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ABSTRACT: This study investigates the relationship between the azimuthally averaged kinematic structure of the tropi-
cal cyclone boundary layer (TCBL) and storm intensity, intensity change, and vortex structure above the BL. These rela-
tionships are explored using composites of airborne Doppler radar vertical profiles, which have a higher vertical resolution
than typically used three-dimensional analyses and, therefore, better capture TCBL structure. Results show that the BL
height, defined by the depth of the inflow layer, is greater in weak storms than in strong storms. The inflow layer outside
the radius of maximum tangential wind speed (RMW) is deeper in intensifying storms than in nonintensifying storms at
an early stage. The peak BL convergence inside the RMW is larger in intensifying storms than in nonintensifying storms.
Updrafts originating from the TCBL are concentrated near the RMW for intensifying TCs, while updrafts span a large
radial range outside the RMW for nonintensifying TCs. In terms of vortex structure above the BL, storms with a quickly
decaying radial profile of tangential wind outside the RMW (“narrow” vortices) tend to have a deeper inflow layer outside
the RMW, stronger inflow near the RMW, deeper and more concentrated strong updrafts close to the RMW, and weaker
inflow in the outer core region than those with a slowly decaying tangential wind profile (“broad” vortices). The narrow
TCs also tend to intensify faster than broad TCs, suggesting that a key relationship exists among vortex shape, the BL kine-
matic structure, and TC intensity change. This relationship is further explored by comparisons of absolute angular momen-
tum budget terms for each vortex shape.

KEYWORDS: Boundary layer; Tropical cyclones; Air-sea interaction; Budgets; Aircraft observations;
Radars/Radar observations

1. Introduction

A major challenge in tropical cyclone (TC) research and
forecasting is to understand and predict the physical processes
underlying TC intensity change (Gall et al. 2013; Cangialosi
et al. 2020). The difficulty for intensity forecasting is partly
due to a lack of understanding of the physical processes gov-
erning TC intensity change (Kaplan et al. 2015) that span
multiple spatial and temporal scales. Early theories of TC
intensification took an essentially axisymmetric view of
the vortex evolution and underlying physical processes (e.g.,
Ooyama 1969; Emanuel 1986, 1995). Studies employing an
axisymmetric balance framework (i.e., vortex constrained to
evolve in gradient and hydrostatic balance) in particular
have focused on the radial location of diabatic heating and
the symmetric vortex response to this heating (Schubert and
Hack 1982; Shapiro and Willoughby 1982; Hack and Schubert
1986; Nolan et al. 2007; Pendergrass and Willoughby 2009;
Vigh and Schubert 2009; Heng and Wang 2016). Observa-
tional studies, including airborne Doppler radar data (Rogers
et al. 2013) and flight-level and satellite-derived lightning data
(Stevenson et al. 2018), have documented a relationship where
deep convection preferentially located inside the radius of
maximum wind (RMW) was associated with intensifying
TCs, while deep convection preferentially located radially
outward, at the RMW or outside, was associated with

nonintensifying TCs. One interpretation of these observa-
tions within the axisymmetric balance framework is that the
efficiency of diabatic heating from deep convection is en-
hanced when the heating occurs within the high inertial stabil-
ity region inside the RMW (e.g., Hack and Schubert 1986;
Nolan et al. 2007; Pendergrass and Willoughby 2009).

Smith and Montgomery (2016) offered an alternate, and ar-
guably more direct, explanation for the dependence of inten-
sification rate on the radial location of heating by noting that
the lower branch of the heating-induced secondary circulation
will tend to advect angular momentum surfaces inward (out-
ward) across the RMW and strengthen (weaken) the maxi-
mum wind when the heating is positioned inside (outside) of
the RMW. This explanation is tied to the conventional bal-
ance spinup mechanism (Ooyama 1969). They cautioned,
however, that understanding intensification cannot be ac-
complished apart from explicit consideration of the dynam-
ics and thermodynamics of the TC boundary layer (BL).
Essentially, in terms of the dynamics, agradient forcing in
the boundary layer helps spin up a TC vortex when the in-
flowing air radially advects absolute angular momentum at a
rate exceeding the rate of removal by the frictional torque,
referred to by Montgomery and Smith (2014) as the bound-
ary layer spinup mechanism. Montgomery et al. (2014a) and
Sanger et al. (2014) have illustrated this mechanism using
case studies with dropsonde data. The coupling between the
flow within the TCBL and the flow above, and the coupling
between the boundary layer and conventional spinup mech-
anisms, means that generally it is not possible to isolate anyCorresponding author: Jun A. Zhang, jun.zhang@noaa.gov
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one process as causing TC intensification (Montgomery and
Smith 2014; Kilroy et al. 2016; Smith et al. 2021).

In a recent study of the TC life cycle in an idealized, quies-
cent environment, Smith et al. (2021) examined this coupling
during periods of intensification, steady state intensity and
weakening. A period of transient (;1–2 days) weakening in
particular illustrated the complex relationship between eye-
wall vertical mass flux, flow changes above the boundary
layer, TCBL processes, and rainband development. One of
the key findings near the onset of the weakening period is a
reduction in the ability of eyewall convection to ventilate air
exiting the TCBL within the eyewall. Although the vertical
mass flux above the TCBL can be approximated reasonably
by the balanced response to diabatic heating in the eyewall re-
gion, the heating magnitude itself depends on the thermody-
namic structure of the TCBL. Furthermore, according to the
boundary layer control mechanism articulated by Kilroy et al.
(2016), outside the immediate vicinity of the eyewall updraft,
the radial inflow and vertical motion within the TCBL are
largely determined by the TCBL dynamics. The spatial distri-
bution of heating (e.g., RMW-relative location of peak heat-
ing) is then tied to the radial convergence governed by the
TCBL dynamics. With the eyewall convection unable to venti-
late all of the air exiting the TCBL, radially extensive outflow
develops at its top which 1) causes angular momentum surfa-
ces to move outward, promoting local vortex spindown above
the TCBL and 2) was argued to support rainband develop-
ment well outside the eyewall (Kilroy et al. 2016; Smith et al.
2021). The transient weakening of the peak wind in the TCBL
proceeds as the reduced (gradient balanced) pressure gradient
field is communicated to the TCBL, and, through the TCBL
dynamics, inflow and angular momentum advection near the
eyewall are reduced. At the same time, the greater rainband
activity appears to disrupt the prior symmetry and vigor of
eyewall convection. This, too, is likely to have a negative im-
pact on intensification through the decreased convective mass
flux available to ventilate the air flowing out of the TCBL and
the attendant enhancement of low-level radial outflow (Smith
et al. 2021). While the discussion above has focused on the
weakening stage of TCs, similar reasoning can be applied for
the intensification stage, except in that case the convective
mass flux is able to ventilate the air flowing out of the TCBL,
and in fact can result in a net inward mass flux above the
TCBL that advects higher angular momentum air inward (i.e.,
the conventional spinup mechanism).

As noted above, it is impossible to point to any one of these
mechanisms as causing TC intensification or weakening owing
to the substantial coupling between them. We take a similar
view here in our analysis of radar-observed TCBL structure
and its relationship to intensity change. That is, we examine
what the TCBL kinematic structure conveys about its contri-
bution to intensity change, but avoid cause and effect type ar-
guments based on that structure. Rather, the objectives here
are to exploit the capabilities of Doppler radar vertical profile
data to document the azimuthal-mean kinematic structure with
horizontal scales . 1.5 km and vertical scales . 150 m and
characterize how this structure varies as a function of vortex-
scale structure and intensity change rate. Such an examination

can shed insight on the validity of the processes and relation-
ships described above.

