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ABSTRACT: Airborne Doppler radar reflectivity data collected in hurricanes on the NOAA P-3 aircraft between 1997
and 2021 were parsed into different modes of precipitation: stratiform precipitation, shallow convection, moderate convec-
tion, and deep convection. Stratiform precipitation was the most frequent precipitation mode with 82.6% of all observed
precipitation while deep convection was the most infrequent at 1.3%. When stratified by 12-h intensity change, intensifying
TCs had a greater areal coverage of total convection in the eyewall compared to weakening and steady-state TCs. The larg-
est difference in the azimuthal distributions in the precipitation modes was in deep convection, which was mostly confined
to the downshear-left quadrant in weakening and steady-state hurricanes and more symmetrically distributed in intensify-
ing hurricanes. For all intensity change categories, the most symmetrically distributed precipitation mode was stratiform
rain. To build upon the results of a recent thermodynamic study, the precipitation data were recategorized for hurricanes
experiencing deep-layer wind shear with either a northerly component or southerly component. Like intensifying storms,
hurricanes that experienced northerly component shear had a more symmetric distribution of deep convection than south-
erly component shear storms, which had a distribution of deep convection that resembled weakening storms. The greatest
difference in the precipitation distributions between the shear direction groups were in major hurricanes experiencing
moderate (4.5–11 m s21) wind shear values. Consistent with previous airborne radar studies, the results suggest that consid-
ering the distribution of deep convection and the thermodynamic distributions associated with differing environmental
wind shear direction could aid TC intensity forecasts.

SIGNIFICANCE STATEMENT: This research investigates how the distribution of different types of precipitation
are related to tropical cyclone (TC) intensity change. Even though deep convection}the tallest clouds}is the least fre-
quent type of precipitation, it has the strongest relationship to intensity change with uniform distributions around the
eyewall associated with intensification. Less significant relationships were noticed for shallower clouds and stratiform
(lighter) rain. The study also analyzed how change in direction of the large-scale winds with height (wind shear) influen-
ces intensity change. When wind shear is northerly, there is a more symmetric distribution of deep convection com-
pared to when wind shear is southerly. These relationships illustrate how wind shear direction influences TC convective
structure and, in turn, TC intensity change.

KEYWORDS: Deep convection; Hurricanes/typhoons; Precipitation; Stratiform clouds; Tropical cyclones;
Radars/Radar observations

1. Introduction

With the devastating loss of life and billions of dollars of
property damage associated with tropical cyclone (TC) landfall
(e.g., Pielke and Landsea 1998; Pielke et al. 2008; Klotzbach
et al. 2018), the ability to produce accurate and timely forecasts
of a storm’s track and intensity remains critically important.
Over recent years, track forecasts have improved more quickly
than intensity forecasts, likely because of the complex multiscale
interactions that control TC intensity change (e.g., Marks and
Shay 1998; Rogers et al. 2006, 2013a; DeMaria et al. 2014;
Cangialosi et al. 2020; Zawislak et al. 2022).

One of the primary drivers of TC intensity change is deep-
layer environmental wind shear, often defined as the difference

in area-averaged environmental winds between 850 and 200 mb
(1 mb5 1 hPa). Jones (1995) used dry barotropic simulations to
show that wind shear can lead to a tilted vortex which creates
potential temperature anomalies that lead to isentropic ascent
in the right-of-tilt direction and descent in the left-of-tilt direc-
tion. In real TCs, the shear-driven ascent tends to make the pre-
cipitation maximum preferentially occur in the downshear-left
(DSL) quadrant and convective initiation in the eyewall prefer-
entially occur in the downshear-right (DSR) quadrant (Black
et al. 2002; Reasor et al. 2013; DeHart et al. 2014), which is also
a region characterized by low-level convergence of vorticity and
high equivalent potential temperature (ue) values (Riemer
2016). A tilted vortex can also allow for import of dry environ-
mental air into the TC circulation (e.g., Davis and Ahijevych
2012; Zawislak et al. 2016; Nguyen et al. 2017; X. Chen et al.
2019; Fischer et al. 2023). Dry air can travel radially inward and
directly mix with inner core convection (a process referred to asCorresponding author: Joshua B. Wadler, wadlerj@erau.edu
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radial ventilation; Tang and Emanuel 2010, 2012; Alland et al.
2017, 2021b), or can enter the inflow layer through downdrafts
(a process referred to as downdraft ventilation; Riemer et al.
2010, 2013; Alland et al. 2021a) halting eyewall convective devel-
opment if it is not recovered by air–sea enthalpy fluxes (Molinari
et al. 2013; Zhang et al. 2013, 2017; Wadler et al. 2018a, 2021a;
Nguyen et al. 2019; Rudzin et al. 2020; Chen et al. 2021).

The kinematic response of a TC to wind shear has been the
focus of many recent observational and modeling studies. For
example, many observational (e.g., Stevenson et al. 2014,
2018; Zagrodnik and Jiang 2014; Alvey et al. 2015; Rogers
et al. 2013b, 2015, 2016; Rios-Berrios and Torn 2017; Wadler
et al. 2018b; Fischer et al. 2018) and modeling studies (e.g.,
Chen and Gopalakrishnan 2015; Onderlinde and Nolan 2014,
2016; Rios-Berrios et al. 2016a,b; Leighton et al. 2018; Zhang
and Rogers 2019) have shown that when deep convection is
present in the eyewall of the upshear quadrants, there is a
greater likelihood for subsequent intensification than when
deep convection is confined to the downshear quadrants.
These results support idealized modeling results which show
that the projection of latent heating onto the wavenumber
zero structure is important for TC intensification (e.g., Nolan
and Grasso 2003; Nolan et al. 2007).

The vertical distribution of latent heating determines pro-
files of divergence, vertical mass flux, and terms in the vortic-
ity budget (e.g., Bell and Montgomery 2019; Rogers et al.
2020; Nam and Bell 2021). Since these parameters depend on
the mode of the precipitation (i.e., shallow, moderate, and deep
convection, and stratiform precipitation), the amount of these
various precipitation modes and their radial and azimuthal dis-
tributions can be correlated with TC intensity change. For ex-
ample, a number of satellite studies have further linked the
relative distribution of stratiform and moderate convective pre-
cipitation to subsequent TC intensity changes (e.g., Jiang 2012;
Kieper and Jiang 2012; Zagrodnik and Jiang 2014; Alvey et al.
2015; Tao and Jiang 2015; Tao et al. 2017; Jiang et al. 2018; Pei
and Jiang 2018). Using a 16-yr climatology from the Tropical
Rainfall Measuring Mission (TRMM) satellite, Tao et al. (2017)
showed that there is an increase in stratiform precipitation, par-
ticularly in the upshear-left (USL) quadrant, about 12 h before
the onset of rapid intensification [RI; greater than or equal to a
30-kt intensity change over 24 h (1 kt ’ 0.51 m s21)]. Further
stratifying by convective mode (i.e., shallow, moderate, or deep
convection), Jiang et al. (2018) showed that there is an increase
in shallow convection in the inner core ;3 h before RI. While
the aforementioned satellite studies generally contrast with air-
borne radar composite studies, which have highlighted deep
convection, often referred to as convective bursts, (e.g., Rogers
et al. 2013b; Wadler et al. 2018b) as an indicator of RI, the dif-
ferences could be attributed to differences in database size, dif-
ferences in temporal continuity between the airborne and
satellite-based platforms, and differences in spatial coverage be-
tween measurement platforms. Therefore, the relative impor-
tance of deep convection versus shallow/moderate convection
and stratiform precipitation in TC intensification remains an
open question. To date, no composite study has been conducted
using airborne radar data, which can link precipitation mode

distributions to TC kinematic structures (e.g., vertical velocity),
to relate the distribution of convective and stratiform precipita-
tion to TC intensification.

In addition to a TC’s response to vertical shear, recent
work has also analyzed the relationship between TC intensity
change to other properties of the environmental flow. For ex-
ample, TC intensification has been linked to the depth of the
wind shear (Finocchio et al. 2016), the direction of the low-
level mean flow relative to the shear vector (e.g., Rappin and
Nolan 2012; B.-F. Chen et al. 2018, 2019), and the sign of
tropical cyclone relative environmental helicity (TCREH;
Onderlinde and Nolan 2014, 2016; Gu et al. 2019). Addition-
ally, the direction of the wind shear vector has been linked to
TC genesis (Tuleya and Kurihara 1981; Nolan and McGauley
2012) and boundary layer thermodynamic distributions in de-
veloped storms (Cione et al. 2013). A recent composite study
by Wadler et al. (2022) used the Tropical Cyclone Buoy
Database (TCBD; Cione et al. 2000, 2013; Cione and Uhlhorn
2003) and dropsonde composites to show that the deep-layer
wind shear direction is related to boundary layer thermody-
namic distributions and TC intensity change. For all TCs sub-
ject to wind shear, there is a wavenumber-1 distribution in
boundary layer thermodynamics with low-ue air due to down-
drafts tending to occur in the primary rainband in the left-
of-shear quadrants (e.g., Riemer et al. 2010). When wind shear
has a southerly component, the downdraft-induced low-ue air
is in phase with the background environmental ue gradient.
This leads to the left-of-shear quadrants having statistically
significant lower ue values throughout the boundary layer by
4–6 K than the right-of-shear quadrants. For convection
to form within the eyewall of the DSR quadrant, this unfav-
orable asymmetric thermodynamic distribution requires sig-
nificantly higher air–sea enthalpy fluxes downwind of the
downdraft region as compared to when TCs experience shear
with a northerly component, which tend to have more sym-
metric boundary layer distributions because the downdraft-in-
duced low ue values are out of phase with the background
environmental ue gradient. How the local thermodynamic en-
vironment for northerly component and southerly component
shear cases translate to observed TC precipitation structure,
and the impact of those precipitation structures on TC inten-
sity change, is currently unknown and is the subject of this
investigation.

