry amplitudes for the three shear groups in the outer core give a probable interpretation for the 
smaller axisymmetric inflow angle seen for high shear in the outer core shown in Figure 3c. As the asymmetry 
increases (Figures 5b, 5d and 5f), the inflow angle for high shear in the outer core can be positive on the upshear 

Figure 3. (a) Frequency distribution of surface inflow angle, n is sample size, m is mean value, σ is standard deviation, (b) 
plot of inflow angle as a function of radius normalized by the radius of maximum wind (r*), (c) plots of inflow angle as a 
function of normalized radius for three shear magnitude groups: weak shear (≤5 m s −1; blue squares, sample size of 722), 
moderate shear (5 m s −1 < shear < 10 m s −1; green squares, sample size of 1,678), and high shear (≥10 m s −1; red squares, 
sample size of 876), and (d) inflow angle as a function of normalized radius for intensifying (with a sample size of 654) 
and steady-state (with a sample size of 958) groups. Squares and error bars are bin averages and 95% confidence intervals, 
respectively.
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side, offsetting the most negative values and resulting in the smaller mean inflow angle. As for the significance 
test, the differences between different shear groups are more significant in the outer core than in the eyewall. And 
the differences between the eyewall and outer core are more often at the bins of 0° and 180°. Additionally, the 
only comparison that is not significant at the 95% confidence interval between 0° and 180° bins is the difference 
in the weak shear group in the eyewall, which is consistent with its weak asymmetry.

This result from Figure 5 indicates that the extent of inflow angle asymmetry increases with the shear magnitude 
in both the eyewall and outer core regions. Previous numerical results on TC convective structure and distribu-
tion under different ranges of vertical wind shear showed similar differences in asymmetry magnitude among 
shear groups in the eyewall and outer regions (Li & Dai, 2020; Tao & Zhang, 2014). These results suggest that 
increasing shear drives an increase in the azimuthal inflow asymmetry and the asymmetry of the convective 
distribution.

3.3. Shear-Relative Distribution and TC Intensity Change in Moderate Shear

We next assess the shear-relative azimuthal variability of inflow angle with respect to TC intensity change rates 
with a focus on the moderate-shear group. We focus on this range of shear magnitude because it is in this range 
that there is the largest difficulty in accurately predicting intensity change (Bhatia & Nolan, 2013; Finocchio & 
Majumdar, 2017; Tao & Zhang, 2015). Furthermore, the sample size is the largest in the moderate shear group, 
compared to the weak or high shear groups.

Figure 4. Azimuthal variation of inflow angle (a) for the full sample, (b) weak shear (shear ≤5 m s −1), (c) moderate shear 
(5 m s −1 < shear <10 m s −1) and (d) high shear (shear ≥ 10 m s −1). The sample size (n), mean value (m) are also shown. Gray 
“x” symbols are individual dropsonde observations. The azimuthal angle is measured clockwise from the shear direction. 
Solid lines are cosine function fits. Black squares and error bars are bin averages and 95% confidence intervals respectively. 
The blue, red, and green numbers in (b–d) represent confidence interval percentages associated with the statistically 
significant differences for weak versus moderate shear, weak versus high shear, and moderate versus high shear groups, 
respectively.
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Figure 6 shows the azimuthal variation in the shear-relative inflow angle for intensifying and steady-state groups 
in both the eyewall and outer core regions. Regardless of the intensity change range, the degree of asymmetry is 
larger in the outer region than in the eyewall. This eyewall versus outer-core difference is similar to that when the 
data were grouped by shear magnitude for all intensity change rates shown earlier. In both the eyewall and outer 
regions, the results show that the degree of inflow angle asymmetry in the intensifying group is smaller than that 
in the steady-state group. The asymmetry amplitudes of intensifying and steady-state groups are 4.17° and 8.11° in 
the eyewall region and are 8.89° and 18.61° in the outer core region, respec tively. Moreover, we test the statistical 
significance between different quadrants in the outer core region. The differences between downshear-right and 
upshear-right, and that between downshear-left and upshear-left quadrants for the steady-state group in the outer 
core are statistically significant at the 95% confidence interval, while the difference between the downshear-right 
and upshear-right quadrants for the intensifying group in the outer core is not significant. This result suggests that 
the inflow angle in the steady-state group has a greater degree of azimuthal asymmetry than in the intensifying 
group, and that difference is maximized in the outer core.

