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ABSTRACT

Although infrequent, tropical cyclones (TCs) can intensify under moderate vertical wind shear (VWS). A
potential hypothesis is that other factors—associated with both the TC and its environment—can help offset
the effects of VWS and aid intensification. This hypothesis was tested with a large dataset of 6-hourly best
tracks and environmental diagnostics for global TCs between 1982 and 2014. Moderate VWS was objectively
defined as 4.5-11.0m s~ !, which represents the 25th—75th percentiles of the global distribution of 200-850-hPa
VWS magnitude around TCs. Intensifying events (i.e., unique 6-hourly data points) were compared against
steady-state events to determine which TC and environmental characteristics favored intensification under
moderate VWS. This comparison showed that intensifying events were significantly stronger, closer to the
equator, larger, and moving with a more westward motion than steady-state events. Furthermore, intensifying
events moved within environments characterized by warmer sea surface temperatures, greater midtropospheric
water vapor, and more easterly VWS than steady-state events. Storm-relative, shear-relative composites sug-
gested that the coupling between water vapor, surface latent heat fluxes, and storm-relative flow asymmetries
was conducive for less dry air intrusions and more symmetric rainfall in intensifying events. Last, the comparison
showed no systematic differences between environmental wind profiles possibly due to the large temporal
variability of VWS.

1. Introduction intensification. Intensity forecasts for TCs under mod-
erate VWS are characterized by large errors (Bhatia and
Nolan 2013), presumably because other factors—
associated with both the TC and its environment—
can help offset the negative effects of VWS and
lead to intensification. A comprehensive analysis is
needed to identify TC and environmental charac-
teristics that are conducive for intensification under
moderate VWS.

Certain kinematic aspects of the TC vortex, such as
size, intensity, and latitude, can impact intensity changes
in sheared environments (Jones 1995; DeMaria 1996;
Reasor et al. 2004; Riemer and Montgomery 2011; Tang
and Emanuel 2012; Riemer et al. 2013; Reasor and
Montgomery 2015). Given that VWS tilts the vortex
from its upright position, vortex realignment is a process
by which a TC can overcome the effects of VWS and
intensify in a sheared environment. Various mechanisms
have been proposed to explain vortex realignment, in-
cluding vortex precession (Jones 1995) and damping of
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Environmental vertical wind shear (VWS) is one of
the most inhibiting factors for tropical cyclone (TC)
intensification. Climatological analyses for TCs in dif-
ferent basins consistently show that the stronger the
VWS, the smaller the chances of intensification (Merrill
1988; DeMaria and Kaplan 1994; Kaplan and DeMaria
2003; Paterson et al. 2005; Hendricks et al. 2010). The
importance of VWS is also evident in statistical-
dynamical intensity prediction models, which typically
rank VWS as one of the top environmental predictors of
TC intensity changes (e.g., DeMaria and Kaplan 1999;
Emanuel et al. 2004). However, the likelihood and
timing of intensification becomes highly uncertain under
moderate VWS (Zhang and Tao 2013; Tao and Zhang
2015), which can be defined as the range of VWS mag-
nitudes that are neither too weak to have little influence
on intensity changes nor too strong to completely halt
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modeling studies agree that large, strong, and high-
latitude TCs have faster vortex realignment than
small, weak, low-latitude TCs (Jones 1995; DeMaria
1996; Reasor et al. 2004; Reasor and Montgomery 2015).
The size and intensity of a TC circulation can also
modulate the resilience of a TC to another effect of
VWS—dry air intrusion. Large and strong TCs in nu-
merical simulations are less prone to dry air intrusions
than small and weak TCs (Riemer and Montgomery
2011; Riemer et al. 2013). Furthermore, the effects of
dry air intrusion on intensity change depend on the
initial intensity, such that the same amount of dry in-
trusion could be more detrimental for a weak TC than
for a strong TC (Tang and Emanuel 2010, 2012). The
applicability of these results to observed TCs under
moderate VWS remains unknown.

Kinematic aspects of the TC environment, such as the
shape of the environmental wind profile, could also in-
fluence intensity changes in sheared environments
(Zeng et al. 2010; Onderlinde and Nolan 2014, 2016;
Wang et al. 2015; Finocchio et al. 2016). Through ide-
alized simulations and a statistical analysis, Onderlinde
and Nolan (2014) showed that development and in-
tensification happens faster when the environmental
winds rotate clockwise with height [i.e., positive tropical
cyclone-relative helicity (TCREH)] compared to when
the environmental winds rotate counterclockwise with
height (negative TCREH). Intensification happens
faster under positive TCREH because surface latent
heat fluxes are stronger cyclonically upwind of the shear-
organized convection, and this setup aids the azimuthal
propagation of convection and vortex realignment
(Onderlinde and Nolan 2016). Using the same modeling
framework as in Onderlinde and Nolan (2014),
Finocchio et al. (2016) tested the sensitivity of intensity
changes to the height and depth of VWS. Their simu-
lations showed that intensification happens faster in
environments where the shear is concentrated in the
upper troposphere than in environments where the
shear is concentrated in the lower troposphere.
Finocchio et al. (2016) attributed the different in-
tensification rates to the timing and likelihood of vortex
realignment. A potential limitation of these studies is
that VWS was held constant throughout five days, which
may not be a good representation of real environments.
Nevertheless, recent statistical studies have also found
sensitivity of intensity change to the layer of VWS (Zeng
et al. 2010; Wang et al. 2015).

Thermodynamic characteristics of the TC and the
environment can also be influential for intensification
under moderate VWS (Molinari et al. 2004, 2006;
Shelton and Molinari 2009; Nguyen and Molinari 2012;
Reasor and Eastin 2012; Chen and Gopalakrishnan 2015;
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Nguyen and Molinari 2015). Persistent convective out-
breaks in the downshear quadrant and inside the radius of
maximum winds were linked to the intensification of
Hurricane Danny (1997; Molinari et al. 2004), Hurricane
Irene (1999; Nguyen and Molinari 2012), Tropical Storm
Gabrielle (2001; Molinari et al. 2006; Nguyen and
Molinari 2015), and Hurricane Claudette (2003; Shelton
and Molinari 2009). These convective outbreaks hap-
pened when the TCs moved over warm sea surface
temperatures (SST) of at least 28°C and through near-
saturated environments. In the case of Hurricane Claudette,
convective activity ceased and the TC weakened
shortly after dry air from the upshear quadrant was
mixed into the eyewall. Similarly, Molinari et al. (2013)
noted that Tropical Storm Edouard (2002)—despite
having intense downshear convection—did not in-
tensify, possibly because convection was far removed
from the TC center and the upshear semicircle was
remarkably dry. These findings hint that environmental
thermodynamic characteristics, such as SST and up-
shear moisture, can modulate convective outbreaks
and intensity changes under moderate VWS.