The objectives of this study are to:

1) Use a composite radar database to characterize the distri-
bution of precipitation modes in relation to TC intensity
change; and

2) Compare the distribution of precipitation modes and its
relationship to TC intensity change with the direction of the
environmental wind shear vector and background thermo-
dynamic distributions.

The study here is organized as follows: section 2 provides a
description of the airborne radar database and the precipita-
tion partitioning algorithm. Section 3 discusses precipitation
distributions for different intensity change categories and hor-
izontal directions of the environmental wind shear. Section 4
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discusses the results and presents a discussion on how the pre-
cipitation distributions can relate to synoptic patterns, ther-
modynamic distributions, and TC intensity change. Section 5
provides the key takeaways and conclusions.

2. Data and methodology

a. P-3 tail-Doppler radar data

The primary data source used in this study to analyze the
TC precipitation structure are pseudo dual-Doppler X-band
tail-Doppler radar (hereafter TDR) analyses. TDR observa-
tions are routinely collected on the NOAA WP-3D (P-3) air-
craft as part of the NOAA Intensity Forecasting Experiment
(IFEX; Rogers et al. 2006, 2013a), which has recently transi-
tioned to the Advancing the Prediction of Hurricanes Experi-
ment (APHEX; Zawislak et al. 2022). This study utilizes the
Tropical Cyclone Radar Archive of Doppler Analyses with
Recentering (TC-RADAR) database version v3j (Fischer
et al. 2022), which is comprised of over 1000 analyses from
306 flights into 74 TCs in the North Atlantic, eastern North
Pacific, and central North Pacific basins between 1997 and
2021.

Each radar analysis is derived using a variational algorithm
that solves the Doppler projection and continuity equations
(Gamache 1997). Gridded-analyses are generated with a 2.0-km
horizontal resolution and a 0.5-km vertical resolution (Reasor
et al. 2009). Standard flight patterns include a rotated figure-4,
figure-4, or butterfly, each including multiple radial inbound/
outbound legs (descriptions of flight patterns are at https://www.
aoml.noaa.gov/hurricane-field-program/) which provides a
greater azimuthal data coverage during each mission, especially
outside the inner-core.

Radar analyses are typically created for each radial pene-
tration (inbound/outbound from the center) and a downwind
leg, providing a swath of data within approximately 50 km of
the flight track (Fischer et al. 2022). TDR swath analyses from
the P-3 are commonly used to analyze convective and meso-
scale processes within a TC (e.g., Rogers et al. 2015, 2016,
2020; Wadler et al. 2018a, 2021b; Fischer et al. 2020) and for
composite characteristics of TC structure (e.g., Rogers et al.
2012, 2013b; Reasor et al. 2013; DeHart et al. 2014; Wadler
et al. 2018b; Fischer et al. 2022). For each analysis, the TC
center is identified as the analysis grid point that best matches
a symmetric vortex of purely cyclonic flow. To summarize the
center-finding process [see Fischer et al. (2022) for more de-
tails], the storm-relative wind direction at each grid point is
compared to a flow that is purely tangential about a hypothet-
ical TC center. This process is repeated for a series of hypo-
thetical TC center locations. The TC center is identified as the
analysis grid point that yields the lowest mean difference be-
tween the observed wind direction and the idealized cyclonic
vortex, where the differences are weighted as functions of ra-
dius from the hypothetical TC center and the observed wind
speed at each point. For each P-3 mission, TDR swath analy-
ses are averaged together to create a merged analysis which is
useful for diagnosing vortex-scale characteristics but can
smear convective-scale characteristics where multiple swaths

overlap (e.g., Reasor et al. 2013). In this study, the merged
analyses are only used for calculating the radius of maximum
wind speed (RMW) which is uniformly referenced at 2-km al-
titude throughout this manuscript.

In addition to the TDR data, which contain three-dimensional
wind speed, wind direction, and reflectivity, each swath and
merged TDR analysis is linked to the nearest synoptic time to ob-
tain vortex and environmental data from the Statistical Hurricane
Intensity Prediction Scheme (SHIPS; DeMaria et al. 2005) data-
base. This includes the TC intensity from the NHC best track
data and the environmental wind shear vector, calculated by sub-
tracting the 200–800-km radius area-averaged u and y compo-
nents of the wind at 200 mb from those at 850 mb from the
operational Global Forecasting System (GFS) analyses (variables
SHTD and SHRD are used for shear direction and magnitude
from the SHIPS database, respectively).1 The database also con-
tains the sea surface temperature (SST) which is calculated by lin-
ear interpolation of the weekly 18 3 18 latitude–longitude
Reynolds (Reynolds and Marsico 1993) SST obtained from the
last available analysis prior to storm arrival.

Following Reasor et al. (2013), we restrict the database to
TCs of hurricane intensity or greater to further ensure that
the sampled TCs have well-defined circulations and sufficient
radar coverage to compare azimuthal distributions of precipi-
tation. Additionally, to lessen potential influences of land in-
teractions on a storm’s structure and intensity, swaths are
eliminated for hurricanes that make landfall within 12 h after
the completion of a P-3 mission. The resulting database con-
tains 571 swaths from 175 missions for 52 hurricanes. The dis-
tribution of initial intensities from these swaths (Fig. 1a)
shows a fairly equal sampling distribution across 65–120-kt
intensity bins (from category 1 to middle category 4 on the
Saffir–Simpson scale). Though less frequent, there are also
swaths with initial intensities of 125 kt or greater (middle cate-
gory 4 and category 5). The majority (44.3%) of hurricanes in
the database experienced a subsequent 12-h intensity change
classified as steady-state (SS; ,10-kt intensity difference in
12 h) (Fig. 1b), while 33.3% of hurricanes underwent subse-
quent intensification (INT; $10 kt of intensity change in 12 h)
and 22.4% underwent subsequent weakening (WE; #210 kt
of intensity change in 12 h). Note that the INT, SS, and WE
definitions are consistent throughout the remainder of the
analysis and that while this study uses 12-h intensity change
criteria, similar results were obtained when INT and WE hur-
ricanes were defined using an increase or decrease of 15 kt of
intensity change over a 24-h period, respectively (not shown).
Additionally, it is worth noting that the intensity change

1 Because previous studies have found the direction and magni-
tude of vertical wind shear can vary depending on the spatial do-
main used to compute the shear (e.g., Reasor and Eastin 2012;
Reasor et al. 2013; Boehm and Bell 2021; Dai et al. 2021; Ryglicki
et al. 2021; Shi and Chen 2021), it is important to note that the
shear-relative interpretations of the present study could vary if a
smaller spatial domain was used to compute the shear. Future
work should/will explore how the TC precipitation structure and
intensity change is related to the spatial domain used to compute
the vertical wind shear.
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criteria does not account for the intensity change prior to the anal-
ysis period. For example, a TC categorized as INT could have al-
ready been intensifying prior to the analysis time. Although
satellite-based studies such as Tao and Jiang (2015) and Tao et al.
(2017) have larger databases which can separate storms starting
intensification with those undergoing continuous intensification,
in the present study the sample sizes in the TC-RADAR data-
base become too small for significance tests when further stratify-
ing beyond the rate of intensity change.

b. Precipitation partition

A focal point of this study is the partition of TDR reflectiv-
ities into different precipitation modes (shallow/moderate/
deep convection, stratiform precipitation, and weak echo).
An initial concern with performing quantitative analyses using

radar reflectivity is that the radar systems on the two P-3s are not
calibrated to each other, nor from season-to-season, which can
lead to biases over time and differences between aircraft observ-
ing the same TC. To overcome this concern, a bias-correction
technique was applied to cases in the TC-RADAR database (see
the appendix). While this is not a complete calibration, the stan-
dardization of the reflectivity data between aircraft over many
years minimizes the probability of ill-calibrated data influenc-
ing the results and facilitates a quantitative analysis of the full
TC-RADAR database.