2. Data and methodology

a. Airborne Doppler profile analyses

In this study, vertical profile data from NOAA WP-3D tail
Doppler radar (TDR) observations are analyzed. TDR data
has helped improve our understanding of the multiscale struc-
ture of hurricanes (e.g., Marks 1985; Marks and Houze 1987;
Gamache et al. 1995; Marks et al. 1992, 2008; Reasor and
Eastin 2012; Guimond et al. 2016a; Rogers et al. 2015, 2019;
Fischer et al. 2022). The TDR on the WP-3D aircraft scans in
cones 208 fore and aft of the plane normal to the length of the
fuselage. The analysis of the three wind components can be
done in three dimensions along the flight track of the radar,
but this requires the solution of the mass continuity equation
which tends to smooth the wind solution. The number of
points in the aforementioned three-dimensional variational
solution is limited by computer memory and execution-time
constraints. Thus, the vertical spacing of the analysis in most
cases is limited to 500 m. To avoid both the smoothing result-
ing from integrating the mass-continuity solution and the lim-
ited vertical resolution, a vertical profile analysis method was
developed. Our purpose here is to clarify aspects of this
method that was first described by Lorsolo et al. (2010) but
may not have been evident in their presentation. We also
update the description to the current configuration used in
operations.

The vertical profile analysis method assumes that the radial,
tangential (azimuthal), and vertical winds are constant within
a grid cell that extends 1.5 km inward and outward from the
grid point location along the flight track (i.e., 3 km wide in ra-
dius), 150 m above and below the grid point, and up to 10 km
in arc (i.e., arc centered on storm center) on either side of the
flight track (Fig. 1a). Grid points along the aircraft track are
determined every 1.5 km in radius and 150 m in height. This
affords a somewhat smoother appearance than if each grid
cell had totally different observations. Only radials with Earth-
relative elevations greater (lower) than 308 (2308) are used,
so that when the aircraft flies at ;3-km altitude, the Doppler
radials used below the aircraft (most relevant to the present
study) are within 6 km on either side of the aircraft near the
surface, and within an increasingly narrower range from the
surface up to the aircraft altitude. The choice of grid cell and
its azimuthal dimension is designed to be as small as possible
while affording enough angle diversity to determine all three
wind components geometrically (Fig. 1b).

An advantage of using a grid cell based upon radius and
azimuth, rather than along-track and cross-track dimension,
is that the winds can be determined in a grid that does not
change as the aircraft turns into the constantly changing cross-
wind and maneuvers around intense convective cells. The
Doppler observations, recorded in an airframe-relative coor-
dinate system, are converted to the Earth-relative coordinate
system using the method of Lee et al. (1994). Since it is the ra-
dial and tangential winds that are determined, and not the
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Earth-relative Cartesian wind components, the direction co-
sines of the Doppler radials are computed based upon the azi-
muth at the location of the observation, relative to the storm
center. The angular diversity of observations means that the
radial (u), tangential (y), and vertical (W) precipitation mo-
tions in each grid cell are overdetermined and the solution
minimizes the square of the difference between the projection
of the precipitation motion and the Doppler radial velocity at
each observation location, summed over all the equally weighted
observations in the grid cell, as described by

JO 5 ∑
N

i50
(Vi

ro 2 Vi
rs)2, (1)

where Vi
ro is the ith Doppler radial velocity observation within

the grid cell, and

Vi
rs 5 aiu 1 biy 1 g iW: (2)

The term Vi
rs is the projection of the overdetermined solution

wind in the grid cell on the ith Doppler observation direction
given by the direction cosines ai (radial), bi (azimuthal), and
g i (vertical), which are defined by

ai 5 cosc i cosu i cosfi 1 sinc i sinu i cosfi, (3)

bi 52sinc i cosu i cosfi 1 cosc i sinu i cosfi, (4)

g i 5 sinfi, (5)

where u is the angle between the horizontal projection
of the Doppler pointing direction and due east, defined

counterclockwise, f is the elevation angle defined positive
upward, which is the angle between the Doppler radial
and horizontal, and c is the azimuth of the observation rel-
ative to the storm center, defined counterclockwise from
east. The J0 may then be expressed as

J0 5 ∑
N

i50
(Vi

ro 2 a iu 2 b iy 2 g iW)2: (6)

The J0 is then minimized through least squares to give u, y,
andW by solving the system of three equations:

J0
u

5 0,
J0
y

5 0,
J0
W

5 0: (7)

Once the three components of precipitation motion are deter-
mined, then the estimated precipitation terminal fall speed VT

is subtracted from the vertical precipitation motion W to give
the vertical wind w:

w 5 W 2 VT , (8)

where the fall speed in rain has the form of

VT 522:6Z0:107 r0
r

( )0:45
, (9)

while the fall speed in snow has the form of

VT 520:817Z0:063 r0
r

( )0:45
: (10)

FIG. 1. (a) TDR scanning pattern (thin blue lines) at a given storm-relative grid cell (thick blue boundary) along the
flight track (red line). (b) Plan view illustration of angles u and c and direction cosine a (see text) associated with fore
and aft Doppler measurements (cross-hatched thin blue lines) within a grid cell (thick blue boundary) centered on the
flight track (red line). Black arrows indicate the horizontal projection of the Doppler observation vector for observa-
tions i and i1 1, and the base of the arrow indicates the actual location of the observation. Purple arrows indicate the
direction along which direction cosines ai and ai11 are defined, and the directions of the direction cosines b i and b i11

(not shown) are perpendicular and to the left. Blue arrows indicate the due-east direction, u is the angle between the
horizontal projection of the Doppler-pointing direction and due east, defined counterclockwise from east, and c is the
azimuth of the observation relative to the storm center defined counterclockwise from east. The grid cells are 3 km
wide in radius, 300 m thick in height, and up to 10 km in azimuth (arc length).
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Here, VT is defined negative downward, Z is the averaged ra-
dar reflectivity within a grid cell, r is the air density at the grid
point, and r0 is the air density at sea level (Joss and Waldvogel
1970; Atlas et al. 1973). By first analyzing the vertical precipita-
tion motion, it is possible to separate the snow above from the
rain below in the stratiform regions, since there is an abrupt
change in the diagnosed precipitation vertical motion at
the melting level.

It is important to re-emphasize that the radial–vertical pro-
file analysis described above is only truly a radial cross section
through the TC to the extent that the flight track follows a cons-
tant azimuth. In reality, deviations from a nominal inbound or
outbound azimuth are common and, thus, the vertical profile
should always be interpreted in the context of the actual flight
track. The vertical profile NetCDF files, which are currently
produced during TC flight operations contain the radius and az-
imuth of each analysis grid point along the flight track, relative
to the specified storm center.