Recent modeling studies agree that SST and envi-
ronmental moisture modulate the likelihood of in-
tensification under moderate VWS (Ge et al. 2013;
Munsell et al. 2013; Tao and Zhang 2014; Rios-Berrios
et al. 2016a,b). Increasing the SST from 27° to 29°C in-
creased the chances of intensification under VWS as
large as 12.5ms ™! in the idealized simulations of Tao
and Zhang (2014). The increased chances of in-
tensification were attributed to enhanced surface latent
heat fluxes leading to more vigorous convection and
faster vortex realignment. Rios-Berrios et al. (2016a,b)
demonstrated the influence of environmental moisture
in ensemble intensity forecasts of Hurricanes Katia
(2011) and Ophelia (2011). Significant differences in
lower-tropospheric moisture right of the shear vector led
to differences among ensemble intensity forecasts of
Katia (Rios-Berrios et al. 2016a), whereas significant
differences in middle tropospheric moisture left of the
shear vector led to differences among ensemble in-
tensity forecasts of Ophelia (Rios-Berrios et al. 2016b).
In both cases, enhanced moisture led to intensification
through a combination of vortex stretching in the lower
troposphere and tilting of horizontal vorticity in the
middle troposphere. Discrepancies in the location of
enhanced moisture between the two cases demand fur-
ther investigation with a larger sample size.

A climatological analysis could potentially provide
more information about TC intensity changes under
moderate VWS by considering multiple cases. Previous
climatological studies, however, have been limited to
either correlation analyses with a relatively small sample
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size (DeMaria 1996), composites of airborne Doppler
observations of predominantly major Atlantic hurri-
canes (Rogers et al. 2013), or statistical analyses based
on individual basins (Zeng et al. 2010; Wang et al. 2015).
This study addresses those limitations by performing a
comprehensive climatological analysis based on multi-
ple cases from multiple basins. A combined dataset of
best tracks and environmental diagnostics was created
to consider all TCs around the world between 1982 and
2014. Data sources and restrictions applied to the data-
base are discussed in section 2. The database was used to
identify TCs with different intensity changes, objectively
define moderate VWS, and to perform a statistical
comparison of TCs that either did or did not intensify
under moderate VWS. Results from this comparison are
discussed in section 3, followed by conclusions and
suggestions for future work in section 4.

2. Approach

a. Datasets

1) BEST TRACKS

The International Best Track Archive for Climate
Stewardship (IBTrACS; Knapp et al. 2010) dataset was
used to gather information about TCs around the world.
IBTrACS combines best tracks from all operational cen-
ters in individual files that are consistently formatted for
all basins. In this study, the IBTrACS-all dataset was used
to obtain best tracks from the National Hurricane Center
(NHC) for North Atlantic and eastern North Pacific TCs,
and from the Joint Typhoon Warning Center (JTWC) for
western North Pacific, South Pacific, and Indian Ocean
TCs. The location of each TC was identified using the
latitude, longitude, and distance from land variables from
IBTrACS. TC intensity was measured by the maximum
sustained wind speed. Additional quantities were derived
from the aforementioned variables, including TC intensity
change (temporal change of maximum sustained wind
speed) and TC translational speed (determined from a
12-h centered finite difference in TC position).

2) REANALYSIS DATASETS

The atmospheric state surrounding TCs was evaluated
using reanalysis datasets. This choice was made because
direct observations over the tropical oceans are sparse;
however, a reanalysis should be considered as an ap-
proximation rather than a true representation of the
atmosphere. Two different reanalysis datasets were used
to verify the robustness of the climatological analysis:
the European Centre for Medium-Range Weather
Forecasts (ECMWF) interim reanalysis (ERA-Interim,
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hereafter ERAI) dataset (ECMWF 2009; Dee et al.
2011), and the National Centers for Environmental
Prediction (NCEP) Climate Forecast System Reanalysis
(CFSR), version 2 dataset (Saha et al. 2010, 2014). Re-
sults based on both datasets were consistent; therefore,
only ERAI results are presented here.

The ERALI is produced with the ECMWEF Integrated
Forecast System, which consists of three fully-coupled
components for the atmosphere, land surface, and ocean
waves (Dee et al. 2011). Multiple observations are com-
bined with short-term forecasts using a four-dimensional
variational data assimilation system. The 6-hourly ana-
lyses are produced on a gridded domain with approxi-
mately 79-km horizontal grid spacing and 60 vertical
levels extending up to 0.1 hPa. This study considered 6-
hourly analyses between 1982 and 2014 for consistency
with the IBTrACS and SST datasets. Because of the
large number of cases considered and extensive cal-
culations performed, interpolated analyses were ob-
tained from the Research Data Archive (RDA) via the
National Center for Atmospheric Research (NCAR)
Yellowstone computing system (Computational and
Information Systems Laboratory 2012). Interpolated
fields were available on a 0.703° X 0.702° latitude—
longitude Gaussian grid on isobaric surfaces.

3) SST ANALYSES

SST information near each TC center was obtained
from the National Oceanic and Atmospheric Adminis-
tration (NOAA) optimum interpolation (OI) SST version
2 dataset (Reynolds et al. 2002). This dataset—produced
by NOAA’s National Climatic Data Center (now Na-
tional Centers for Environmental Information)—provides
different analysis products that combine in situ ocean
observations (e.g., from buoys, ships, etc.) with infrared
satellite measurements. The specific product used here
provided daily SST analyses on a 0.25° X 0.25° latitude—
longitude grid (NCDC/NESDIS/NOAA 2007; Reynolds
et al. 2007; Banzon and Reynolds 2013). This dataset was
also accessed through the RDA.