For every swath, the precipitation partitioning was performed
using the original cartesian coordinates of the TDR analysis. The
precipitation partition utilizes a three-step algorithm first dis-
cussed in Churchill and Houze (1984) and was applied by Steiner
et al. (1995) for ground-based radar data. The algorithm has
been further applied to airborne and ground-based radar data in
studies by Didlake and Houze (2009), Rogers et al. (2020), Alvey
et al. (2022), and Stone et al. (2023) and is similar to that used in
the satellite-based study by Tao and Jiang (2015). First, the algo-
rithm identifies a grid point as weak echo if the reflectivity at
2-km altitude is below 15 dBZ. Second, the algorithm identifies a
grid point as convection if the reflectivity at a 2-km altitude grid
point exceeds the critical threshold of 35 dBZ. A grid point can
also be identified as convective if the reflectivity at the location
exceeds the convective center criterion (DZcc) which is a function
of area average background reflectivity in a disc with an 11-km
radius (Zbg) and tuning coefficients a and b [Eq. (1); Yuter and
Houze 1997]:

DZcc 5 a cos
1
b

pZbg

2

( )
: (1)

In Didlake and Houze (2009) the tuning coefficients for Eq. (1)
were a 5 9 and b 5 25 for the ELDORA airborne radar. The
coefficients were verified to produce realistic precipitation parti-
tions for P-3 TDR data in Rogers et al. (2020) and the present
study through a subjective analysis of cross sections (an example
is Fig. 2, which is discussed below). Last, since convection is sel-
dom the size of a single grid point, a convective radius (R) is uti-
lized [Eq. (2)], which is also a function of Zbg, to determine if
adjacent grid cells to previously determined convection can also
be deemed convective:

R 5

0:5

0:5 1 3:5
Zbg 2 20

15

( )
4

Zbg , 20

20 # Zbg , 35

Zbg $ 35

∣∣∣∣∣∣∣∣∣∣∣

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(2)

All grid points not deemed convection or weak echo by the
above criteria are designated as stratiform precipitation. Fol-
lowing the methodology in Rogers et al. (2020), for all convec-
tive grid points the convective depth was determined by the
altitude of the 20-dBZ echo top [similar to the airborne radar
studies by Rogers et al. (2013b), Wadler et al. (2018b)] and
consistent with satellite-based studies of precipitation modes

FIG. 1. Normalized frequencies of (a) initial hurricane intensities
and (b) 12-h intensity change for all hurricanes in the P-3 tail
Doppler radar database. In (a), hurricane categories on the Saffir–
Simpson scale are outlined, and in (b), intensity changes cutoffs
that qualify storms as undergoing subsequent weakening (WE),
maintaining steady-state intensity (SS), and undergoing subsequent
intensification (INT) are colored. Note that the gap in (b) is due to
the intensities being reported in 5-kt increments.

MONTHLY WEATHER REV I EW VOLUME 1513212

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 01/12/24 04:33 PM UTC



FIG. 2. (a) Radar reflectivity at 2-km altitude from a north–south pass during the 181009H1 mission (first
P-3 mission on 9 Oct 2018 on NOAA42), and (b) objective precipitation partition of the reflectivity data dur-
ing the mission in (a). The vertical line in (a) and (b) is to show where the cross section in (c) and (d) is taken
from. (c) The cross section is north to south. The radar reflectivity is shaded and the 20-dBZ contour, which
is used to determine the convective mode, is bolded. (d) The corresponding divergence (shaded) and vertical
velocity (gray contour; positive is solid contour starting a 1 m s21 at 1 m s21 intervals, negative is dashed
contour 21 m s21 at 1 m s21 intervals). Approximate outlines of the precipitation identified in (b) are given
at the top of (c) and (d) with D 5 deep convection, M 5 moderate convection, H 5 shallow convection,
S 5 stratiform precipitation, and W 5 weak echo. (e)–(h) As in (a)–(d), but for the 181010H1 mission (first
P-3 mission on 10 Oct 2018 on NOAA42).
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in TCs (e.g., Tao and Jiang 2015). A convective cell is deemed
shallow, moderate, or deep if the 20-dBZ echo top is below
6 km (inclusive), between 6 and 10 km (inclusive of 10 km),
or above 10 km, respectively. While the frequency of each
convective mode is sensitive to the choice of the reflectivity
threshold for separating the convection classifications, the
value of 20 dBZ used here was found to produce realistic pre-
cipitation classifications from subjectively analyzing the algo-
rithm applied to multiple TCs.2

An initial concern with applying a column-based partition-
ing algorithm to TCs of hurricane strength is potential mis-
classification of grid points due to tangential advection and
outward eyewall slope. This is evaluated using an example of
the classification algorithm for two time periods of Hurricane
Michael (2018) in Fig. 2. Two missions from the same storm
were chosen to demonstrate the evolution of the precipitation
fields as the storm intensified from 90 (Figs. 2a–c) to 125 kt
(Figs. 2d–f). A plan view during the first sampling period (Fig. 2b)
shows shallow and moderate convection on the eastern side of
the eyewall. The western side of the eyewall is mostly stratiform
precipitation. A north–south cross section (Fig. 2c) shows a mix
of shallow and moderate convection on the north side of the
storm, with weaker convection and more stratiform rain on the
south side. By the later sampling period, deep convection had
developed around the northern side of the eyewall with some
additional deep convection banding on the south side of the
eyewall (Fig. 2e). The cross section shows the deep convection
mostly within the innermost 50 km, accompanied with upper-
level (.12-km altitude) divergence greater than 2 3 1023 s21

and vertical velocities greater than 2 m s21 (Fig. 2h).
The comparison in Fig. 2 between radar reflectivities and the

objective precipitation partition algorithm demonstrates that even
with hurricane force tangential flow, the objectively classified
precipitation modes look reasonable compared to subjectively
analyzing the data. Additionally, the precipitation partition is rea-
sonably related to vertical velocity distributions (discussed further
in section 3). Along with the algorithm’s use for a satellite-based
composite study by Tao and Jiang (2015) as well as for case stud-
ies of tropical cyclone Hermine (tropical storm strength) in
Rogers et al. (2020) and for Hurricane Katrina in Didlake and
Houze (2009), this analysis warrants the algorithm’s further use in
evaluating precipitation distributions.

3. Results

a. General characteristics of precipitation mode in
tropical cyclones

Each grid point of the partitioned precipitation data were
put into polar coordinates by assigning a radius and azimuth.

The radial coordinate was then normalized relative to the
RMW which is deemed best because it accounts for differ-
ences in storm size and has been routinely used in composite
airborne radar studies (e.g., Rogers et al. 2013b), but can lead to
some uncertainty with respect to where a given precipitation mode
is relative to the RMW with height because of differences in eye-
wall slope (e.g., Hazelton and Hart 2013) as well as uncertainty in
estimating the RMW using the radar data. The partitioned reflec-
tivities (from the radar swaths) were grouped into radial bands
(radial grid spacing is r* 5 0:25 where r* 5 radius/RMW) regard-
less of azimuthal location. Throughout this manuscript, we de-
fine the eyewall region as the radial bands between r* 5 0:75
and r* 5 1:25. To examine the radial structure and frequency of
each precipitation mode3 in hurricanes, the data distribution is
normalized by the total number of data points in the database
(Fig. 3a), which shows the occurrence of each precipitation type
relative to all precipitation modes (such that the sum of all bars
in the plot is 1).

It is worth noting that comparison between inner and outer
radii needs to be interpreted with caution since, due to the na-
ture of polar coordinates, radial bands encompass a greater
area at larger radii. Normalizing by the total number of data
points within r* 5 5 shows that the most frequent precipita-
tion mode is stratiform precipitation, comprising 82.6% of all
precipitation within hurricanes (Fig. 3a). Stratiform precipita-
tion’s occurrence is most frequent in the radial band centered
on r* 5 1:25 (all radial bands are centered on 0.25r* incre-
ments such that this radial band is between r* 5 1:125 and
r* 5 1:375) with 6.9% of all observed precipitation within the
hurricane occurring here. The occurrence of stratiform pre-
cipitation steadily decreases with increasing radius away from
the eyewall. In the radial band centered on r* 5 1, moderate
convection is the most frequent mode of convection (;1.6%
of all observed precipitation), followed by shallow convection
(;0.7% of all observed precipitation). Deep convection,
which is the least prevalent type of convection in the eyewall
region (0.35% of all observed precipitation), becomes a negli-
gible precipitation mode (,0.01% of all observed precipita-
tion occurs in a single radial band) radially outward of r* 5 2.

The data distribution is also normalized by the number of
data points of each precipitation mode (Fig. 3b; such that the
sum of all bars in each mode is 1), which shows the radial dis-
tribution of each precipitation mode, regardless of their abso-
lute frequency. Deep convection peaks in the radial bands
centered on r* 5 1 and r* 5 1:25 (47.1% of all deep convec-
tion is in this region) with a sharp decrease in occurrence with
increasing radius. Moderate convection also peaks in the ra-
dial band centered on r* 5 1 (16.4% of moderate convection
is in this radial band), while shallow convection peaks radially
inward in the radial band centered on r* 5 0:75 (13.9% of

2 Of note, we considered building upon the existing algorithm to
include a kinematic metric (vertical velocity or divergence) to the
classify the precipitation structures, but did not include it in the
analysis since it would make the comparison between airborne and
satellite-base studies less direct and would significantly reduce our
database size since it would only allow cases from 2010 and later
due to an issue with the processing [discussed further later and in
Fischer et al. (2022)].