Figure 2 shows a comparison of the swath and profile obser-
vations of radial winds from the composite analyses given by
Rogers et al. (2012). The domain is zoomed into the lowest 3 km
to highlight differences in the structure of the radial flow in the
TCBL between the two different radar analyses. The peak in-
flow at 0.15-km altitude is consistent with composite dropsonde
studies of TCBL structure (Bell and Montgomery 2008; Zhang
et al. 2011; Ming et al. 2015; Ahern et al. 2019). The corner flow
region, representing strong outflow inside the RMW above the
top of the frictional inflow, is also more clearly observed by the
profile data. This region is where the BL convergence occurs
and where the radial location and strength of that convergence
are determined. The vertical velocity measurements from the
profile analysis are comparable to the swath analysis, though, as
swath and profile analysis retrievals are subject to an RMS error
of 1.6 and 1.4 m s21, respectively (see Table 2 of Rogers et al.
2012), when compared with flight-level measurements.

b. Cases used in the composite analysis

Table 1 summarizes the list of storms and number of flights
used in this study. Frequency distributions of the best track
storm intensity (Vmax), 12-h intensity change from the time of
the TDR observation, and RMW are presented in Fig. 3. The
storm intensities range from 30 to 160 kt (1 kt ’ 0.51 m s21),
the intensity-change rates range from 260 to 30 kt (12 h)21,
and the RMWs range from 15 to 160 km.

We use a composite analysis approach to analyze the profile
data following Zhang et al. (2011) and Rogers et al. (2012), in
which data are averaged as a function of the radius r that is nor-
malized by the RMW at 600-m altitude; that is, r* 5 r/RMW600m,
with a bin width of 0.1r*. The horizontal views of the radial legs
of the radar profile data in both Earth-relative and shear-relative
frameworks are shown in Fig. 4, suggesting a reasonably good
azimuthal coverage that is not biased toward a geographic or

FIG. 2. Composite axisymmetric radial wind (Vr) from (a) swath and (b) profile data. Data from a minimum of 20 analyses are required for
plotting. Adapted from Figs. 7c and 7d of Rogers et al. (2012) using all radar legs in their Table 1.

TABLE 1. List of years, storm names, and numbers of P3 flights
(in parentheses) for the Doppler profile data used in this study.

Year Storm name (No. of flights)

1997 Guillermo (2)
2003 Fabian (3), Isabel (3)
2004 Frances (6), Ivan (10), Jeanne (5)
2005 Katrina (4), Ophelia (6), Rita (4), Wilma (1)
2007 Felix (2)
2008 Dolly (4), Fay (5), Gustav (5), Ike (1), Paloma (3)
2009 Bill (2)
2010 Earl (10)
2014 Arthur (2), Bertha (1), Cristobal (3), Edouard (6),

Gonzalo (2)
2015 Danny (2)
2016 Earl (3), Karl (2), Matthew (5)
2019 Barry (5), Dorian (19), Humberto (4), Jerry (3),

Lorenzo (3), Nestor (2)
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shear-relative location within the TC. There are slightly (;4%)
more radial legs on the downshear side than the upshear side
but the difference is not statistically significant. We focus on the
axisymmetric TCBL structure in this study.

3. Results

a. Characterizing mean PBL kinematic structure as
a function of TC intensity

The first task is to establish the fidelity of the composite
profile analyses in capturing key characteristics of the TC pri-
mary and secondary circulations. This is done by comparing
the structures of the azimuthally averaged tangential wind
speed (hVti), radial flow (hVri), vertical velocity (hwi), and di-
vergence (hDivi) for weak (50 kt , Vmax , 96 kt) and strong
(Vmax $ 96 kt; cf. Fig. 3a) TCs. The hVti is shown as a function
of r* and z for weak and strong TC groups1 in Figs. 5a and 5b,
respectively. As expected, the maximum value of hVti is closely

related to the best track storm intensity, consistent with the use
of hVti as an additional measure of storm intensity to the
maximum 1-min sustained 10-m wind speed (e.g., Bryan and
Rotunno 2009; Zhang et al. 2017b). The peak hVti at the
RMW represents the boundary layer jet that is located at
;500-m altitude in both groups. The radial variation of the
height of the maximum hVti is denoted by the black dashed
line in Figs. 5a and 5b, showing an increasing trend with
radius.

Composites of azimuthally averaged radial wind (hVti) show
that the maximum inflow is located at the lowest vertical level
(150 m) of the composites outside the RMW (Figs. 5c,d).
Dropsonde composites of Zhang et al. (2011) showed that the
maximum axisymmetric inflow is located at 100–200-m alti-
tude, which is consistent with our result. The magnitude of the
peak inflow increases with storm intensity in a similar manner
to the maximum hVti. The radial location of the peak inflow is
outside the RMW, in general agreement with the dropsonde
composite of Zhang et al. (2011). The maximum outflow im-
mediately above the inflow layer (i.e., corner flow region;
cf. Fig. 2 and associated discussion) also increases with storm
intensity, indicating a positive correlation between the peak in-
flow and outflow strengths. The outflow strength within the
corner flow maximizes inside the RMW for all intensity groups.
There are two peaks of outflow (at r* ; 1 and r* ; 2 in the
z 5 1.5–2-km layer) in the composite of the strong group,
with the outer peak likely indicating secondary eyewall or
strong outer rainband features outside the RMW.

The frictional inflow layer is denoted by the black solid
lines in Figs. 5c and 5d and its depth is taken as the height of
10% of maximum magnitude of negative radial wind (i.e.,
peak inflow strength) following Zhang et al. (2011). Consis-
tent with the dropsonde composite of Zhang et al. (2011), the
Doppler profile composite shows an increase of the inflow
layer depth with radius outside the RMW. The height of
maximum hVti, indicated by the “x” marks in Figs. 5c and 5d,
is within the inflow layer for both strong and weak TCs. Inter-
estingly, both the inflow layer depth and jet height at a
given radius outside the RMW are greater in weaker
storms. This result may be explained by the dynamical scaling
of the boundary layer top in TCs (Kepert 2001; Smith and
Montgomery 2020). The boundary layer height (h) is propor-
tional to the square root of the ratio of vertical eddy diffusivity
(Km) to inertial stability (I) in the form of h 5 (2Km/I)

1/2. Pre-
vious observational results suggested that the Km nearly line-
arly increases with the wind speed (Zhang et al. 2011).
However, the inertial stability approximately increases with the
square of the wind speed (Zhang and Marks 2015). Thus, the
extent of increase in the inertial stability with storm intensity is
much larger than the extent of increase inKm with storm inten-
sity, which in turns leads to a shallower boundary layer for
stronger storms. This reasoning may help explain why weaker
storms tend to have deeper dynamical boundary layers.

One of the advantages of the Doppler radar profile is that
the vertical velocity measurement has much higher radial res-
olution than dropsondes, which are limited to where drop-
sondes are released and typically are spaced ;20 km or more
apart. Previous dropsonde composite analyses did not include

FIG. 3. Histograms of (a) storm intensity (Vmax; kt), (b) 12-h in-
tensity change (Vmax:t12 2 Vmax:t0; kt), and (c) radius of the maxi-
mum wind speed at 600-m altitude (RMW; km) associated with the
Doppler profile data. The green color in (a) represents the weak
TC group, while the pink color represents the strong TC group.
The black color in (b) represents the weakening (WE) group, the
blue color represents the steady-state (SS) group, and the red color
represents the intensifying (INT) group.

1 Here, the storm intensity stratification method followed that
used in the dropsonde composite analysis of Zhang et al. (2011),
except that the weak TC group includes both minor hurricanes
and tropical storm strength storms to cover early-stage TCs.
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the vertical velocity partly because of this coarse radial cover-
age. Here, we present the composite of the azimuthally aver-
aged vertical velocity (hwi) in the TCBL based on the radar
profile analyses. This dataset allows us to examine the loca-
tions of peak low-level updrafts and their linkage to storm in-
tensity and intensity change. Composites of vertical velocity
for the two intensity groups are shown in Figs. 6a and 6b. The
maximum composite ascent is located inside the RMW for
both groups. This structure is similar to that above the bound-
ary layer in the Doppler swath composites as in Rogers et al.
(2012). The magnitude of the peak composite ascent increases
with storm intensity, which is consistent with the behavior
of both the maximum inflow and outflow flow strengths
(cf. Figs. 5c,d) and follows mass continuity.