4) PRECIPITATION RATES

Precipitation rates were evaluated as proxies for
rainfall associated with the TCs. The Tropical Rainfall
Measuring Mission (TRMM) Multisatellite Pre-
cipitation Analysis (TMPA) dataset (TRMM 2011) was
used here due to the high spatial coverage (approxi-
mately 80%) of the tropical atmosphere and high tem-
poral availability (Huffman et al. 2007). The TMPA
dataset combines microwave-infrared measurements
from various low earth orbit satellites into a global
3-hourly gridded analysis at 0.25° X 0.25° latitude—
longitude resolution. Because of data availability,
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precipitation rates from TMPA were obtained only for
TCs between 1998 and 2014 located within 50° of the
equator.

b. Methods

A database was created to combine information from
the aforementioned datasets only at synoptic times (0000,
0600, 1200, and 1800 UTC). For consistency across basins,
genesis was defined as the first instance of 17ms ! (i.e.,
tropical storm intensity). Data points corresponding to
waves, disturbances, subtropical cyclones, extratropical
cyclones, and TCs over land or within 24 h of landfall were
not included in the database. These conditions result in
47287 six-hourly data points (hereafter “events”) associ-
ated with 2631 individual TCs. Events were considered
separately because TCs can encounter different environ-
ments and experience different intensity changes over time.
For each event, TC and environmental characteristics were
obtained from IBTrACS, ERAI, CFSR, and the NOAA
SST analyses. TC characteristics included variables derived
or calculated from IBTrACS (e.g., intensity, latitude,
translational speed) as well as the radius of outermost
closed isobar (ROCI).! ROCI was calculated from the
reanalysis by taking the average radius of the closed
isobar (at 1-hPa intervals) farthest away from the TC
center. In addition, various environmental character-
istics that were investigated in previous studies (cf.
section 1) were computed, including VWS, SST, precipi-
table water (PW), and lower- and middle-tropospheric
relative humidity (RH).

Environmental characteristics were calculated from
ERALI and CFSR using a similar approach as in statistical
prediction models (e.g., DeMaria and Kaplan 1999). Given
the large errors in TC location within both reanalysis data-
sets (Schenkel and Hart 2012), the TC center in ERAI and
CFSR was identified via the absolute maximum?® 850-hPa
relative vorticity within a 500km X 500 km box centered on
the IBTrACS position. The vortex was removed from the
wind field following the methods of Davis et al. (2008) and
Galarneau and Davis (2013). In summary, the rotational and
divergent wind components within a 500-km radius from the
TC center were calculated with a Poisson equation and were
subtracted from the total wind field. This method was used
to ensure that VWS was representative of the environment
rather than the TC itself. Figure 1 shows an example of the
wind field before and after removing the vortex associated

! This metric was used because it can be determined from re-
analysis rather than subjectively estimated, such as the radius of
34-kt (1kt = 0.51 ms™ ") winds.

2 This method provided the most robust and consistent identifi-
cation of the TC center. Other methods, such as vorticity centroid,
were not consistent across cases and basins.
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with Hurricane Earl at 0000 UTC 30 August 2010. After
removing the kinematic component of the vortex, area-
averaged quantities were calculated within a 500-km radius
from the TC center. The only exception was the SST, which
was obtained from the closest grid point of each TC location
in the NOAA OI SST analysis. The SST value was retrieved
from the analysis 3 days prior to TC passage in order to
remove the effect of TC-induced ocean surface cooling.
Maximum potential intensity (MPI) was calculated from the
retrieved SST and thermodynamic profiles at the TC center
using the algorithm of Bister and Emanuel (2002).

1) INTENSITY CHANGE TIME SCALE AND
CLASSIFICATION

Once all variables were combined into one database,
the lagged correlation between VWS magnitude and in-
tensity was evaluated to pick a time period to identify and
compare intensifying and nonintensifying events. This
calculation was based on all events over water for at least
120h to use a uniform sample size (14778) at all lead
times. Moreover, three different VWS definitions were
used to account for the potential sensitivity of the lagged
correlation to the VWS definition (Velden and Sears
2014). All definitions used the same vortex removal ap-
proach summarized in the previous subsection, but the
difference was either the radii used for the area-averaged
calculation (either 0-500 or 200-800km) or the levels
used to calculate VWS (either the winds at 200 and
850hPa or the layer-averaged winds between 150-300
and 700-850 hPa). Regardless of the definition, the same
relationship exists between VWS at O h and intensity up
to 120h later: a negative correlation exists at all lead
times, with a peak correlation of —0.3 around 36-42h
(Fig. 2a). Given the similarities between VWS definitions,
the rest of the calculations considered only the 500-km
area-averaged vector difference between 200 and
850 hPa.

The lagged correlation suggests that TC intensity is
most negatively affected by VWS during the 36-42-h
period after a TC moves into a sheared environment;
however, that analysis does not account for temporal
changes of VWS. Persistence of VWS was tested by
comparing the standard deviation of VWS magnitude to
the root-mean-square error (RMSE) associated with
assuming a constant VWS magnitude over time. The
RMSE was defined as follows:

RMSE(r) =

where V,, is the VWS magnitude at the beginning of the
120-h period, V, is the VWS magnitude at each lead
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FIG. 1. Illustrative example of vortex removal methodology applied to Hurricane Earl (2010). (a),(c) 200- and
(b),(d) 850-hPa winds at 0000 UTC 30 Aug 2010 (top) before and (bottom) after removing the vortex from the analysis.
The red hurricane symbol and circle depict the center and the 500-km radius of Hurricane Earl.

time, and N is the sample size (14 778). Figure 2b shows
that the standard deviation of VWS magnitude increases
at a slower rate than the RMSE; while the standard
deviation increases from 4.0 to 7.4ms~ !, the RMSE
increases from 0 to 9.0ms™ ! during the 120-h period.
Consequently, the RMSE becomes larger than the
standard deviation after 36 h, which indicates that a
random drawing of VWS from climatology would be a
better estimate than the initial VWS. Because this result
indicates that VWS varies substantially over time, in-
tensity changes were evaluated at different time periods
no longer than 36 h. The focus here will be 24-h intensity
changes, but other time periods were also considered to
test the consistency and robustness of results.

Three groups of different intensity changes were
identified for comparison: intensifying, steady-state, and
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weakening events. An event with an intensity change
greater than Sms~ ' was considered an intensifying
event, whereas an event with an intensity change smaller
than —5ms~ ' was considered a weakening event. In-
tensity changes between —5 and Sms ™' were classified
steady-state events. A threshold of Sms ™' was used for
each group because it represents the uncertainty of best-
track intensity (Torn and Snyder 2012; Landsea and
Franklin 2013), thus an absolute intensity change
greater than Sms ™' should be detectable with current
observational systems. All variables were evaluated at
the beginning (#)) of the intensity change period under
the assumption that TC and environmental character-
istics at fy influence the intensity at fy +24h. Time-
averaged variables over the intensity change period
were also considered to account for temporal evolutions;
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FIG. 2. (a) Time series of 6-hourly correlation between VWS at
Oh and intensity between 0 and 120 h. Lines represent different
shear definitions: 0-500-km area-averaged differences between 200
and 850 hPa (solid), 200-800-km area-averaged difference between
200 and 850 hPa (long dashed), and 0-500-km area-averaged dif-
ference between 150-300- and 700-925-hPa layer-averaged winds
(short dashed). (b) Time series of 6-hourly root-mean-square error
(solid) and standard deviation (dashed) of 200-850-hPa VWS
magnitude.

however, those variables must be interpreted with cau-
tion because different intensity changes could alias onto
time-averaged quantities.