3 Note that Fig. 3 and the rest of the figures in the manuscript
only include grid points with precipitation. Grid points character-
ized as “weak echo” were not included in this analysis because of
potential biases of some P-3 missions happening to sample more
dry regions in a TC. Therefore, weak echo classifications are
treated the same as no observed precipitation (or no scatterers)
and are not used for precipitation distributions.
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shallow convection is in this radial band). Of all the convec-
tive modes, shallow convection is spread most evenly through-
out all radial bands, especially outside of r* 5 2:5. Stratiform
precipitation peaks just outside the eyewall, in the radial band
centered on r* 5 1:25, and, with no more than 10% of its oc-
currence in any radial band, is the most evenly distributed
precipitation mode across radial bands. The radial distribu-
tions of convective and stratiform precipitations match well
with an analysis of reflectivity distributions of Hurricane Ali-
cia by Marks and Houze (1987; see their Fig. 9a), even though
that study did not explicitly categorize precipitation modes.
Note that since the amount of precipitation decreases sub-
stantially radially outwards of r* 5 3, and that there are no
significant differences in the distribution of precipitation
modes at those radii, the remaining analysis focuses on data
radially inwards of r* 5 3.

b. Precipitation properties in intensifying, weakening, and
steady-state hurricanes

1) RADIAL DISTRIBUTIONS

With the generalized precipitation distributions shown in
the previous section, we now examine how those distribution
change when considering a storm’s subsequent intensification
rate. Swaths from hurricanes in the TDR database are parsed
into storms that underwent 12-h subsequent WE, INT, and
those that maintained SS intensity. There are 128, 190, and
253 swaths from WE, INT, and SS hurricanes, respectively.
To ensure equal comparison of the groups, for the summary
statistics of each intensity change category, we only count
each mission once. The WE and SS hurricanes have a mean
initial intensity of 107 and 98.9 kt, respectively, while the INT
hurricanes have an initially lower intensity at 92.7 kt (Fig. 4a).
Unsurprisingly, INT hurricanes experience the most favorable
mean environmental conditions of the intensity change groups
including a lower shear magnitude (Fig. 4b) than the WE and
SS hurricanes. The mean deep-layer wind shear for INT, SS,
and WE hurricanes are 12.7, 15.3, and 16.0 kt, respectively.
Using the Student’s t test, the shear magnitude differences be-
tween INT and both WE and SS hurricanes are statistically
significant for at least the 90% confidence interval. The mean
SST for INT, SS, and WE hurricanes (Fig. 4c) are 29.28, 29.08,
and 28.98C, respectively. The mean low-level RH values are
67.5%, 67.4%, and 66.6% for INT, SS, andWE hurricanes, re-
spectively (Fig. 4d). None of the SST and RH differences are
statistically significant. Note that similar statistical differences
are observed between the intensity change groups in the mid-
levels (700–500 mb; not shown). While there are some differ-
ences in environmental conditions between INT, SS, and WE
cases, these are not large, and likely do not fully explain the
differences in the TCs’ varying intensity changes.4

As was done in Fig. 3, the precipitation partitions are put into
radial bands (r* 5 0:25 grid spacing) regardless of azimuthal lo-
cation, but now the data are also separated by a storm’s inten-
sity change category. Here, and throughout the rest of the
manuscript, the data are normalized relative to the total number
of grid points in a radial band to describe the relative contribu-
tion of each precipitation mode at each radius (such that the
sum of all the bars in each radial band is 1; Fig. 5). The normali-
zation allows us to focus on the radial structure of the relative
importance of different precipitation modes across different
storm groups. For all intensity change categories the radial
bands centered on r* 5 0:75 and r* 5 1:0 are most convective
(Fig. 5a) with less than 75% of the precipitation identified as

FIG. 3. Radial distributions (normalized radius 5 radius/
RMW2KM) of the four precipitation modes (stratiform precipita-
tion, shallow convection, moderate convection, and deep convec-
tion), regardless of azimuthal storm-relative location. (a) The data
are normalized by the total number of precipitation data points in
the database. (b) The data for each precipitation mode are normal-
ized by the total number of data points for that precipitation mode.

4 Since the Student’s t test implicitly assumes the samples are
normally distributed, which is not necessarily the case for our sam-
ples, we also compared each distribution using a Wilcoxon rank
sum test (equivalent to a Mann–Whitney U test), which is a non-
parametric test on independent samples that does not depend on a
normal distribution. All of the conclusions from that test are the
same except for Fig. 4b where under the Wilcoxon test, the com-
parison between INT vs WE storms would be statistically signifi-
cant at the 90% confidence interval (in the t test there is no
statistical significance).
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stratiform. In the radial band centered on r* 5 1:0, SS hurri-
canes are the least convective with 71.8% of observed precipita-
tion in each radial band being stratiform rain. In contrast, only
64.6% of observed precipitation in this radial band is stratiform
in INT hurricanes, potentially signifying stronger updrafts and a
higher amount of mid and upper-level latent heating in the eye-
wall (discussed further below).

Out of all the convective modes, the greatest differences in
the distributions near the eyewall are for shallow convection
and deep convection (Figs. 5b,d). Shallow convection is most
prevalent in INT hurricanes in radial bands centered between
r* 5 0:25 and r* 5 1:5, and is maximized in the radial band
centered on r* 5 0:75 (the radial band with its highest concen-
tration regardless of intensity change; Fig. 3b). In that radial
band shallow convection accounts for 14.7% of the observed
precipitation in that band of INT hurricanes and only 12.0%
of the observed precipitation in that band of SS and WE
hurricanes.

In the radial bands between r* 5 0:75 and r* 5 1:0 of INT
hurricanes, deep convection accounts for 3.6% and 5.5% of
the observed precipitation in those radial bands, respectively

(Fig. 5d). In both those bins, deep convection in INT
hurricanes is at least 50% more frequent than in SS and WE
hurricanes. The difference in deep convection between the in-
tensity change categories decreases with increasing radius.
The higher concentration of convection (deep convection in
particular) radially inwards of the RMW for INT hurricanes,
is a signature hypothesized to be favorable for intensification
since diabatic heating throughout the column is larger inside
the region of highest vorticity (e.g., Vigh and Schubert 2009;
Pendergrass and Willoughby 2009). These differences are
consistent with the composite results of extreme updrafts (i.e.,
convective bursts) using the TDR database in Rogers et al.
(2013b) and expand those results to show that deep convec-
tion in the eyewall is the predominant separator between in-
tensity change categories, even when other precipitation
modes are included (albeit there is some signal for shallow
convection). Since Rogers et al. (2013b) did not explicitly ana-
lyze other precipitation modes, the particularly high signifi-
cance of deep convection over other precipitation modes
shown in this study demonstrates the importance of heating
and humidification throughout the entire column of the

FIG. 4. Normalized distributions of (a) initial hurricane intensity, (b) 850–200-mb environmental wind shear magni-
tude, (c) sea surface temperature, and (d) 200–800-km area averaged relative humidity between 850 and 700 mb for
hurricanes that underwent subsequent weakening (WE), maintained steady-state intensity (SS), and underwent subse-
quent intensification (INT). All panels are based on data obtained from the SHIPS database from the closest in time
6-hourly analysis. In each panel, mean and median quantities are noted for the three intensity change categories. Ad-
ditionally, the p values from a Student’s t test from comparing all the intensity change categories are noted in each
panel with statistical significance at greater than the 90% confidence interval highlighted in yellow.
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eyewall region, particularly radially inwards of the RMW.
The enhanced heating associated with the deep convection
can lead to the formation of a stronger TC warm core aloft
and associated pressure falls compared to if the heating was
radially outwards of the RMW (e.g., Nolan et al. 2007).

2) SHEAR-RELATIVE AZIMUTHAL DISTRIBUTIONS IN

THE EYEWALL REGION

To explore whether differences in the radial distributions of
each precipitation mode are related to systematic differences
in the azimuthal precipitation structure, the data are further
divided into both radial bands and shear-relative quadrants.
The greatest azimuthal differences in the precipitation modes
between the intensity change categories occur in the eyewall
region. Therefore, the precipitation mode data were grouped
into azimuthal bins of 308 for grid points between those radial
bounds (Fig. 6). In INT hurricanes, deep convection (Fig. 6a)
in the eyewall is most frequent left-of-shear with 44.3% of all
deep convection in INT hurricanes occurring between 608 and
1808 to the left of the shear vector. There is a fairly uniform
distribution of deep convection at other azimuths in INT hur-
ricanes. In contrast to INT hurricanes, deep convection in
WE hurricanes occurs primarily in the DSL quadrant. This
quadrant of WE hurricanes contains the highest concentration
of deep convection of any intensity change category with

43.8% of all deep convection for those storms. While not as
concentrated as in WE hurricanes, deep convection also peaks
in the DSL quadrant in SS storms with 39.2% of eyewall deep
convection in these storms. Because of the high concentration
in the DSL quadrant, both WE and SS hurricanes have about
half the relative frequency of eyewall deep convection in the
upshear and right-of-shear quadrants as the INT storms. To
test whether the differences in the distributions of Fig. 6a are
statistically significant, we use a two-sample Kolmogorov–
Smirnov (KS; Massey 1951) test which determines whether
two samples come from the same distribution. Based on the
KS test, each of the distributions are statistically significantly
different at greater than the 99% confidence (p , 0.01),
meaning that there is statistical confidence that the distribu-
tions of deep convection are different between intensity
change categories.