Composites of azimuthally averaged divergence (hDivi) show
that the peak radial convergence, as indicated by the negative
values in Figs. 6c and 6d, is located at;150-m altitude (the low-
est resolvable level of the profile) and inside the 600-m altitude
RMW in both weak and strong TC groups. The magnitude of
the peak convergence in the strong group is much larger than
that in the weak group, which is consistent with the larger peak
vertical velocity below 500 m in the strong group (cf. Figs. 6a,b)
by mass continuity.

b. Relationship between mean BL kinematic structure
and TC intensity change

In this section, we stratify weak and strong composites of
the TCBL kinematic structure into intensifying (INT), steady-
state (SS) and weakening (WE) TCs. The INT group includes
storms with a future 12-h intensity change greater than or
equal to 10 kt. The SS group includes storms with 12-h inten-
sity change between 210 and 10 kt. The WE group includes
storms with 12-h intensity change smaller or equal to 210 kt
(cf. Fig. 3b). Figure 7 shows the Vt composites for these
groups of TCs. The boundary layer jet (at the RMW) is cen-
tered at 300–600-m altitude for all three groups, independent

of TC intensity. The height of the maximum Vt is comparable
among the intensity change groups for both weak and strong
TCs.

The strength of the BL jet is also comparable among the
three intensity change groups for both strong and weak TCs
(Fig. 7). Both weak and strong TCs are broader outside the
RMW in the SS and WE groups than in the INT group, with
stronger tangential winds being outside the RMW (r* . 2) for
SS and WE TCs. A similar relationship between tangential
winds outside the RMW and TC intensity change was found
in Rogers et al. (2013). The difference in outer-core winds be-
tween intensity change groups is more pronounced for strong
TCs. Weak TCs in the WE group have a secondary tangential
wind maximum outside the RMW.

INT, SS and WE composites of hVri in weak and strong
TCs are compared in Fig. 8 with the black line showing the
top of the inflow layer. In all cases, the TCBL jet denoted by
the black x, which has previously been shown to be supergra-
dient (Smith et al. 2009), is located inside the strong inflow
layer. The maximum resolved inflow strength in all compo-
sites is located at ;150-m altitude above the surface and is
located outside the RMW. The peak inflow strength is com-
parable among the three groups for both weak and strong
TCs, with the peak inflow being largest near the RMW in
the INT group. Interestingly, the radial location of the peak
inflow shifts farther outward from the RMW as the intensifi-
cation rate decreases (from INT to SS, and then to WE).

The peak outflow strength inside the RMW is weaker in
the SS and WE groups than in the INT group, especially for
strong TCs. The INT composite has weak inflow above the
frictional layer outside the RMW. However, there are second-
ary outflow peaks outside the RMW (between r* 5 1.5 and 2.5)
above the inflow layer in both SS and WE groups of both weak
and strong TCs, which is not obvious in the INT group. The in-
flow layer depth is larger in weak TCs than in strong TCs for
all three intensity change groups. Interestingly, the inflow layer

FIG. 4. Horizontal view of radial flight legs in (a) Earth-relative and (b) shear-relative frameworks for all the
Doppler profile data. Shear vector in (b) points toward the top of the figure. Note that only data from flights that
have more than four radial legs of good data points are included in the composite analysis.
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outside the RMW is much deeper in the INT group than in
both SS andWE groups of weak TCs.

The INT, SS, and WE composites of hwi in both weak and
strong TCs show the peak updraft inside the 600-m RMW
with a relatively small difference in strength for weak TCs
(Fig. 9). Convection, inferred from deep regions of composite
ascent, is primarily concentrated near the RMW in the INT
composite (Figs. 9a,d). This result suggests that stronger inflow
near the RMW associated with intensifying TCs (cf. Figs. 8a,d)
organizes convection more inside the RMW during intensifica-
tion, while the stronger inflow outside the RMW in steady-state
or weakening TCs is tied to more convective activity in the
outer core region. Differences in the radial location of peak up-
draft inside the RMW are insignificant among the three inten-
sity change groups for both weak and strong TCs.

A clearer signal between vertical velocity and intensity
change is seen outside the RMW, where there is greater com-
posite azimuthal-mean ascent within r* 5 2–3, reflecting more

convective activity in the SS and WE groups than in the INT
group for both weak and strong TCs. The convective activity
in WE cases is even less focused than in the steady state cases,
as indicated by more radially expanded updraft peaks. This
result suggests that the radial distribution and coverage of
convective activity outside the RMW is tied to TC intensity
change.

c. Relationship of mean TCBL kinematic structure to
vortex-scale structure

The results shown in the previous subsection have
highlighted differences in TCBL structure that are related to
TC intensity change, including the shape of the tangential
wind field, the peak inflow strength and location, the depth of
the inflow layer, and the strength and radial distribution of
peak updrafts. Here we focus on one aspect of vortex struc-
ture, the shape of the tangential wind field just above the
TCBL, to investigate its relationship to the TCBL flow structure.

FIG. 5. Plots of composite axisymmetric tangential wind (Vt) for (a) weak and (b) strong tropical cyclones (TCs),
and composite axisymmetric radial wind (Vr) for (c) weak and (d) strong TCs as a function of normalized radius
(r/RMW600m) and height. The weak group is for storms with intensity between 50 and 96 kt, while the strong group is
for storms with intensity greater than 96 kt. The black dashed line in (a) and (b) represents the height of the maximum
Vt. The thick black line in (c) and (d) represents the inflow layer depth defined as the height of 10%maximum inflow.
The black x mark in (c) and (d) shows the location of maximum Vt.
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Composite analyses of Doppler swath data in TCs have shown
that broader vortices with higher outer-core inertial stability
have reduced inflow above the TCBL, implying a linkage
between the midlevel inflow with the inertial stability in a bal-
anced vortex (Rogers et al. 2013). A recent study by Smith and
Montgomery (2020) discussed how some previous studies have
wrongly invoked this idea of radial flow resistance with greater
outer-core inertial stability in the TCBL. In this section, we eval-
uate the TCBL kinematic structural differences for storms with
different vortex structures, as defined here in terms of the radial
decay rate of tangential wind, and explore its relationship with
TC intensity change.

1) PBL STRUCTURE IN NARROW AND BROAD VORTICES

We composite the Doppler profile data for narrow and
broad vortex profiles above the inflow layer (1.5-km altitude)
outside the RMW, as shown in Fig. 10a. There are ;30 flights
for both the narrow and broad composite profiles, defined as
the upper and lower 33% of the total samples of the radial

rate of tangential wind decay, respectively. Note that each in-
dividual radial profile of tangential wind is an average of all
profile data for a given flight. The narrow vortex has a smaller
inertial stability outside the RMW (r* . 2) than the broad
vortex (Fig. 10b).