2) MODERATE VWS DEFINITION

The database was further separated into three VWS
categories: weak, moderate, and strong. Categories were
defined based on percentiles of VWS experienced by all
events in the database because no consistent definitions
appeared in previous literature. Figure 3 shows the
global and basin-based distributions of VWS magnitude
constructed with all events over water for at least 24 h.
All distributions are skewed toward small values, which
are expected as weak VWS is a necessary condition for
TC development (e.g., Gray 1968). The mean and me-
dian of the global distributions (7 and 8ms™ ', re-
spectively) fall within the range of VWS magnitudes
associated with large uncertainty in TC intensity fore-
casts (Bhatia and Nolan 2013; Zhang and Tao 2013; Tao
and Zhang 2015). To include those values into the
moderate VWS category, the lower and upper bound of
moderate VWS were defined as the 25th and 75th
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F1G. 3. Distributions of 200-850-hPa shear magnitude averaged
between 0- and 500-km radius from each tropical cyclone center
after vortex removal. Standard boxplots are used to summarize the
distributions; whiskers extend from minimum to maximum, boxes
extend from the 25th to the 75th percentile, horizontal lines within
the boxes represent medians, and dots represent means of the dis-
tributions. The first boxplot from left to right represents the distri-
bution of all events in the database, whereas the rest of the boxplots
represent the North Atlantic (AL), eastern North Pacific (EP),
western North Pacific (WP), northern Indian Ocean (NI), southern
Indian Ocean (SI), and South Pacific (SP) basins.

percentiles of the global distribution (approximately 4.5
and 11.0ms™', respectively). Weak VWS was desig-
nated as the bottom 25th percentile (shear magnitudes
smaller than 4.5ms™ '), whereas strong VWS was de-
fined as the top 25th percentile (shear magnitudes
greater than 11.0ms™'). These definitions are repre-
sentative for TCs in all basins because the medians and
means of individual basins fall within 2.5ms ™' from the
global values despite the different ranges of VWS
magnitudes across basins (Fig. 3).

The separation of VWS by percentiles provides a
reasonable representation of moderate VWS—a range
of VWS magnitudes that are neither too weak to have
little influence on TC intensity nor too strong to halt
intensification. Figure 4 shows normalized distributions
of 24-h intensifying, steady-state, and weakening events
for any VWS as well as separated by moderate, weak,
and strong VWS. The distributions were normalized
with respect to the number of events in each VWS cat-
egory to facilitate comparison between categories. Such
comparison reveals that the percentage of events that
intensified under moderate VWS (27.4%) was nearly
identical to the percentage of events that intensified
under any VWS magnitude (25.1%; Fig. 4). By com-
parison, this percentage substantially increased (from
27.4% to 36.2%) or decreased (from 27.4% to 9.5%)
when the VWS was weak or strong, respectively. Steady-
state and weakening events also remained nearly the
same under any or moderate VWS, but the percentages
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FIG. 4. Percentage of 24-h intensifying (red), steady-state (blue),
and weakening (gray) events that encountered any, moderate,
weak, or strong VWS. See text for a definition of each category.

of those events decreased or increased under weak or
strong VWS, respectively. These differences in intensity
rate distributions demonstrate that the 25th and 75th
percentiles of the global VWS distribution are reason-
able boundaries to distinguish between weak, moderate,
and strong VWS. Only moderate VWS cases were con-
sidered in this study, reducing the sample size to
23643 events.

3) ANALOGS SELECTION

To investigate which factors influence intensity changes
under moderate VWS, a global statistical comparison of
intensifying and steady-state events was performed.> An
initial comparison of these groups revealed three charac-
teristics of the dataset that could potentially bias the re-
sults. First, intensifying events had significantly weaker
VWS than steady-state events (Fig. 5a). Given the large
influence of VWS on intensity changes, this characteristic
could mask the importance of other factors. Second, in-
tensifying events were further from their MPI than steady-
state events (Fig. 5b). This difference could alias onto both
TC and environmental characteristics because in-
tensification often follows genesis, when TCs are weak
and over favorable environments. Third, intensifying

3 Weakening events were not considered because most of those
events were high-latitude TCs close to extratropical transition or
landfall.
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events happened less often than steady-state events
(Fig. 4b): intensifying events represent 27.4% (6489
events) of all cases that experienced moderate VWS,
whereas steady-state events represent 53.9% (12741
events) of those cases.

To address these issues, an analog approach was
employed to compare two groups of equal size con-
taining intensifying or steady-state events with compa-
rable 200-850-hPa VWS magnitude and deviation from
MPI. For each intensifying event, an analog steady-state
event was randomly selected under the requirement that
the VWS magnitude and deviation from MPI were
within 1.25 and 5ms™ !, respectively, from the corre-
sponding values of the intensifying event. The thresh-
olds for VWS magnitude and deviation from MPI were
chosen after testing the algorithm for both speed and
accuracy in selecting analog events. This process was
repeated for each intensifying event that had an analog
steady-state event, resulting in two groups of equal size
(6420 events) with no significant differences in either
VWS magnitude or deviation from MPI (Figs. 5c,d). The
random drawing of analog groups was repeated 1000
times, such that each time two new groups of 6420 in-
tensifying and 6420 steady-state events were randomly
drawn from the database. This repetition was needed to
consider all cases in the database, but the results were
insensitive to the number of random drawings.

After the analog groups were selected, distributions
and means of TC and environmental characteristics as-
sociated with intensifying and steady-state events were
compared to identify factors conducive for intensifica-
tion under moderate VWS. Statistical significance of the
mean differences between the groups was evaluated
with a bootstrap resampling approach similar to the al-
gorithm of Rios-Berrios et al. (2016a). In short, a dis-
tribution of mean differences between two groups was
created by randomly drawing two groups of equal size
from the moderate VWS database. The distribution was
used to test the null hypothesis that the mean difference
between intensifying and steady-state events was the
same as the difference between two randomly selected
groups from the database. All statistical significance
tests were evaluated at the 99.9% confidence level.