The previous results suggest greater rates of TC intensifica-
tion are associated with more symmetric distributions of deep
convection, which is now quantitatively examined using a sym-
metry index. In a storm with perfectly symmetrically distributed
precipitation mode, there would be an 8.3% occurrence in each
308 azimuthal bin (12 total bins). Therefore, to objectively deter-
mine how asymmetric precipitation distributions are, we will
use the mean absolute difference from 8.3% occurrence (i.e.,
take the mean of all absolute value differences between the ac-
tual occurrence and 8.3%). For deep convection in the eyewall

FIG. 5. Radial distributions (regardless of azimuthal storm-relative location) of the four precip-
itation modes: (a) stratiform precipitation, (b) shallow convection, (c) moderate convection, and
(d) deep convection for INT, SS, and WE hurricanes. Each radial band is normalized by the total
number of grid points in that bin. To highlight differences, note that the ordinate axis is different
in each panel and that the abscissa is zoomed in to be outward bounded by r* 5 3.
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region, the mean absolute difference from a symmetric distribu-
tion is 2.6%, 2.7%, and 4.2% for INT, SS, and WE hurricanes,
respectively. This indicates that deep convection near the eye-
wall is more symmetrically distributed in INT and SS storms
than WE storms, a pattern noticed to be favorable in many ob-
servational (e.g., Stevenson et al. 2014, 2018; Zagrodnik and
Jiang 2014; Alvey et al. 2015; Rogers et al. 2013b, 2015, 2016;
Rios-Berrios and Torn 2017; Wadler et al. 2018b, 2021b; Fischer
et al. 2018) and modeling studies (e.g., Chen and Gopalakrishnan
2015; Onderlinde and Nolan 2014, 2016; Rios-Berrios et al.
2016a,b; Leighton et al. 2018; Zhang and Rogers 2019; Hazelton
et al. 2021). This builds upon the results from the previous section
which suggest that the distributions of latent heating and humidi-
fication throughout the column associated with deep convection
favors intensification, particularly when it is symmetrically distrib-
uted inside of the RMW and occurs particularly in the upshear
quadrants.

The cause for the greater frequency of deep convection in the
USL quadrant of INT cases is unclear. We speculate that the
upper-level thermodynamic conditions in the upshear quadrants
(which could be modulated by ventilation) are more favorable
for convection to persist in INT storms than in WE and SS
storms which allows for more vigorous upper-level updrafts in

that region (e.g., Zawislak et al. 2016; Rogers et al. 2016), but
that would need to be evaluated using numerical simulations or
via case studies with adequate thermodynamic observations. It
is also possible that the differences in the convective structure
between the intensity change groups are influenced by different
vortex tilt structures (e.g., Reasor and Eastin 2012; Reasor et al.
2013; Tao and Jiang 2015; Rios-Berrios et al. 2018; Alvey et al.
2020; Boehm and Bell 2021; Ryglicki et al. 2021; Schecter 2022;
Yu et al. 2023). However, an initial search of the hurricanes ex-
amined here found no significant relationship between the rate
of TC intensity change and vortex tilt magnitude (not shown),
consistent with the findings of Rogers et al. (2013b).

The second most asymmetrically distributed precipitation
mode is moderate convection (Fig. 6b). All intensity change
categories have a higher percentage of moderate convection
in the left of shear semicircle than in the right of shear semi-
circle. The mean absolute difference from symmetrically dis-
tributed moderate convection is 1.8%, 2.9%, and 3.2% for
INT, SS, and WE hurricanes, respectively. However, the dif-
ferences in the distribution of moderate convection between
the intensity change groups are not as systematic as for deep
convection. This suggests that the latent heating and humidifi-
cation associated with the strongest updrafts at high altitudes

FIG. 6. Polar histograms showing the azimuthal distributions of (a) deep convection, (b) moderate convection,
(c) shallow convection, and (d) stratiform precipitation relative to the environmental wind shear for data points in the
eyewall region (between R/RMW2KM 5 0:75 and R/RMW2KM 5 1:25). In polar histograms, a larger radial component
indicates a greater frequency. With 308 bins, an 8.3% occurrence in each bin represents a fully symmetrically distrib-
uted field. The data are normalized such that the sum of all the 308 bins for each intensity change category is 1.
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are more important for intensification than weaker updrafts
at low altitudes. Alternatively, this can suggest that that venti-
lation and/or forcing for ascent in the lower troposphere is
what independently governs how deep and vigorous convec-
tion becomes.

Shallow convection (Fig. 6c) and stratiform precipitation
(Fig. 6d) contain comparatively small, but consistent differ-
ences between the azimuthal distributions in the eyewall re-
gion. There is consistently more shallow convection in the
upshear and right of shear region (between 1508 and 2708 to
the left of the shear vector) of INT hurricanes than SS and
WE hurricanes. Interestingly, stratiform precipitation has the
most symmetric distribution of all the precipitation modes.
The mean absolute difference from symmetrically distributed
stratiform precipitation is 0.34%, 0.52%, and 0.85% for INT,
SS, and WE hurricanes, respectively.

Overall, Fig. 6 indicates that convection (particularly deep
convection) is more symmetrically distributed around the eye-
wall in INT hurricanes than SS and WE hurricanes. Interest-
ingly, the differences in the azimuthal distribution of stratiform
precipitation are less significant than what was found in the
satellite-based studies such as Tao et al. (2017), which found
that intensification was associated with an increase in stratiform
precipitation in all azimuths, but especially the USL quadrant.
However, Tao et al. focused primarily on the innermost 100-km
and not the eyewall region since satellite-based fields do not
have kinematic information about a TC such as the RMW. Tao
et al. also considered weaker TCs which are usually more
asymmetric and compared the distributions relative to the time
of RI onset which is beyond the scope of this manuscript due
to the limited size of the TC-RADAR database. Additionally,
there may be discrepancies due to differences in swath cover-
ages as Tao et al. only required that TRMM precipitation radar
passes cover at least 50% of the storm while TDR measure-
ments on P-3 missions typically capture all azimuths around
the eyewall region.

The differences in the azimuthal distribution of precipita-
tion modes (particularly deep convection) near the eyewall in
Fig. 6 imply that there are fundamental differences in the dis-
tribution of strong vertical velocities near the eyewall between
intensity change groups. Contoured frequency by altitude dia-
grams (CFADs; Yuter and Houze 1995; Hence and Houze
2008) are created for the eyewall region (same radial criteria
as Fig. 6) of each shear-relative quadrant with the differences
between INT and WE hurricanes shown in Fig. 7.5 Note that
Fig. 7 only contains data after 2010 due to an issue with the
vertical velocity retrieval prior to that year [which did not in-
fluence the reflectivity and precipitation mode analysis; see
Fischer et al. (2022) for discussion about the vertical velocity
retrieval in the TC-RADAR database].

In the DSR quadrant (Fig. 7d), WE hurricanes have a
greater occurrence of positive vertical velocities greater than

1.5 m s21 between 0.5- and ;10-km altitude. In this quadrant,
the greatest difference in vertical velocity frequency between
the INT and WE hurricanes is between 2 and 4 m s21 and at
altitudes between 4 and 5 km. The stronger updrafts in the
DSR quadrant are likely associated with the higher concen-
tration of deep convection in the downwind DSL quadrant of
WE hurricanes (i.e., Fig. 6a). The differences between INT
and WE hurricanes reverse in the DSL quadrant (Fig. 7c),
where WE hurricanes favor midlevel downdrafts, mainly be-
tween 3- and 9-km altitude, and between 22 and 0 m s21.
INT hurricanes favor updrafts greater than 1 m s21 above
2.5-km altitude in the DSL quadrant, signaling the favorabil-
ity for deep convection downwind in the USL quadrant. The
downwind shift in deep convection is likely because many hy-
drometeors above the freezing levels are low-density (Houze
et al. 1992; Black et al. 1996) which means they have a longer
residence time and can be advected farther around the storm
by the tangential winds (called the “mixmaster” effect; Marks
and Houze 1987; Rogers et al. 2009).

The greatest differences in updraft distributions between
INT and WE hurricanes are in the USL quadrant (Fig. 7a).
At nearly all altitudes of this quadrant, there is a stronger
preference for updrafts in INT than WE hurricanes. The dif-
ferences in positive vertical velocities are maximized between
2- and 6-km altitude and vertical wind speeds between 1 and
2 m s21. In contrast, WE hurricanes have a strong preference
for downdrafts above 2-km altitude in this quadrant, a signa-
ture that could represent a greater transport of low entropy
air toward the boundary layer (e.g., Riemer et al. 2010) which
is generally assumed to occur in the primary rainband but has
been also observed in the eyewall region (Wadler et al.
2018a). Less significant differences are present in the USR
quadrant (Fig. 7b), though INT hurricanes favor positive verti-
cal velocities below 2-km altitude and between 0 and 2 m s21,
which is a potential indicator that convective initiation can occur
in this quadrant. CFADs of divergence in this quadrant confirm
that INT hurricanes favor more convergence between 1- and
5-km altitude in the USR quadrant than WE hurricanes (not
shown).

c. Precipitation properties in TCs experiencing shear with
northerly and southerly components

As described earlier, a recent study by Wadler et al. (2022)
showed, using two independent observational databases, that
when TCs experience southerly component shear, a 4–6-K
wavenumber-1 asymmetry in boundary layer ue (through at-
mospheric moisture) exists between the left-of-shear and
right-of-shear quadrants (higher values right-of shear). This
thermodynamic asymmetry was less pronounced for TCs
experiencing shear with a northerly component. To determine
whether those differing thermodynamic distributions affect
precipitation structures, the partitioned precipitation data are
recategorized for hurricanes experiencing deep-layer environ-
mental wind shear with a northerly component (heading
greater than 908 and less than 2708) and a southerly compo-
nent (heading greater than 2708 and less than 3608; also
greater than 08 and less than 908), regardless of intensity

5 Note that since Fig. 7 shows differences, the positive (red) col-
ors represent a higher frequency in INT hurricanes while cooler
(blue) colors represent a higher frequency in WE hurricanes. For
all the quadrants, similar, though not as extreme, differences are
noticed between INT and SS hurricanes (not shown).
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change. There is a fairly equal distribution of shear headings
of hurricanes sampled in the TC-RADAR database with a
northerly and southerly component (Fig. 8), with over 75% of
shear headings toward the east.