Differences in the maximum hVti at 1.5-km altitude (and as-
sociated best track intensity, cf. Table 2) are not statistically
significant in the narrow and broad vortex groups. However,
the narrow vortices intensified while the broad vortices weak-
ened, as the average 12-h intensity change for the narrow
(broad) vortex group is 5.2 kt (22.5 kt). Differences in sea
surface temperature (SST), midlevel environmental moisture,
and environmental shear magnitude and direction between
the narrow and broad groups are not statistically significant at
the 95% confidence level (Table 2), indicating that the differ-
ences in intensity change values between broad and narrow
vortices are not explained by these environmental parameters.

Composites of hVti within and above the TCBL for the nar-
row and broad vortex groups are shown in Figs. 11a and 11b,
respectively. Peak values of hVti are comparable between the

FIG. 6. Plots of composite axisymmetric vertical wind (w) for (a) weak and (b) strong tropical cyclones (TCs), and
composite axisymmetric divergence (div) for (c) weak and (d) strong TCs as a function of normalized radius
(r/RMW600m) and height. The weak group is for storms with intensity between 50 and 96 kt, while the strong group is
for storms with intensity greater than 96 kt.
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two datasets, but the difference field in Fig. 11c clearly shows
the structural differences between the narrow and broad vor-
tices. The jet height at the RMW (r* 5 1) is also located at a
higher altitude in the narrow vortex than in the broad vortex.

The radial flow field for each vortex structure is shown in
Figs. 11d and 11e. While the peak inflow values are compara-
ble for the different vortex types, the radial location of the
peak inflow is substantially different. The peak inflow is

located right outside the RMW (1–1.5r*) in the narrow vortex
(Fig. 11d), while it is located at the outer radii (2.5–3r*) in the
broad vortex (Fig. 11e). Given that the inertial stability is
larger outside the RMW in the broad vortex than in the nar-
row vortex (Fig. 10b), this result indicates that the strength of
the peak inflow in the frictional inflow layer is not purely cor-
related with the inertial stability. This result is consistent with
the finding of Smith and Montgomery (2020), based upon the

FIG. 7. Plots of composite axisymmetric tangential wind (Vt) for (a) intensifying (INT), (b) steady-state (SS), and
(c) weakening (WE) weak tropical cyclones (TCs), and that for (d) INT, (e) SS, and (f) WE strong TCs as a function
of normalized radius (r/RMW600m) and height. The INT group is for storms with a future 12-h intensity change larger
than 10 kt; the SS group is for storms with future 12-h intensity change magnitudes less than 10 kt; and the WE group
is for storms with a future 12-h intensity change less than 210 kt. The black dashed line in each panel represents the
height of the maximum Vt.
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linear generalized Ekman model, that the peak inflow at any
radius within the PBL is not correlated with the inertial
stability.

On the other hand, the radial flow does appear to be nega-
tively correlated with the inertial stability above the inflow
layer (z. 1 km), which shows regions of weak (1–2 m s21) in-
flow for narrow vortices and near-zero inflow, and even weak
outflow, for broad vortices (Figs. 11d,e). Inflow above the
TCBL for narrow vortices suggests that convection within the
eyewall is generally more than sufficient to ventilate the air
exiting the TCBL, so that air above the TCBL is drawn in-
ward to satisfy mass continuity (Kilroy et al. 2017a; Smith et al.

2021). In contrast, outflow outside the RMW above the
TCBL for broad vortices may in part (see below) indicate an
inability of eyewall convection to ventilate the mass exiting
the TCBL, resulting in weak outward flow above the TCBL.
This outflow is likely associated with an outer updraft induced
by an outer rainband or secondary eyewall.

As mentioned above, the main difference in radial flow in
the friction layer between the two vortex types is in the radial
location of the peak frictional inflow outside the RMW. The
broad vortex has a larger near-surface (z , 500 m) inflow in
the outer core region (r* . 2.5), while the narrow vortex has a
larger near-surface inflow near the RMW (1 , r* , 1.5;

FIG. 8. As in Fig. 7, but for the composites of axisymmetric radial wind (Vr). The thick black line represents the inflow
layer depth. The black x shows the location of maximum Vt.
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Figs. 11d,e). The hVri difference pattern, significant at the
95% confidence level, extends up to ;1-km altitude (Fig. 11f).
Figures 11d and 11e also show that the inflow layer is deeper in
the narrow vortex than in the broad vortex.

Composites of hwi show stronger and deeper maximum as-
cent inside the RMW in the narrow vortex than in the broad
vortex (Figs. 12a–c). This result is also quantitatively consis-
tent with the composite results of INT versus SS (or WE) TCs
shown in the previous section, as the narrow vortex TC on
average intensifies while the broad vortex TC weakens. The
local maximum in ascent immediately above the inflow layer
(z ; 0.5 km) is significantly larger for the narrow vortex

(Fig. 12c). The radial location of the maximum ascent inside
the RMW is comparable in the narrow and broad vortices.
Kepert (2017) pointed out that the inward displacement of
forced ascent from the RMW (dR) is proportional to the ra-
tio of the near-surface (10-m) maximum inflow magnitude
to the inertial stability above the BL [max(|Vr|)/I] based on
a dynamical scaling. Our hVri composites (Figs. 11d,e) and
radial profiles of inertial stability (Fig. 10) suggest that this
ratio near the RMW of the narrow vortex is larger than that
of the broad vortex. However, the difference in dR between
the narrow and broad vortices is small, which is a surprising
but interesting result when compared to this dynamical scaling.

FIG. 9. As in Fig. 7, but for the composites of axisymmetric vertical wind (w). The thick black line represents the
inflow layer depth.
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It was noted by Kepert (2017) that small storms tend to have
smaller dR, which may partly explain the relatively small dif-
ference in dR between two types of vortices, as narrow TCs
overall have smaller RMWs despite larger max(|Vr|)/I. Above
all, our profile composites (Figs. 7–12) indicate that dR in the
eyewall region is not tied to the TC intensity change.

These hwi composites suggest that there is significantly more
convective activity outside r* 5 1.5 for the broad vortex than
the narrow vortex (Figs. 12a,b), indicating outer rainbands or
secondary eyewalls are more frequent for the broad vortex.
This result agrees with the findings of hwi composites of INT
versus SS (or WE) groups, in that intensifying (narrow) TCs
tend to have more concentrated convective activity close to the
RMW than steady-state/weakening (broad) TCs. Greater con-
vective activity at r* . 1.5 for the broad vortex also may help
explain differences in radial flow structure above the TCBL
noted previously (cf. Figs. 11d,f). The balanced secondary circu-
lation associated with outer-core convection is a likely source of
outflow above the TCBL for the broad vortex (Fig. 11e). This

outflow is in addition to that potentially resulting from an in-
ability of eyewall convection to ventilate air flowing out of the
boundary layer for broad TCs as discussed earlier.

The peak convergence is located near the surface inside the
RMW in both composites (Figs. 12d,e). However, the magni-
tude of the peak convergence is statistically significantly larger
for the narrow vortex (Fig. 12f). This result is tied to the differ-
ence in TCBL inflow structure between the two vortices, and
it indicates that storms with stronger convergence tend to in-
tensify faster, given that the narrow TC group intensifies while
the broad TC group weakens. The stronger peak convergence
is consistent with the stronger azimuthal-mean ascent for nar-
row vortices mentioned earlier, indicating a greater evacuation
of mass from the BL in the narrow vortex. This result also sup-
ports the findings of TCBL inflow composites of INT, SS and
WE groups in the previous section. Although not statistically
significant, the outer-core (r* . 2) convergence within the
TCBL for the broad vortex is larger than that for the narrow
vortex. Prior studies have shown a relationship between en-
hanced TCBL convergence in the outer core and the presence
of organized convection there. For example, Rogers et al.
(2016; their Figs. 11 and 12) showed that weakening Hurricane
Edouard exhibited maximum convergence outside the RMW
where convection developed according to the Doppler swath
data, consistent with our findings based on profile composites.
Modeling studies have also suggested a coupling of processes
above the BL and the TCBL dynamics during secondary eye-
wall development (Rozoff et al. 2008; Huang et al. 2012; Kepert
2013; Montgomery et al. 2014b; Kepert and Nolan 2014).