3. Statistical comparison of intensifying and
steady-state events

a. Tropical cyclone characteristics

A comparison of TC characteristics reveals significant
differences between intensifying and steady-state events
at the beginning of the 24-h intensity change period.
Intensifying events are slightly stronger than steady-state
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events as shown by the distributions of maximum wind
speed (Fig. 6a). The mean difference between the two
subgroups is 4.02ms ™! and is significant at the 99.9%
confidence level. Intensifying events are also closer to
the equator than steady-state events as shown by the
comparison of absolute latitude (Fig. 6b). The mean
difference between the groups is —1.36° and is statisti-
cally significant at the 99.9% confidence level. In-
tensifying events are also larger than steady-state events
as revealed by the ROCI metric (Fig. 6¢). Intensifying
events have an average ROCI* that is 26.52 km signifi-
cantly larger than the ROCI of steady-state events.
However, this difference could result from the different
latitudinal location of intensifying and steady-state
events because ROCI is negatively correlated with lat-
itude (not shown).

Another TC characteristic that should be evalu-
ated is the translational speed because this variable
could also influence intensity changes in sheared

*Not all events had a closed isobar, which reduced the sample
size for this variable.
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environments (Zeng et al. 2010; Rappin and Nolan
2012; Onderlinde and Nolan 2016). Comparing the
translational speed between intensifying and steady-
state events reveals that both groups move at nearly
the same speed (Fig. 6d). Both groups have mean
translational speeds of approximately 4.4ms ', re-
sulting in a small difference of 0.12ms~' between
intensifying and steady-state events. Separating the
translational speed into zonal and meridional com-
ponents shows significant differences between the
groups (Figs. 6e,f). On average, intensifying events
have a more westward motion as revealed by the av-
erage zonal velocity difference of —0.54ms~'. In-
tensifying events also have a more northward motion,
but the difference between the groups (0.24ms™") is
half the difference in the zonal component. These
results suggest that the speed of motion is not a dis-
tinguishing factor between intensifying and steady-
state events, though the zonal component of motion is
more important.

These results are generally consistent when consid-
ering time-averaged TC characteristics, different in-
tensity change periods, and different latitudinal regions
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(Fig. 7). Intensifying events are consistently stronger
(Fig. 7a) and closer to the equator (Fig. 7b) than steady-
state events. The relationship between TC size and in-
tensity change is not consistent, but intensifying events
are larger than steady-state events during 18-, 24-, and
30-h intensity changes (Fig. 7c). TC translational speed
differences are generally insignificant at all periods
considered (Fig. 7d), but the differences between the
individual components consistently show more west-
ward and northward motion (Figs. 7e.f). These results
are most representative of TCs located equatorward of
20° latitude. Figure 8 shows the composite differences
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between the distributions of intensifying and steady-
state events stratified by latitude. Intensifying events are
initially stronger regardless of latitudinal location
(Fig. 8a). Poleward of 20° latitude, the relationship be-
tween initial size and intensity change is unclear
(Fig. 8b), but intensifying events are generally slower
than steady-state events (Fig. 8c).

Opverall, this comparison shows both consistent and
inconsistent results with previous studies. On average,
intensifying events are significantly stronger, closer to
the equator, and larger than steady-state events. Theo-
retical and idealized modeling studies indicate that
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strong and large TCs are more likely to withstand the
effects of VWS than weak and small TCs (Jones 1995;
DeMaria 1996; Reasor et al. 2004; Tang and Emanuel
2010; Riemer and Montgomery 2011; Tang and
Emanuel 2012; Riemer et al. 2013; Reasor and
Montgomery 2015). However, some of those studies
also predict that TCs farther away from the equator have
greater chances of overcoming the effects of VWS than
TCs closer to the equator (Jones 1995; DeMaria 1996;
Reasor et al. 2004; Reasor and Montgomery 2015).
Figure 6a stands in contrast with those studies because
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intensifying events are closer to the equator than steady-
state events. A possible explanation for this discrepancy
is that other factors, such as thermodynamic conditions,
can be more favorable for intensification closer to the
equator. Recent modeling studies without VWS find
that TCs at low latitudes intensify faster than TCs at high
latitudes (Smith et al. 2015, and references therein);
however, a recent study that included VWS found the
opposite relationship regardless of thermodynamic en-
vironment (Zhou 2015). Thermodynamic environmen-
tal conditions will be compared in section 3b to clarify
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the discrepancies among the current study and other
studies.

b. Thermodynamic environmental characteristics

A comparison of thermodynamic environmental
characteristics at the beginning of the 24-h intensity
change period also shows statistically significant differences
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between intensifying and steady-state events (Fig. 9).
Intensifying events move over significantly warmer
SSTs than steady-state events as evidenced by the
mean SST difference of 0.82°C (Fig. 9a). Environ-
mental PW is also more favorable for intensifying
events as the mean PW difference between the groups
is 3.48 mm and is significant at the 99.9% confidence
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level (Fig. 9b). Given that PW is a vertically integrated
quantity, RH must be evaluated at different vertical
levels to determine the layer with greatest contribu-
tion to the PW discrepancies. Lower- and middle-
tropospheric RH were evaluated as the 900-600- and
400-600-hPa layer averages, respectively (Figs. 9c,d). In
the lower troposphere, the mean RH of intensifying
events is 4.73% significantly larger than the mean RH of
steady-state events (Fig. 9c). The mean difference be-
tween the middle-tropospheric RH of both groups is
twice as large; intensifying events have 10.04% signifi-
cantly larger RH than steady-state events (Fig. 9d).
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These results are consistent at different intensity
change periods, but some important variations appear
for different latitudinal locations. At all time periods
considered, intensifying events have more favorable
thermodynamic conditions characterized by warmer
SSTs (Fig. 10a), greater PW (Fig. 10b), and greater RH
both in the lower and middle troposphere (Figs. 10c,d).
The larger differences between time-averaged and 0-h
PW and RH could result from the fact that intensifying
events are becoming stronger and potentially moist-
ening more their environments. SST and midtropo-
spheric RH are consistent distinguishing factors of
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FIG. 10. Average differences between environmental characteristics of intensifying and steady-state events for various
intensity change periods. Colors and symbols are as in Fig. 7, and panels correspond to the panels in Fig. 9.

intensifying and steady-state events regardless of lat-
itudinal locations (Figs. 8d,g); however, PW and lower-
tropospheric RH appear to favor intensification
primarily equatorward of 30°. Intensifying events
poleward of 30° have less PW and smaller lower RH
than steady-state events (Figs. 8e.f), suggesting that
different processes modulate the chances of in-
tensification at high latitudes.