Figure 5. Azimuthal variation in inflow angle (left) near the eyewall (0.5 < r* < 1.5; gray “x” symbols) and (right) outside 
the core (2.5 < r* < 7.5; gray “o” symbols) for (a), (b) weak shear (shear ≤5 m s −1), (c), (d) moderate shear (5 m s −1 < shear 
< 10 m s −1), and (e), (f) high shear (shear ≥10 m s −1) groups. The sample size (n), mean value (m) are also shown. Note 
that gray “x” and “o” symbols are observations from individual dropsondes. Solid black lines are cosine function fits. Black 
squares and error bars show bin averages and 95% confidence intervals respectively. The blue, red, and green numbers 
represent confidence interval percentages associated with the statistically significant differences for weak versus moderate 
shear, weak versus high shear, and moderate versus high shear groups, respectively. The purple numbers represent confidence 
interval percentages associated with the statistically significant differences between the eyewall and outer core regions.
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This result indicates that a more symmetric inflow distribution in the boundary layer favors TC intensification. 
Rogers et al. (2016) found that a more symmetric distribution of deep convection favors TC rapid intensification 
compared with an asymmetric distribution, supporting the idea that boundary layer convergence or inflow is more 
symmetrically distributed in intensifying storms, in agreement with our observations. Numerical studies (e.g., 
Tao & Zhang, 2019; Zhang & Rogers, 2019) also found that the most symmetric vortex structure was close to the 
onset of TC rapid intensification. Rios-Berrios and Torn (2017) showed that both the mid-tropospheric relative 
humidity and surface latent heat fluxes are more symmetric in intensifying storms than in steady-state storms, 
suggesting a potential linkage of the boundary layer inflow, surface flux and mid-level thermal structure in TCs 
and the important role of their azimuthal distributions in intensity change.

4. Conclusions
A composite analysis was conducted to investigate the distribution of the surface inflow angle in hurricanes with 
different intensity change rates under different environmental shear conditions using a total of 3,655 dropsondes 
from 44 storms. The results showed that the mean inflow angle for the full sample was −21.12°, which confirms 
that the axisymmetric radial flow from all samples is inflow. Furthermore, the magnitude of the axisymmetric 
inflow angle increases with the radial distance from the center, in agreement with the findings of Z12.

In terms of the radial variation of the azimuthally-averaged inflow angle, the magnitude of the inflow angle close 
to the eyewall region (r* < 2) is comparable among the different shear magnitude and intensity change groups. 
The magnitude of the azimuthally-averaged inflow angle in the outer region (r* > 3) decreases with increasing 
shear magnitude and is smaller in intensifying storms than in steady-state storms.

There is a shear-relative asymmetry in the inflow angle that varies with shear magnitude and intensity change, 
with the inflow angle magnitude, on average, larger on the downshear side. This asymmetry pattern appears in 

Figure 6. Azimuthal variation of inflow angle (left) in the eyewall (0.5 < r* < 1.5; gray “x” symbols) and (right) the outer 
core region (2.5 < r* < 7.5; gray “o” symbols) for (a), (b) intensifying, and (c), (d) steady-state storms under moderate shear 
(5 m s −1 < shear < 10 m s −1). The sample size (n), mean value (m) are also shown. Note that gray “x” and “o” symbols are 
observations from individual dropsondes. Solid black lines are cosine function fits. Black squares and error bars show bin 
averages and 95% confidence intervals respectively. The green numbers represent confidence interval percentages associated 
with the statistically significant differences between intensifying and steady-state storms. The purple numbers represent 
confidence interval percentages associated with the statistically significant differences between the eyewall and outer core 
regions.
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both the eyewall and outer-core regions. The amplitude of the shear-relative inflow angle asymmetry increases 
with the shear magnitude in both regions. Regardless of intensity change rate, the degree of inflow angle asym-
metry is larger in the outer core region than in the eyewall region.

The shear-relative distribution of the inflow angle was also examined in storms with different intensity change 
rates for the moderate shear group. In both the eyewall and outer core regions, the degree of inflow angle asym-
metry in the intensifying group was smaller than that in the steady-state group. The largest inflow angle magni-
tude is located in the downshear to downshear-right side of the storm in the outer core within the steady-state 
group. The more symmetric boundary layer inflow could potentially lead to more symmetric convergence and 
forced convection immediately out of the boundary layer (Miyamoto & Takemi, 2015; Zhang & Rogers, 2019) 
and in turn affect deep convection distribution under similar instability conditions.

Notably, the focus in this paper has been on documenting the relationship between inflow angle and shear magni-
tude as well as that between inflow angle and TC intensity change. Future work will explore the combined effects 
of storm motion and environmental shear on the inflow angle distribution and its relationship to intensity change, 
mostly using a numerical approach given that a much larger observational data set than that used in this study is 
required. “Constructive” versus “destructive” interference of azimuthal asymmetries in the inflow angle driven 
by translation, phasing favorably or unfavorably with asymmetries driven by shear, and its relationship to TC 
intensity change will be investigated in this framework. Future work will also evaluate the impacts of different 
types of shear on the asymmetric distributions of inflow angle and convection. The relationships documented 
through this work can additionally be evaluated in numerical models and wind products used to drive storm surge 
models, providing a means of improving the structure of the surface wind field and associated surge prediction.

Data Availability Statement
The dropsonde data used in this study can be accessed from the Hurricane Research Division of National Oceanic 
and Atmospheric Administration's Atlantic Oceanographic and Meteorological Laboratory through the website: 
https://www.aoml.noaa.gov/hrd/data_sub/hurr.html. The SHIPS data used in this study can be accessed from 
https://rammb.cira.colostate.edu/research/tropical_cyclones/ships/developmental_data.asp website.
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