2) MEAN ADVECTION OF ABSOLUTE ANGULAR

MOMENTUM

As mentioned earlier, theoretical studies (e.g., Smith et al.
2009) pointed out that an agradient force acts to spin up a
storm if the total advection of absolute angular momentum
(M) is larger than the reduction ofM by frictional torque. The
M budget equation is shown below:

hMi
t

52hVri
hMi
r

2 hwi hMi
Z

2hV′
r
M′

r i
2hw′ M′

Z i 1 Fr: (11)

Here M 5 rVt 1 1/2fr2, where r is radius and f is the Coriolis
frequency. The bracket represents an azimuthal average at
each vertical level, and the prime represents a deviation from
the azimuthal mean (i.e., a perturbation or “eddy”). Terms on

FIG. 10. (a) Plot of axisymmetric tangential wind (Vt) at 1.5-km alti-
tude normalized by its maximum as a function of normalized radius
(r/RMW) and (b) plot of inertial stability (I) calculated using the mean
wind profile normalized by its value at the RMW as a function of
r/RMW. RMW is the radius of the maximum tangential wind speed.

TABLE 2. Comparison of parameters for the Doppler profile composites of the narrow and broad vortices. Here, Vmax is the storm
intensity, INT12h is the 12-h intensity change, RMW is the radius of the maximum wind speed at 600-m altitude, SST is the sea
surface temperature, shearMag represents 850–200-mb shear magnitude, shearDir is the shear heading, and RHMD is the midlevel
environmental relative humidity.

Vortex type Vmax (kt) INT12h (kt) RMW (km) SST (8C) ShearMag (kt) shearDir (8) RHMD (%)

Narrow 99.7 5.2 27.6 29.0 13.7 102.9 55.9
Broad 100.3 22.5 30.9 29.2 14.4 116.7 50.3
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the right-hand side of Eq. (11) represent the mean radial ad-
vection of hMi, the mean vertical advection of hMi, the radial
eddy transport of hMi, the vertical eddy transport of hMi, and
the frictional dissipation term2 (Fr), respectively.

Using the composited wind fields, the mean advection
terms in the M budget for the broad versus narrow vortex are

evaluated. The eddy advection and friction terms cannot be
reliably estimated from the Doppler profile dataset since eddy
quantities are only available along a few radial flight legs sam-
pled over a several hour period, and thus the azimuthal mean
of products of eddy quantities would not be meaningful. This
is not considered a significant problem, though, because
the magnitude of the total eddy term is generally small
(5%–15%) compared to the mean advection term (Persing
et al. 2013; Smith et al. 2017; Leighton et al. 2018; Zhang
and Rogers 2019). The high wavenumber eddy terms may
be estimated using the Imaging Wind and Rain Airborne

FIG. 11. Plots of composite axisymmetric tangential wind (Vt) for (a) narrow and (b) broad vortices, and axisymmet-
ric radial wind (Vr) for (d) narrow and (e) broad vortices as a function of normalized radius (r/RMW600m) and height.
The difference field is shown in (c) and (f) for Vt and Vr, respectively. The black1 symbols in (c) and (f) labels where
the difference is statistically significant at 95% confidence level. The black dashed line in (a) and (b) represents the
height of the maximum Vt. The black solid line in (d) and (e) represents the inflow layer depth.

2 The frictional dissipation term includes both frictional dissipa-
tion of momentum near the surface and sub-grid turbulent diffu-
sion of momentum (e.g., Persing et al. 2013; Smith et al. 2017;
Zhang and Rogers 2019).
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Profiler3 (IWRAP) data that has a larger azimuthal cover-
age and resolution than the profile data in the boundary
layer (Guimond et al. 2020). Such an analysis is beyond the
scope of the present study, however.

Nonetheless, previous studies have shown that an axisymmet-
ric perspective of the three-dimensional physical processes

associated with TC intensity change can prove useful (e.g.,
Smith et al. 2021). The mean advection terms in the M budget
are evaluated here to provide insight into the first-order contri-
butions to TC intensification and, specifically, why the two types
of vortex structure are associated with different intensification
rates. A similar approach was followed in Zhang et al. (2017b),
who compared the mean advection of M in HWRF forecasts of
RI and non-RI cases related to PBL physics differences. They
found that the mean advection ofM close to the RMW was sig-
nificantly larger in the RI cases than in the non-RI cases, al-
though the mean storm intensity of the two groups was not

FIG. 12. Plots of composite axisymmetric vertical wind (w) for (a) narrow and (b) broad vortices, and divergence
(div) for (d) narrow and (e) broad vortices as a function of normalized radius (r/RMW600m) and height. The difference
field is shown in (c) and (f) for w and div, respectively. The black1 symbols in (c) and (f) labels where the difference is
statistically significant at the 95% confidence level. The black solid line represents the inflow layer depth.

3 Note that the resolution of the IWRAP data is much higher
than the profile data and thus provides significant advancements
in the understanding of the turbulent TCBL structure (Guimond
et al. 2018, 2020; Sroka and Guimond 2021).
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significantly different. Here, we document the structure of the
momentum advection terms that arises based on the observed
TCBL wind structure, which may provide a reference for future
modeling studies to infer whether a simulated structure is realis-
tic or not.

The hMi composites show larger values of M outside
the RMW in the broad vortex than in the narrow vortex
(Figs. 13a–c), consistent with the hVti comparison result4

in Fig. 11 and Table 2. The total mean advection of M is
compared between the narrow and broad vortices in Figs. 13d
and 13e with the difference field shown in Fig. 13f. The total
mean advection of M is positive below ;1-km altitude in both
narrow and broad vortices, indicating a positive contribution of
this term to the M tendency. The maximum M advection is
larger near the RMW in the narrow vortex than in the broad
vortex, consistent with the stronger inflow just outside the
RMW (cf. Figs. 11d and 11e). This difference indicates a faster

spinup for the narrow vortex, assuming that the friction term is
comparable for the two vortex profiles. Close to the RMW and
below 1.5-km altitude, the positive total advection ofM is larger
in the narrow vortex, suggestive of a faster spinup of the narrow
vortex there. However, the total advection ofM below 2-km al-
titude and at r* . 2 is much larger in the broad vortex than in
the narrow vortex, consistent with the stronger inflow and up-
ward motion for broad vortices at those radii (cf. Figs. 11 and 12)
and suggestive of the development of a secondary eyewall or
rainbands in this region.