These results indicate that thermodynamic aspects of
the environment largely influence TC intensity changes
under moderate VWS. Overall, these results are con-
sistent with previous observational (Molinari et al. 2004,
2006; Shelton and Molinari 2009; Nguyen and Molinari

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/19/23 03:49 PM UTC

2012) and modeling studies (Rios-Berrios et al. 2016a,b)
that investigated the intensification of individual TCs.
These results are also consistent with previous theoret-
ical and idealized modeling studies that demonstrated
the crucial role of near-TC moisture on intensity
changes in sheared environments (Tang and Emanuel
2010; Riemer et al. 2010; Tang and Emanuel 2012; Tao
and Zhang 2014). Nevertheless, Rios-Berrios et al.
(2016a,b) emphasized the importance of the three-
dimensional moisture distribution during intensity
changes of sheared TCs. Environmental RH differences
between intensifying and steady-state events must be
further evaluated to determine if there is a preferred
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radius and azimuth of enhanced RH that favors
intensification.

A storm-centered, shear-relative framework was
employed to assess the spatial distribution of RH dif-
ferences between intensifying and steady-state events.
In this framework, fields are centered on the 850-hPa TC
center in the reanalysis and rotated into a natural co-
ordinate framework based on the 200-850-hPa VWS
direction. Global composites were created by flipping
the latitude of Southern Hemisphere fields to account
for shear-relative asymmetries (Chen et al. 2006).
Figure 11 shows fields in this storm-centered, shear-
relative framework, where the ordinate represents
downshear (positive values) or upshear (negative
values) distance and the abscissa represents upwind
(positive values) or downwind (negative values) dis-
tance with respect to the VWS vector. By combining
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both hemispheres into one global framework, shear-
relative quadrants are defined as follows (counter-
clockwise from top right quadrant): downshear upwind,
downshear downwind, upshear downwind, and
upshear upwind.

An evaluation of storm-centered, shear-relative RH
revealed the largest differences on the 500-hPa level;
therefore, the following discussion focuses on that level
(Figs. 11a,d). The mean ERALI fields (black contours)
contain the well-documented wavenumber-1 asymmetry
of sheared TCs (Corbosiero and Molinari 2002; Chen
et al. 2006; Hence and Houze 2011; DeHart et al. 2014).
Large RH values (up to 80%) are evident in the down-
shear half, with smaller values (up to 72%) in the up-
shear half. Composite differences between the groups
(shading) reveal that intensifying events have signifi-
cantly greater RH for all azimuths both at the beginning
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(Fig. 11a) and during the intensification period
(Fig. 11d). These differences suggest that intensifying
events are less prone to dry air intrusions, which agrees
with previous literature (Riemer and Montgomery 2011;
Riemer et al. 2013; Tang and Emanuel 2012) because
intensifying events are also stronger and larger than
steady-state events. Furthermore, the largest differences
between the groups appear within the inner 200 km of
the upshear half, where intensifying events have up to
12.5% greater RH than steady-state events (Fig. 11a).
These differences amplify in both magnitude and spatial
coverage during the intensification period (Fig. 11d). As
the upshear half is typically characterized by dry air and
subsidence, this result suggests that intensifying events
have a more symmetric RH field than steady-state
events. A comparison of the wavenumber-1 structure
confirms that intensifying events have a more symmetric
midtropospheric RH (not shown); however, symmetry
differences could result from different TC structure,
different distribution of environmental moisture, or a
combination of both TC and environmental factors.

A more symmetric midtropospheric RH distribution
likely favors more symmetric convection; however, this
hypothesis cannot be assessed with reanalysis datasets
because of the coarse resolution and the use of a cu-
mulus parameterization scheme in the underlying
model. Instead, precipitation rate estimates were ob-
tained from the TMPA dataset to diagnose rainfall dif-
ferences between intensifying and steady-state events.
Figures 11b,e show a comparison of precipitation rates
for intensifying and steady-state events with available
data (1998-2014). As in the composite analysis of RH,
the mean TMPA fields depict a wavenumber-1 asym-
metry with larger precipitation rates in the downshear
half than in the upshear half. Composite differences
between intensifying and steady-state events confirm
that intensifying events have higher precipitation rates
than steady-state events. Significant differences are ev-
ident at all azimuths, but especially within a 200-km
radius, where intensifying events have up to 3mmh ™!
greater precipitation rates than steady-state events
(Fig. 11b). Consistent with the RH differences, com-
posite precipitation rate differences amplify during
the intensification period (Fig. 11e). There is a slight
preference for greater differences in the downwind
quadrants. That region is characterized by the largest
amplitude of wavenumber-1 rainfall asymmetry (Chen
et al. 2006), suggesting that intensifying events have
stronger and more symmetric convection.

Even though both the RH and precipitation rate
comparison suggest more symmetric convective activity
in intensifying events, the azimuthal distribution of
surface latent heat fluxes (LHF) could also influence the
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symmetry of convection (Rappin and Nolan 2012;
Onderlinde and Nolan 2016). Surface LHF were com-
puted from the reanalysis via the bulk aerodynamic
formula:

LHF = L ¢,p,U,\(@%sr — q)

where L, is the latent heat of vaporization, ¢, is the
enthalpy exchange coefficient, p, is the dry air density,
U, is the 10-m wind speed, g is the saturated specific
humidity at SST, and ¢ is the 2-m specific humidity. An
evaluation of the fluxes shows that intensifying events
have significantly greater surface LHF than steady-state
events at all azimuths both at the beginning and during
the intensity change period (Figs. 11c,f). The largest
differences appear in the upshear upwind quadrant,
where intensifying events initially have up to 20 Wm 2
significantly stronger surface LHF than steady-state
events (Fig. 11c). Composite differences also amplify
during the intensification period (Fig. 11f), indicating
that surface LHF are consistently providing conducive
conditions for the azimuthal propagation of convection
around intensifying events. These results are consistent
with previous modeling studies (Rappin and Nolan
2012; Onderlinde and Nolan 2016), which showed that
enhanced surface LHF in the upshear semicircle pro-
mote the axisymmetrization of convection during in-
tensification in sheared environments.