The favorably symmetric (northerly component shear) and
unfavorably asymmetric (southerly component shear) thermo-
dynamic distributions are echoed in the precipitation distribu-
tions in Fig. 9 which divides the precipitation data within the
eyewall region data into the same 308 azimuthal bins as in Fig. 6.
Hurricanes experiencing northerly component shear have a
higher amount of deep convection in every quadrant except the
DSR quadrant (22.8% of all deep convection is in the DSR
quadrant of southerly component shear as opposed to 15.9% in
northerly component shear cases) (Fig. 9a). Besides the DSR
quadrant, the greatest difference in deep convection between
northerly component and southerly component shear cases is in
deep convection in the USL quadrant. The lower amount of
deep convection in this region for southerly component shear

cases is potentially a downwind effect resulting from the lower
boundary layer ue values in the left-of-shear quadrants shown in
Wadler et al. (2022) for these cases [a process discussed in
Rogers et al. (2016) for Hurricane Edouard of 2014]. However,
a numerical modeling study is needed to evaluate processes
leading to the different deep convective distributions.

While moderate convection (Fig. 9b) and stratiform precipita-
tion (Fig. 9d) do not have systematic differences between the
shear direction groups, there are noticeable differences in shal-
low convection (Fig. 9c), with a slight, but consistently higher
concentration of shallow convection upshear (between 1508 and
2108 to the left of the shear vector) in the southerly component
shear cases. Using a KS test, both distributions in Figs. 9a and
9c are statistically significant different between northerly com-
ponent and southerly component shear at greater than 99%
confidence. We speculate that the lower boundary layer ue val-
ues in the left-of-shear quadrants of southerly component shear
cases lead to less instability in convective cores such that they

FIG. 7. The difference in contoured frequency by altitude diagrams (CFADs; Yuter and Houze 1995; Hence and Houze 2008) of vertical
velocity (bin size is 0.5 m s21) between INT and WE hurricanes in the (a) upshear-left, (b) upshear-right, (c) downshear-left and,
(d) downshear-right quadrant for all data points in the eyewall region (between R/RMW2KM 5 0:75 and R/RMW2KM 5 1:25). In each
panel, zero vertical velocity is outlined in a thick vertical line while the zero difference contour is in bold.
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peak at a lower altitude in the upshear region of the eyewall.
Note that the results shown in Fig. 9 are not sensitive to the defi-
nition of northerly component and southerly component shear,
as a 208 buffer room between them such that if the northerly
component headings are between 1108 and 2608 and southerly
component headings are between 2808 and 3608 and between 08
and 808, the results are similar (not shown).

Interestingly, the differences in the azimuthal distribution
of the precipitation modes in the eyewall region between hur-
ricanes experiencing northerly component and southerly com-
ponent shear (Fig. 9) largely reflect the differences between
INT and WE hurricanes (Fig. 6). Given that the distributions
are derived from the same precipitation database, the more
favorable precipitation distributions for hurricanes in the
TDR database that experience northerly component shear
are associated with preferential subsequent 12-h intensifica-
tion (Fig. 10a). Subsequent 12-h intensity increases changes
between 5 and 20 kt favor hurricanes experiencing northerly
component shear, while subsequent intensity changes between
220 and 25 kt favor southerly component shear, even though
the mean initial intensities are similarly near 95–100 kt be-
tween the two groups (Fig. 10b). Using the Student’s t test, the
differences in the intensification rate are statistically significant
at greater than the 99% confidence interval, consistent with
the TC climatology distributions derived from the SHIPS data-
base in Wadler et al. (2022). Of note, as with Fig. 4, all statisti-
cal comparisons in Figs. 10 and 11 are with one swath per
storm to ensure all storms are weighted equally. While the dif-
ferences in intensification rate between the two shear direction
groups are likely associated with the differences in precipita-
tion and their respective projections of latent heating on the

wavenumber-0 structure (Nolan et al. 2007), the greater
amount of deep convection in the left-of-shear quadrants and
greater TC intensification rates observed in northerly compo-
nent shear cases seems to be due to the boundary layer ther-
modynamic distributions shown in Wadler et al. (2022). The
mean wind shear magnitude in the northerly component cases
(14 kt) is relatively similar (and not statistically significantly
different) to that in the southerly component flow sample
(15 kt; Fig. 10c).

Results derived from the SHIPS developmental database in
Wadler et al. (2022) also showed that the greatest difference
in intensification rates between northerly component and
southerly component wind shear are when hurricanes experi-
ence moderate magnitudes of vertical wind shear, defined as a
shear magnitude between 4.5 and 11 m s21 (Rios-Berrios and
Torn 2017), an environmental regime that is difficult to accu-
rately forecast in (Molinari et al. 2004, 2006; Molinari and
Vollaro 2010; Montgomery et al. 2010; Bhatia and Nolan
2013; Foerster et al. 2014; Stevenson et al. 2014; Rios-Berrios
et al. 2016b,a; Zawislak et al. 2016; Rios-Berrios and Torn
2017; Nguyen et al. 2017; Finocchio and Majumdar 2017;
Rios-Berrios et al. 2018; Rogers et al. 2020). To examine how
these climatological relationships between shear magnitude
and intensification rate are related to the precipitation mode
distributions, in the current study we further stratify the pre-
cipitation data by both the environmental wind shear magni-
tude and a hurricane’s initial intensity (i.e., all hurricanes,
only minor hurricanes, and only major hurricanes). The great-
est overall differences in the intensification rates and precipi-
tation structure are for major hurricanes experiencing
moderate wind shear values (Fig. 11). Here, northerly compo-
nent shear cases (N 5 70 swaths) have a mean intensity
change of 3.7 kt over the subsequent 12 h while southerly
component shear cases (N5 88 swaths) have a mean intensity
change of 25.9 kt over the subsequent 12 h (Fig. 11a). The
differences in intensification rate are statistically significant at
greater than 99% confidence interval. Interestingly, even
though the mean initial intensity of major hurricanes cases in
northerly component shear is 121 kt, 8 kt higher than the
southerly component shear subsample (Fig. 11b), more than
half of the northerly shear cases experience subsequent inten-
sification. Of note, even though the shear magnitudes are lim-
ited to the moderate range, the mean is 14 kt (7.2 m s21) and
16 kt (8.2 m s21) for the northerly component and southerly
component cases, respectively (not shown). We speculate that
the difference in shear magnitude cannot be responsible for
the different mean intensity changes and precipitation distri-
butions between the shear direction groups. Note that similar
results (though not as significant) are obtained for all hurri-
canes in moderate shear (not shown).

In terms of the precipitation distribution (Fig. 12a), the eye-
wall region of major hurricanes in moderate northerly compo-
nent shear cases is significantly more convective (40.4% of
grid points) than the major hurricanes in moderate southerly
component shear cases (33.2% of grid points). The greater
identification of convective points for northerly component
shear cases spans all three convective modes signifying more
heating and humidification at all levels in the eyewall region.

FIG. 8. Polar histograms showing the azimuthal frequency of
deep-layer wind shear headings for all TC cases examined in this
study. The data are normalized such that the sum of all the 308 bins
is 1.
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The major hurricanes subsample experiencing a moderate
amount of northerly component shear had a greater concen-
tration of deep convection between 1508 and 2708 to the left
of the shear vector, and a lower concentration of deep convec-
tion elsewhere (Fig. 12b). Deep convection is also more sym-
metrically distributed in the northerly component cases with a
mean absolute deviation of 2.8% from a perfectly symmetric
distribution average of 8.3% in each 308 azimuthal bin (mean
deviation is 3.7% in southerly component shear cases). Signif-
icant differences between the groups also appear in the azi-
muthal distribution of moderate and shallow convection in
the eyewall (Figs. 12c,d). Moderate convection is most preva-
lent in the downshear of southerly component shear cases.
The largest concentration of shallow convection in northerly
component shear cases also appears upshear.