Figure 14 separates the contributions to the total mean ad-
vection of M into its radial and vertical components. The
spinup of both vortices in the inflow layer contributed by the
positive total advection of M mainly comes from the radial ad-
vection of M, as the vertical advection negatively contributes
(although to a small extent) to theM tendency (Figs. 14a,b,d,e).
The negative radial advection of M inside the RMW resulting
from the outflow is fully offset by the vertical advection in both
vortices such that the positive total mean advection extends
above the inflow layer (cf. Figs. 13d and 13e). The magni-
tude of the radial advection near the RMW in the inflow

FIG. 13. Plots of composite axisymmetric absolute angular momentum (M) for (a) narrow and (b) broad vortices, and total advection of
M (total AD 5 2VrdM/dr 2 wdM/dz) in the M budget for (d) narrow and (e) broad vortices as a function of normalized radius
(r/RMW600m) and height. The difference field is shown in (c) and (f) for M and total AD, respectively. The black line denotes the inflow
layer depth.

4 Since the mean RMW for the broad vortices is only about
3 km greater than the narrow vortices (cf. Table 2), the M differ-
ence is mainly due to theVt difference.

Z HANG E T A L . 77JANUARY 2023

Unauthenticated | Downloaded 01/03/23 09:05 PM UTC



layer is larger in the narrow vortex than in the broad vortex,
while the radial advection magnitude is larger at r* . 2 in
the broad vortex (Fig. 14c). A similar result is seen in the
comparison of vertical advection there (Fig. 14f), but the
largest difference is near the top of the inflow layer (1–2-km
altitude). In the outer-core region, the spinup of the broad
vortex above the inflow layer is mainly contributed by the
vertical advection of M (Fig. 14e).

4. Discussion and conclusions

This study investigates the characteristics of azimuthally
averaged TCBL kinematic structure in TCs using airborne
Doppler radar profile data. Composites of the TCBL struc-
ture were conducted for TCs of different intensity, intensifica-
tion rate and radial structure. As expected, strong storms
have stronger peak inflow, larger maximum tangential wind
speed, stronger ascent inside the RMW, and stronger bound-
ary layer convergence than weak storms. The maximum tan-
gential wind speed is within the frictional inflow layer in both
weak and strong TCs. Results also showed that the TCBL is
deeper in weak storms than in strong storms, which is quanti-
tatively consistent with theory (Kepert 2001; Zhang et al.
2015).

When considering the structure of the TCBL and its re-
lationship with TC intensity change, it was found that the
tangential wind is stronger outside the RMW in both
steady-state and weakening TCs compared with intensify-
ing TCs for both weak and strong cases, a result consistent
with past studies. The inflow layer outside the RMW is
deeper in intensifying storms than in steady-state or weak-
ening storms, especially for weak TCs. Although the peak
inflow strength is comparable among the three intensity
change groups, the peak inflow near the surface is located
farther away from the RMW as the storm intensification
rate decreases. Secondary outflow peaks were observed
outside the RMW in SS and WE TCs, while they do not ap-
pear in INT TCs. Convective activity, as inferred from the
azimuthal mean of vertical velocity, is more concentrated
close to the RMW in intensifying TCs, while convective ac-
tivity indicative of outer rainbands or secondary eyewalls
is evident in steady-state and weakening TCs.

Focusing on the differences in the TC outer-core tan-
gential wind field above the inflow layer (i.e., broad versus
narrow vortices) yielded perhaps the most noteworthy dif-
ferences in TCBL structure and its relationship to TC in-
tensity change. These differences are summarized by a
schematic diagram in Fig. 15. Our results showed that,

FIG. 14. Plots of radial advection of absolute angular momentum (RAD52VrdMdr) for (a) narrow and (b) broad vortices, and vertical
advection of M (VAD 5 2wdM/dz) for (d) narrow and (e) broad vortices as a function of normalized radius (r/RMW600m) and height.
The difference field is shown in (c) and (f) for RAD and VAD, respectively. The black line represents the inflow layer depth.
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compared to broad vortices, narrow vortices have the fol-
lowing characteristics:

• Deeper inflow layer
• Stronger inflow just outside the RMW (1.0 , r* , 1.5)
• Stronger convergence and ascent inside the RMW
• Little to no convective activity outside the RMW
• Weaker inflow and convergence outside the RMW (r* . 2.0)

Insight into the observed differences in TCBL structure
for broad and narrow tangential wind profiles above the in-
flow layer may be possible through comparison with idealized

modeling studies like Smith and Montgomery (2020). In their
study of steady-state TCBL structure employing the linear
generalized Ekman model, relatively narrow vortex profiles
yielded a deeper inflow layer than much broader vortices, with
stronger peak inflow outside the RMW and corresponding
stronger outflow just above. Both narrow and broad vortex
solutions exhibited peak inflow near r* 5 2–2.5. Interestingly,
at larger radii (r* . 4) their broader vortex showed stronger
inflow due to a slower decay of the radial flow with increasing
radius, a result they argued would not arise if TCBL inflow
was controlled primarily by inertial stability. Similarly, our
narrow vortex composite exhibits stronger and deeper inflow
just outside the RMW (peak values at r* ; 1.5) when com-
pared to the broad vortex composite. The broad vortex also
exhibits stronger composite radial inflow well outside the
RMW (r* . 2.5) than the narrow vortex. The aforementioned
magnitude differences in radial inflow between broad and
narrow TCs, however, arise due to the substantial differences
in radial location of peak inflow. This and the presence of a
secondary maximum in azimuthal mean ascent for broad
vortices point to rainband activity and secondary eyewalls}
structures not simulated by Smith and Montgomery. Further
work, therefore, is needed to determine the extent to which
torque-balance concepts based on linear theory may help
explain the sensitivities of TCBL structure to the gradient
vortex profile above, or if it requires a nonlinear theory that
includes the effect of outer-core diabatic heating to reproduce
the observed difference in the TCBL between narrow and
broad vortices.

Given that the key environmental parameters (e.g., SST,
shear, and midlevel humidity) are not statistically significantly
different between the broad and narrow vortex groups,
vortex-scale properties (e.g., the radial decay rate of the tan-
gential wind profile outside the RMW) may play an important
role in modulating TC intensity. Understanding the sensitivity
of short-term (;12-h) intensification to vortex profile may be
approached using the framework of boundary layer control
and ventilation recently articulated by Smith et al. (2021).
Here, ventilation refers to the capacity of eyewall convection
to transport the air mass erupting out of the TCBL. If the con-
vective mass flux in the eyewall region, for example, exceeds
the mass flux at the top of the TCBL, then air radially outside
the eyewall will tend to be drawn in above the TCBL. This
scenario is depicted in Fig. 15a for the narrow (intensifying)
vortex. Although we did not explicitly compute the vertical
mass flux through the lower- to middle-troposphere, we may
infer that it was sufficiently large to ventilate the mass exiting
the TCBL given the outer-core inflow above the TCBL docu-
mented here. The relatively low outer-core inertial stability of
the narrow vortex permitted the inflow above the TCBL to
penetrate well into the core region (r* ; 1.5–2). The corre-
sponding inward radial advection of angular momentum con-
tributed to a net positive symmetric spinup tendency in this
region. According to the concept of boundary layer control
(Kilroy et al. 2016; Kilroy et al. 2017a,b), the TCBL dynamics,
responding to the increased balanced radial pressure gradient
at the top of the TCBL, controls the ensuing enhancement of
radial convergence (highlighted by the thick black arrows in

FIG. 15. Schematic showing differences in radial flow and vertical
velocity for (a) narrow and (b) broad vortex. Black contours de-
note tangential wind [values arbitrary, but labels Vt1 and Vt2 repre-
sent same values in (a) and (b) and peak tangential wind not less
than 40 m s21]. Red shaded contours denote radial wind (values ar-
bitrary, but darker shades denote stronger radial flow). Thick black
arrows denote frictionally driven radial inflow; thick medium gray
arrows and cloud symbols denote updrafts arising from the BL of
the primary eyewall in (a), and from the BL of both primary eye-
wall and secondary maximum in (b); the thick light gray arrows
denote radial flow above the friction layer. The lengths of all thick
arrows scale to the magnitude of flow. The green line denotes
depth of frictional inflow (h).
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Fig. 15a) and the pattern of ascent out of the TCBL.5 The
thermodynamics of the TCBL, which was not evaluated here,
also contributes to the development of diabatic heating, and
thus is an essential element of boundary layer control. Within
the TCBL, where the peak tangential wind is located, the
symmetric radial advection of angular momentum maximizes
just inside the RMW, contributing to spinup there, consistent
with the composite tendency of the narrow TCs to intensify.