Notwithstanding the significant RH, precipitation
rate, and surface LHF differences between intensifying
and steady-state events, the presence of air masses with
different RH does not solely explain intensity changes.
As previous studies have indicated, a mixing mechanism
is necessary for dry air to dilute convection and, hence,
influence intensity changes (Riemer and Montgomery
2011; Tang and Emanuel 2012; Ge et al. 2013). Two
potential hypotheses can be motivated by the RH dif-
ferences shown in Fig. 11: 1) storm-relative flow differ-
ences between the groups can modulate the import of
dry air or export of moist air, and 2) a stronger primary
circulation in intensifying events can favor the re-
circulation of moist air around the TCs.

c. Kinematic environmental characteristics

Storm-centered, shear-relative composites of storm-
relative radial and tangential winds were considered to
assess asymmetries in the kinematic field and to relate
those asymmetries to the RH differences (Fig. 12). The
composite 500-hPa storm-relative radial wind depicts
inflow downwind of the shear vector and outflow upwind
of the shear vector (black contours in Figs. 12a,c). This
inflow—outflow setup rotates with height such that at
850hPa the inflow appears in the downshear half and
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FIG. 12. As in Fig. 11, but for (a),(c) 500-hPa storm-relative radial wind (ms ') and (b),(d) 500-hPa storm-relative
tangential wind (ms ™).

outflow appears in the upshear half (not shown). This
pattern is consistent with airborne Doppler radar com-
posites of the kinematic field of sheared TCs shown by
Reasor et al. (2013) even though that study only con-
sidered the inner-core region. The storm-relative tan-
gential wind at 500 hPa also shows asymmetries, with the
strongest tangential wind located upwind of the shear
vector (black contours in Figs. 12b,d). This pattern
also rotates with height, such that at 850 hPa the maxi-
mum tangential wind is upwind of the shear vector
(not shown).

Comparing intensifying and steady-state events shows
statistically significant differences between the storm-
relative flow of the two groups. The storm-relative radial
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wind exhibits a storm-centered dipole with negative
differences in the downshear half and positive differ-
ences in the upshear half (shading in Figs. 12a,c). This
pattern, which also appears in the lower troposphere
(not shown), indicates that intensifying events have
stronger inflow in the downshear half and stronger
outflow in the upshear half. A wavenumber-1 asymme-
try was evident in the RH composite field (Figs. 11a,d),
thus the stronger inflow is located in a region of higher
RH than the region of stronger outflow. Intensifying
events also have stronger storm-relative tangential
winds at all azimuths, but the largest differences
(3.2ms ') appear downwind of the shear vector (shad-
ing in Figs. 12b,d). Given that the composite mean shows
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maximum tangential wind upwind of the shear vector,
the location of largest differences suggests that in-
tensifying events have a stronger, broader, and more
symmetric midlevel circulation than steady-state events.
These different storm-relative flow configurations, to-
gether with the RH composites, suggest that intensifying
events are importing more moist air toward the TC,
exporting more dry air away from the TC, and re-
circulating air with higher RH around the TC.

The existence of significant differences in storm-
relative winds hints at differences between the wind
profiles and/or the large-scale structure of the TC vor-
tex. Intensifying and steady-state events considered here
have the same 200-850-hPa VWS magnitude (cf.
Fig. 5c), but not necessarily the same VWS direction.
Previous studies suggest that easterly VWS can be more
favorable to intensification than westerly VWS (Black
et al. 2002; Ritchie and Frank 2007; Zeng et al. 2010).
However, subsequent studies suggest that the angle
between VWS and TC motion is more important, such
that a TC moving in opposite direction to the VWS
vector is more likely to intensify than a TC moving in the
same direction as the VWS (Rappin and Nolan 2012;
Onderlinde and Nolan 2016). Furthermore, the profile
of environmental winds between 200 and 850 hPa could
also cause different vortex-scale kinematic asymmetries
(Finocchio et al. 2016). Another possibility is that the
differences in storm-relative flow result from the re-
sponse of the TC vortex (e.g., tilt) to the VWS (Jones
2000). While the datasets employed in this study may be
sufficient to test the hypothesis related to the wind
profile, a higher-resolution dataset is needed to evaluate
differences related to vortex structure.

Two basic metrics can be used to assess variability in
the wind profile: the 200-850-hPa VWS direction and
the angle between the 200-850-hPa VWS and TC mo-
tion. The distribution of 200-850-hPa VWS direction
shows two relative maxima: one corresponding to east-
erly VWS and another for westerly VWS (Fig. 9¢). On
average, intensifying events have more easterly VWS
and less westerly than steady-state events as indicated by
the mean, significant difference of —27.29° between the
groups. This result is consistent for all basins even
though the mean VWS direction varies per basin (not
shown) and is also consistent over different time periods
(Fig. 10e). A latitudinal dependency appears for this
result as westerly VWS is more favorable for in-
tensification poleward of 30° latitude (Fig. 8g). The
distribution of the angle between VWS and TC motion
also shows significant differences between the sub-
groups, albeit contrary to the result from previous
studies (Fig. 9f). On average, intensifying events have a
significantly smaller angle between VWS and TC motion
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than steady-state events, which indicates that in-
tensifying events are more likely to experience VWS in
the same direction as motion. This relationship is con-
sistent for other intensity change periods (Fig. 10f) as
well as for all latitudinal locations (Fig. 8i).

These results suggest that easterly VWS and westward
TC motion are more favorable for intensification. The
result about VWS direction is consistent with previous
studies, but VWS direction is negatively correlated with
environmental thermodynamics (not shown). Such cor-
relation indicates that environments with easterly VWS
are also characterized by warm SSTs and high PW. The
TC motion—VWS result contradicts idealized modeling
studies that suggest TC motion opposite to the VWS
direction is more favorable for development and in-
tensification. A challenging aspect of comparing results
is that intensifying and steady-state events have nearly
similar translational speed (cf. Figs. 6d-f), whereas
modeling studies prescribed two or more different TC
motion scenarios in their simulations (e.g., easterly vs
westerly mean flow). Details of the wind profiles be-
tween 200 and 850hPa must be further evaluated to
determine if other factors associated with the environ-
mental winds, such as shape or VWS layer, distinguish
intensifying and steady-state events.