As before, the differences in precipitation distributions re-
flect differences in the vertical velocity distributions. In the
DSR quadrant, southerly component shear cases have a
greater percentage of updrafts between 0.5- and 10-km alti-
tude than the northerly component shear cases (Fig. 13d).
The greatest differences in updraft distributions are between
0 and 4 m s21, likely highlighting the development of moderate

convection which peaks downwind in the DSL quadrant of the
southerly component shear storms (Fig. 12c). The northerly
component shear cases favor having stronger mid and upper-
level updrafts in the left-of-shear quadrants (Figs. 13a,c) than
the southerly component shear cases, with the differences max-
imized in the USL quadrant (Fig. 13a). As when comparing
INT and WE hurricanes in Fig. 7a, northerly component shear
cases have higher concentrations of positive vertical velocities
between 2 and 8 km in the USL quadrant, while southerly
shear cases have a significantly higher concentration of down-
drafts at all altitudes. Additionally, as when comparing INT
and WE hurricanes, northerly component shear cases have a
higher amount of low-level (0.5–4 km) updrafts between
0.5 and 3 m s21 (Fig. 13b), collocated with higher amounts of
convergence (not shown), which signals a preferential region
for convective initiation.

4. Discussion and summary

Airborne pseudo dual-Doppler radar data collected from
hurricanes on the NOAA P-3 between 1997 and 2021 are par-
titioned into different precipitation modes (i.e., stratiform

FIG. 9. Polar histograms showing the azimuthal distributions of (a) deep convection, (b) moderate convection,
(c) shallow convection, and (d) stratiform precipitation for relative to the environmental wind shear for data points in
the eyewall region (between R/RMW2KM 5 0:75 and R/RMW2KM 5 1:25) for hurricanes experiencing northerly
component and southerly component deep-layer environmental wind shear. In polar histograms, a larger radial com-
ponent indicates a greater frequency. With 308 bins, a 12% occurrence in each bin represents a fully symmetrically
distributed field. The data are normalized such that the sum of all the 308 bins for each shear direction is 1.

MONTHLY WEATHER REV I EW VOLUME 1513222

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 01/12/24 04:33 PM UTC



precipitation, shallow convection, moderate convection, and
deep convection) to describe the relationship between precip-
itation distributions to hurricane intensity change and the hor-
izontal direction of the 850–200-mb environmental wind shear
vector. From all hurricanes, the most common precipitation
mode within r* 5 5 is stratiform precipitation with 82.6% of
all observed precipitation. Shallow, moderate, and deep con-
vection constitute 6.6%, 9.5%, and 1.3% of all observed pre-
cipitation, respectively. Stratiform precipitation is the most
uniformly distributed precipitation mode and peaks just radially
outside the eyewall in the radial band centered on r* 5 1:25,
while all the convective modes occur most frequently in the
r* 5 1 radial band.

a. Precipitation distributions of intensifying, weakening
and steady-state hurricanes

To elucidate how precipitation mode distributions are re-
lated to TC intensity change, the data were partitioned into
INT, WE, and SS hurricanes. Among all the radial bands, the
greatest differences in the areal coverage of the precipitation

FIG. 10. Normalized distributions of (a) 12-h intensity change,
(b) initial intensity, and (c) deep-layer wind shear magnitude for
hurricanes experiencing northerly and southerly shear. The mean
and median for each field is given in every plot.

FIG. 11. (a),(b) As in Figs. 10a and 10b, but only for major hurri-
canes in moderate shear.
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modes are for deep convection between r* 5 0:75 and
r* 5 1:25 (the eyewall region) where INT hurricanes have the
greatest areal coverage of convection with 28.1% of grid
points identified as convection. Overall, WE hurricanes have
the least amount of deep convection for all radial bands in-
wards of r* 5 1, a signature noticed to be unfavorable for in-
tensification since the diabatic heating is outside the region of
highest vorticity (e.g., Vigh and Schubert 2009; Pendergrass
and Willoughby 2009) which is an unfavorable configuration
for the inward advection of absolute angular momentum
(Smith and Montgomery 2016). This relationship between the
radial distribution of deep convection and TC intensification
has also been shown in modeling (Rogers 2010; Zhang and
Chen 2012; Chen and Zhang 2013) and observational (Rogers
et al. 2013b; Wadler et al. 2018b; Stevenson et al. 2018)
studies.

With the greatest differences in the radial distribution of pre-
cipitation between the intensity change categories being in the
eyewall region, the azimuthal precipitation structure in this re-
gion was explored. A summary schematic of the azimuthal dif-
ferences is given in Fig. 14. INT hurricanes (Fig. 14a) have a
more symmetric distribution of deep convection in the eyewall
region than SS and WE hurricanes (Fig. 14b). In WE hurri-
canes, deep convection in the eyewall is mostly confined to the

DSL quadrant with 43.8% of all deep convection for those
storms occurring in this quadrant. While not as extreme, 39.2%
of all eyewall deep convection preferentially occurs in the DSL
quadrant in SS hurricanes. In INT hurricanes, deep convection
is most prevalent left-of-shear but is more symmetrically distrib-
uted than the other intensity change categories.

The distribution of deep convection has the most pronounced
difference between the intensity change groups of any precipita-
tion mode. This is an interesting result because while deep con-
vection can be a significant source of vertical mass flux (Braun
2002), moderate and shallow convection have a greater areal
coverage, which can lead to a greater aggregate contribution to
latent heating and total volumetric rain rate (e.g., Tao and Jiang
2015). We speculate that the symmetric distribution of heating
at all levels associated with deep convection in the eyewall is
more important for intensification as compared to having heat-
ing limited to the low- and midlevels from weaker forms of con-
vection and stratiform rain. The upper-level heating can lead to
a stronger TC warm core aloft and associated pressure falls. Al-
ternatively, the signals can suggest that that ventilation and/or
forcing for ascent in the lower troposphere is what indepen-
dently governs how deep and vigorous convection becomes
[a similar conclusion to Rogers et al. (2016)]. A numerical
modeling study specifically analyzing the effects of different

FIG. 12. (a) The percent of areal coverage of the four precipitation modes in the eyewall region. (b)–(d) As in
Fig. 9, but for the comparison of (b) deep convection, (c) moderate convection, and (d) shallow convection between
major hurricanes experiencing moderate amounts of northerly component and southerly component environmental
wind shear.
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precipitation modes is needed to confirm this result. The more
symmetric distribution of deep convection in INT hurricanes
may also be an indicator of favorable tilt precession into the
USL quadrant, which favors realignment (e.g., Stevenson et al.
2014; Munsell et al. 2017; Rios-Berrios et al. 2018; Alvey et al.
2020); however, such a shear-relative tilt configuration was
rarely observed in the storms in the TC-RADAR database
(Fischer et al. 2022). The relationship between vortex tilt and
TC intensification using TC-RADAR is currently being ex-
plored in a separate study and the tilt direction in Fig. 14 should
not be assumed constant.

The differences in the distribution of deep convection are
generally downwind of differences in the vertical velocity distri-
bution with WE hurricanes having a greater occurrence of posi-
tive vertical velocities greater than 2 m s21 between the surface
and 10-km altitude in the DSR quadrant. INT hurricanes have a
greater prevalence of upper-level updrafts in all other quad-
rants. Thus, even though the majority of vertical velocities in
the eyewall are composed of weak drafts (e.g., Jorgensen 1984;
Jorgensen et al. 1985; Black et al. 1996; Rogers et al. 2006, 2012,
2013b; Fischer et al. 2022), differences in the stronger vertical
motions have a more pronounced relationship to hurricane in-
tensity change. We speculate that enhanced low-level buoyancy
and convergence in the right-of-shear quadrants, as well as fa-
vorable upper-level thermodynamic conditions (such are more

humidity) in the upshear quadrants, allow for the vigorous
updrafts and deep convection to persist into the upshear
quadrants. The upper-level thermodynamic conditions in the
upshear quadrants of WE and SS storms may limit the persis-
tence of deep convection into the upshear semicircle (e.g.,
Chen and Gopalakrishnan 2015; Zawislak et al. 2016).

Interestingly, there are no significant differences in the distribu-
tion of stratiform precipitation between any of the intensity
change categories, as opposed to what was shown for TCs under-
going RI in the satellite-based study by Tao et al. (2017). Previous
studies of airborne Doppler radar analyses of intensifying TCs by
Rogers et al. (2013b) and Wadler et al. (2018b) attributed differ-
ences between satellite-based and TDR-based distributions of
deep convection to differences in the sample sizes of the datasets.
Additionally, due to the size of the database, this study can only
focus on the future change in TC intensity while Tao et al. (2017)
was able to further stratify by TCs starting intensification and
those continuing intensification. Since other potential causes for
the differences are mean environmental differences between the
studies based on the domains of sampled TCs (e.g., Harnos and
Nesbitt 2016a,b; Fischer et al. 2018), different radar resolutions
and calibrations, and our limiting this study to TCs with an initial
intensity of hurricane strength or greater, case studies sampled by
both platforms are needed to elucidate why there are discrepan-
cies between the composite storm structures.