The question is then what aspect(s) of the broader TCs con-
tribute to their tendency to weaken. We employ the same
framework described above to elucidate key differences in
the spinup mechanisms between broad and narrow TC com-
posites. Figure 15b summarizes the structural characteristics
observed for the broad vortex composite. While vertical mo-
tion at the top of the inflow layer within the eyewall was less
than that observed for the narrow vortex (indicated by the
shorter gray arrow within the eyewall in Fig. 15b), it is the dif-
ference between the lower- to middle-tropospheric convective
mass flux and the mass flux at the top of the TCBL that best
characterizes the ventilation (Smith et al. 2021). Again, al-
though we did not directly measure the convective mass flux,
the predominance of radial outflow above the TCBL and out-
side of the eyewall potentially highlights a reduced ability of
eyewall convection to ventilate the air mass exiting the
TCBL. The radial advective tendency for angular momentum
was thus negative throughout most of the region between the
top of the TCBL and 2.5-km altitude. This spindown tendency
alone, through boundary layer control, would support a weak-
ening of the peak tangential wind in the TCBL.

In contrast to the narrow vortex, however, the symmetric
angular momentum tendency above the TCBL for the broad
vortex was dominated by a positive contribution from vertical
advection of angular momentum, particularly in the outer-
core region. As noted earlier in the discussion above, and de-
picted in Fig. 15b, this significant difference in structure is
likely related to a greater frequency of organized convection
outside the eyewall. The development of secondary eyewall
and rainband structures, which appear to be reflected here in
the broad-vortex composite, is often related to pausing of in-
tensification, or weakening (Rozoff et al. 2012; Didlake et al.
2017, 2018; Wang 2009; Molinari et al. 2019; Sitkowski et al.
2011). It may be that the intensification rate differences ana-
lyzed here are associated more with the presence or absence
of secondary convective structures outside the eyewall than
the particular radial vortex structure. In the TCBL of the
broad vortex, both radial inflow and eyewall ascent within the
inner-core region are noticeably smaller than in the narrow
vortex, likely due to the “cutoff” effect of the secondary circu-
lation associated with the outer rainband/eyewall features
(Powell 1990; Barnes et al. 1983; Barnes and Powell 1995;
Barnes 2008; Wroe and Barnes 2003). This “cutoff” effect
hinders the secondary circulation of the (primary) eyewall.

Interestingly, Smith et al. (2021) also observed the develop-
ment of rainbands which coincided with a broadening of the
tangential wind profile in the outer-core region and a tran-
sient weakening period of the peak azimuthal-mean tangen-
tial wind in the TCBL. There they argued that outflow above
the TCBL (associated with unventilated air within the eye-
wall) could have triggered/supported the development of the
rainbands. In our composite study, it is difficult to establish
such causation. Regardless of the mechanism for outer rain-
band or secondary eyewall formation, they also concluded
that increased azimuthal coverage by outer-core organized
convection was detrimental to the organization of eyewall
convection and the net convective mass flux in the eyewall re-
gion. For the broad vortex composite, both the effect of re-
duced ventilation of the eyewall region and the “cutoff” effect
associated with outer convection were apparently sufficient to
reduce the radial inflow outside the RMW in the TCBL rela-
tive to the narrow vortex (indicated by the shorter thick black
arrows in Fig. 15b). Consequently, the spinup tendency
through the radial advection of angular momentum was lim-
ited, consistent with the composite tendency of the broad TCs
to weaken. Further investigation of the various mechanisms
described above (e.g., pertaining to the convective mass flux
and the TCBL thermodynamics) is reserved for a future study
combining profile, swath and dropsonde data.

It should be emphasized that one limitation of the analyses
performed here is that they were conducted in an azimuthally
averaged framework. This was done primarily because of the
challenge in accurately estimating the eddy contributions to
the flow using the profile analysis dataset. When a pro-
nounced asymmetric structure of the TC is forced externally
by the environmental flow or horizontal gradients of mois-
ture or sea surface conditions, the early-stage intensification
process in terms of the transition from an asymmetric to
symmetric structure becomes important (e.g., Persing and
Montgomery (2003); Guimond et al. 2016b; Montgomery
and Smith 2017; Rios-Berrios et al. 2018). Rogers et al.
(2016), using Doppler swath analyses of Hurricane Edouard
(2014), noted that the lower-tropospheric inflow was stron-
ger just outside the RMW, and extended further inside the
RMW, in the downshear-right quadrant during the mission
when Edouard was intensifying, compared to when Edouard
was steady state. Both downdraft ventilation and midlevel
(radial) ventilation constrain the TC development in shear
(Riemer et al. 2010; Tang and Emanuel 2010, 2012; Molinari
et al. 2013). Previous studies identified differences in surface
enthalpy fluxes and thermodynamic recovery of downdraft-
cooled air left of shear and on the upshear side as being an
important distinguishing feature of intensifying (INT) ver-
sus steady-state (SS) TCs (Zhang et al. 2017a; Wadler et al.
2018, 2021; Nguyen at el. 2019; Chen et al. 2021; Finocchio
and Rios-Berrios 2021; Alland et al. 2021; Alland and Davis
2022). Future work will thus involve expanding the analysis
to include asymmetric processes in TC intensity change.
This will involve using a combination of the TDR profile
data with three-dimensional (swath) radar analyses that rep-
resent convection, IWRAP data that represent smaller eddy

5 Kilroy et al. (2016) clarify that beneath and in the immediate
vicinity of the eyewall updraft, the TCBL dynamics is not solely re-
sponsible for the radial and vertical flow structure. For example,
the “suction effect” of convection also contributes to the flow evo-
lution there.
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scales, and dropsonde data that measures thermodynamic
structure.

In addition to the fundamental insights into TCBL struc-
ture and TC intensity change gained from these composite
analyses, our results have applications for improving numeri-
cal models. The observed structural differences between the
broad (steady-state/weakening) and narrow (intensifying)
vortices in this study argue for observations and data assimila-
tion techniques that ensure that the radial structure of the
vortex wind field is accurately captured in the initial condi-
tions of forecast models. They also point to tests that can be
performed in idealized simulations that can further evaluate
the role of vortex structure in TCBL kinematic structure and
intensity change. These structural differences can also be used
for model physics evaluation purposes in terms of accurately
prescribing physical parameterizations to reproduce the best
possible wind radii, peak inflow location, PBL height, and up-
draft distribution, since the vortex shape is related to TC in-
tensification rate as well. In the end, our analyses provide
observational evidence for theoretical studies relating BL
structure and TC intensity change processes and thus have
the potential to improve forecasts of TC intensity.
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