FIG. 13. As in Fig. 7, but for comparing major hurricanes (.50 m s21 1-min sustained winds at 10 m) experiencing
moderate amounts (4.5–11 m s21) of vertical wind shear with a northerly and southerly component.
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It is likely that INT hurricanes have vortex structures, such
as the shape of the wind field (e.g., Zhang et al. 2023), that fa-
vor greater inflow and ascent. Additionally, INT hurricanes
may be more convective near the eyewall because they have
more favorable inner-core thermodynamic conditions and a
tendency for more convergence at the base of the eyewall for
both convection to form (for shallow convection) and for it to
grow/propagate (for deep convection) than WE and SS hurri-
canes. Using a dropsonde database, Nguyen et al. (2019)
found that for weak storms the difference in thermodynamic
distributions is related to intensification rate, with more con-
ditional instability downshear for intensifying storms. Nguyen

et al. linked the conditional instability to enhanced air–sea en-
thalpy fluxes upshear which is likely due to enhanced air–sea
moisture disequilibrium in these storms (e.g., Cione et al.
2013; Jaimes de la Cruz et al. 2021).

b. Precipitation distributions of hurricanes experiencing
northerly component and southerly component
environmental wind shear

With the baseline precipitation distributions documented
for INT, SS, and WE hurricanes, the precipitation database
was also broken up into hurricanes that experience vertical
wind shear with a northerly and southerly component. A

FIG. 14. A schematic summary of the precipitation and vertical velocity distributions around
the eyewall region of (a) intensifying hurricanes and (b) weakening and steady-state hurricanes.
Red arrows indicate areas of predominantly rising motion while blue arrows indicate areas of
predominantly sinking motion. The depth of the clouds is related to the type of precipitation,
with the light flat cloud representing stratiform precipitation.
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recent study by Wadler et al. (2022) showed that there is a
4–6-K wavenumber-1 asymmetry outside the inner-core in the
boundary layer ue when TCs experience shear with a south-
erly component, while the boundary layer was more symmet-
ric when TCs experience shear with a northerly component.
How the boundary layer thermodynamic structures are related
to precipitation distributions within the inner core remained
an open topic that this study sought to address.

As with the comparison of the intensity change categories,
the greatest differences in the precipitation distributions be-
tween the shear direction is for deep convection in the eyewall
region. Hurricanes experiencing northerly component shear
have more symmetric distributions of deep convection than
hurricanes experiencing southerly component shear, which
have deep convection preferentially confined to the DSR quad-
rant. The precipitation distribution in hurricanes experiencing
northerly component shear generally resembles that for INT
hurricanes in Fig. 14a while the precipitation distribution in hur-
ricanes experiencing southerly component shear generally re-
sembles that for WE/SS hurricanes in Fig. 14b. Likely because
of these precipitation, and previously documented thermody-
namic distributions that translate to the inner-core through the
inflow layer [see Wadler et al. (2022) for the thermodynamic
distributions], hurricanes experiencing northerly component
shear tend to intensify (mean of 6.2 kt of intensity change in
12 h) while hurricanes experiencing southerly component shear
tend to weaken (mean of20.58-kt intensity change in 12 h). We
hypothesize that the thermodynamically unfavorable air in the
boundary layer right-of-shear in the southerly component shear
cases is entraining into the eyewall and limiting the strength of
the convection; however, numerical modeling and individual ob-
servational case studies are needed to diagnose the pathways air
parcels travel as they spiral inward from outer radii. The great-
est overall differences in the precipitation structures between
the shear direction groups are for major hurricanes experiencing
a moderate amount of vertical wind shear.

The results of this study emphasize that even though deep
convection is the least frequent type of precipitation mode, at
only 1.3% of all observed precipitation within r* 5 5, it is the
differences in its distribution, especially azimuthally around
the eyewall region, that is the greatest indicator of all precipi-
tation modes for subsequent intensification. Thus, the distri-
bution of deep convection could serve as information in a
statistical predictive scheme such in SHIPS or a machine
learning ML algorithm. However, since we could not account
for previous intensification in the analysis, we cannot con-
clude whether the signals are indicators of the onset of inten-
sification or of continuing intensification [as was done by Tao
et al. (2017)]. As with observational case studies by Zawislak
et al. (2016) and Nguyen et al. (2017) and a numerical study
by Alvey et al. (2020), future studies should consider the rela-
tionship between low- and midlevel thermodynamic distribu-
tions with precipitation structure. Future work should also
consider how different microphysical distributions are related
to TC precipitation distributions as well as linking other ob-
served and derived kinematic fields observed by the TDR
(e.g., radial/tangential wind, divergence, vorticity) to the dis-
tribution of different precipitation modes. This study can be

expanded upon in the future to include the combined effects
of shear and storm motion on the distribution of precipitation
modes (e.g., Corbosiero and Molinari 2003), though Wadler
et al. (2022) did not find significant differences in thermody-
namic distributions using that reference frame and Pei and
Jiang (2018) found shear to be the predominant producer of
precipitation asymmetries. It would also be beneficial to con-
duct a numerical modeling study that can assess what physical
processes lead to the different distributions of precipitation
modes and how the precipitation modes contribute to inten-
sity changes.

5. Conclusions and takeaways

We summarize the major conclusions as follows:

• For all hurricanes, stratiform precipitation is the dominant
precipitation mode, within r* 5 5 with 82.6% of all observed
precipitation. Shallow, moderate, and deep convection con-
stitute 6.6%, 9.5%, and 1.3% of all observed precipitation,
respectively.

• The distribution of deep convection is the primary indicator
of intensity change. The presence of deep convection favors
subsequent intensification when it occurs radially inwards
of the RMW and is more symmetrically distributed around
the eyewall region, particularly with its presence in the
USL quadrant. This confirms the results of previous radar-
based studies (Rogers et al. 2013b; Wadler et al. 2018b)
that only analyzed the role of deep convection. The identi-
fication of deep convection via radar reflectivity is generally
downwind of upper-level updrafts. We speculate that deep
convection is the primary indicator of intensity change due
to heating and humidifying of the entire column of the eye-
wall, which can lead to surface pressure falls and the subse-
quent spin up of winds in the boundary layer.

• The distribution of stratiform precipitation does not have a
significant relationship to intensity change, which deviates
from satellite-based studies. However, those studies have
different spatial domains and larger datasets which war-
rants further investigation in case study comparisons.

• Hurricanes experiencing wind shear with a northerly compo-
nent resembled precipitation distributions of intensifying
storms, while hurricanes experiencing wind shear with a
southerly component resembled precipitation distributions of
weakening storms. This reflects thermodynamic distributions
seen using buoy and dropsonde data in Wadler et al. (2022).
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APPENDIX

Calibration of Radar Reflectivity Values

Over the period of this study, different TDR systems were
used onboard NOAA’s two P3 aircraft (Fischer et al. 2022).
The distribution of TDR-derived radar reflectivities can vary
from aircraft-to-aircraft (even if the same TC precipitation
region is being sampled nearly simultaneously) or from year-
to-year. To mitigate observational biases, a bias-correction tech-
nique was applied to cases in the TC-RADAR database. To
do so, a reference distribution of radar reflectivity was created,
using all TDR swath analyses of overwater TCs in the data-
base (Fig. A1). For a given season, we searched for coincident

flights, where the two P3 aircraft [NOAA42 (N42) and
NOAA43 (N43)] observed the same TC within 12 h of each
other. This temporal constraint is used to identify cases that
should have relatively similar distributions of reflectivity, as-
suming the external forcing on the storms, TC intensity, and
the convective structure are not changing significantly over a
12-h period. If at least two coincident flights were identified
for both N42 and N43, the observed radar reflectivity distribu-
tions for only the coincident flights were compared to the ref-
erence reflectivity distribution shown in Fig. A1.

Using a probability matching technique, the distribution of
the observed radar reflectivities were shifted to match the ref-
erence profile. For example, at a height of 3 km, the 70th per-
centile of radar reflectivities of the coincident flights for each
aircraft were compared to the 70th percentile of radar reflec-
tivities of the reference distribution. Thus, a bias for each air-
craft relative to the reference distribution could be identified
and then removed by subtracting the reflectivity bias from the
observed value at each analysis grid point. This process was
repeated for all analysis heights between 0.5 and 10 km. Re-
flectivity values below the 5th percentile and above the 95th
percentile were treated as outliers and bias corrections relative
to the 5th and 95th percentiles of the reference profile were
applied. For years without sufficient coincident flights, a simi-
lar method was applied, but instead of only using coincident
flights to identify the reflectivity bias, all TDR analyses from

FIG. A1. The vertical distribution of different percentiles of the reference reflectivity (dBZ) dis-
tribution. Each percentile corresponds to the values shown on the color bar.
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the respective aircraft in that year were used to identify reflec-
tivity biases.

An example of the impacts of the reflectivity bias-correction
is shown in Fig. A2, for the case of Hurricane Lorenzo (2019).
Here, two P3 aircraft sampled the inner core of Lorenzo follow-
ing a similar flight track, but were offset in time by approxi-
mately 13 min. The raw radar TDR reflectivities from each
flight (Figs. A2a,b) are associated with relatively large differ-
ences, with a pronounced high bias in the analyses from N42
(Fig. A2c). Once the bias-correction technique was applied
(Figs. A2d–f), the TDR analyses from the two aircraft are much
more similar, with the pronounced high-bias in the TDR analysis
from N42 removed. Some small differences in the bias-corrected
reflectivity pattern remain, presumably due to convective evolu-
tion over the 13-min offset in the observing window.
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