A K-means clustering analysis (MacQueen 1967) was
employed to investigate variability among environ-
mental zonal and meridional wind profiles. This analysis
was necessary because this study focuses on global data;
therefore, it is possible that variability among the
background wind profiles between basins could mask
out differences between intensifying and steady-state
events. The 200-850-hPa VWS direction was used as the
metric to cluster wind profiles after several tests with
different variables, including the magnitude of storm-
relative flow at different levels and the variance of zonal
and meridional environmental winds. One of the caveats
of the K-means algorithm is that the number of clusters
should be specified a priori. To determine the optimal
number of clusters, the cohesiveness of the clusters
was measured via the “‘silhouette” metric (Rousseeuw
1987):

_ min(b)—a
 max[a, min(b)]’

where a is the average distance between a point and all
other points in the same cluster, and b is the average of
the average distance between a point and all other
points in other clusters. Positive silhouette values close
to 1 represent cohesive clusters. The K-means algorithm
was applied using different number of clusters, resulting
in mean silhouette values between 0.55 for six clusters
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TABLE 1. Summary of each cluster of environmental wind pro-
files. (from left to right) The first column indicates the cluster
number, the second column indicates the mean 200-850 hPa VWS
direction, the third column provides the number of events (N) in
each cluster, and the fourth and fifth columns provide the number
of intensifying (V;) and steady-state (N,) events, respectively, in
each cluster.

Cluster  Centroid VWS direction (°) N N N,
1 127.7 1812 942 870
2 329.7 1781 803 978
3 74.5 3147 1744 1403
4 28.5 2338 1369 969
5 209.0 1626 678 948
6 270.5 2136 884 1252

and 0.72 for two clusters. Six clusters were specified
because the mean silhouette was relatively high and
the clusters contained comparable number of events
(Table 1).

Clusters identified with the K-means algorithm were
used to compare the environmental storm-relative
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winds of intensifying and steady-state events. Six dis-
tinctive VWS directions were identified: 1) southeast-
erly (Fig. 13a), 2) northwesterly (Fig. 13b), 3) easterly
(Fig. 13c), 4) northeasterly (Fig. 13d), 5) southwesterly
(Fig. 13e), and 6) westerly (Fig. 13f). Composite ho-
dographs of storm-relative environmental winds show
no appreciable differences between intensifying and
steady-state events in each cluster; the composite ho-
dograph of intensifying events roughly matches the
composite hodograph of steady-state events (Fig. 13).
Furthermore, the mean TCREH from the environ-
mental wind profiles is close to zero, which results in a
small difference between the groups (0.5m”s” 2, not
shown). Wind variations with height are also re-
markably similar between the groups, with no clear
indication of distinct layers of VWS in intensifying
versus steady-state events. Additional analyses with
different methodologies (e.g., principal component
analysis), with smaller datasets (e.g., only one basin),
and with time-averaged wind profiles yielded similar
conclusions (not shown).
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These results indicate that the shape of the envi-
ronmental wind profile has little ability to distinguish
intensifying and steady-state events under moderate
VWS. A potential implication of this result is that the
time scale needed for the environmental winds to
have an effect of intensity change is longer than the
time scale of VWS itself. Onderlinde and Nolan
(2014) found the largest impact of TCREH on in-
tensity change for time periods between 96 and 168 h,
whereas Finocchio et al. (2016) found the largest in-
tensity variance due to VWS height between 36 and
72h. Those studies also considered TC intensity
changes with constant VWS during 120 h, which might
not be reasonable for real-world TCs. As was shown
in Fig. 2b, the RMSE associated with the assumption
of constant VWS becomes larger than the standard
deviation of VWS after 36 h, thus indicating that en-
vironmental winds in the real atmosphere evolve at a
faster rate than the time scales employed by idealized
modeling studies. Zeng et al. (2010) and Wang et al.
(2015) considered similar time scales as in this study;
however, those studies only considered correlation
analyses for individual basins and for all VWS mag-
nitudes. Future studies may want to consider ideal-
ized simulations that allow temporal VWS variations
to elucidate these discrepancies regarding the sensi-
tivity of TC intensity to the shape of the wind profile.

4. Summary and conclusions

The goal of this study was to identify TC and en-
vironmental characteristics that aid intensification
under moderate VWS. A database was created to
combine best tracks and environmental diagnostics
for all TCs that reached at least tropical storm in-
tensity and remained tropical and over water during a
24-h period between 1982 and 2014. Using this com-
prehensive database, moderate VWS was defined as
4.5-11.0ms~ ', which represents the 25th-75th per-
centiles of the global distribution of 200-850-hPa
VWS magnitude. This definition captured the es-
sence of moderate VWS—a range of VWS magni-
tudes that are neither too weak to have little impact
on intensity changes nor too strong to halt intensi-
fication. Two groups with different intensity changes
under moderate VWS were compared: events with
intensity changes greater than Sms~! (named in-
tensifying events) and events with intensity changes
between —5 and Sms ™' (named steady-state events).
The comparison focused on short-term (e.g., 24h)
intensity changes because an analysis of VWS per-
sistence showed that VWS varies substantially over
time. A unique analog approach was employed to
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statistically compare intensifying and steady-state
events with nearly identical VWS magnitude and
deviation from MPI. This approach was necessary
to identify factors—other than VWS and deviation
from MPI—that favored intensification under mod-
erate VWS.

The global statistical comparison of TC and environ-
mental characteristics showed significant differences
between intensifying and steady-state events. In-
tensifying events were significantly stronger, closer to
the equator, larger, and moving with a more westward
motion than steady-state events. Furthermore, in-
tensifying events moved within environments with
warmer SSTs, greater PW, and more easterly VWS than
steady-state events. These variables are correlated with
each other, such that both thermodynamic and kine-
matic aspects of the environment work together to
provide more favorable conditions for intensification
under moderate VWS. Environmental characteristics
were further examined to find the preferred horizontal
and vertical location of thermodynamic differences be-
tween the groups. Storm-centered, shear-relative fields
revealed that intensifying events had greater mid-
tropospheric RH and surface LHF at all azimuths, but
especially in the upshear half. These results hinted at
more favorable environments for heavy and symmetric
precipitation in intensifying events, which was con-
firmed with composite differences of satellite-estimated
rainfall rates.

Additional analysis revealed that intensifying and
steady-state events also had different kinematic struc-
tures. Intensifying events had stronger midlevel storm-
relative inflow within the downshear half and stronger
midlevel storm-relative outflow within the upshear half.
This pattern was superposed with a wavenumber-1
asymmetry of RH, thus indicating that intensifying
events were importing more moist air toward the TCs
and exporting more dry air away from the TCs. In-
tensifying events also had stronger midlevel storm-
relative tangential winds, which could also contribute
to recirculating moist air around the TC. Altogether,
these findings agree with previous modeling work that
showed that strong and large TCs could be less prone to
dry air intrusions than weak and small TCs (Riemer and
Montgomery 2011; Tang and Emanuel 2012; Riemer
et al. 2013).

Kinematic differences between the groups were hy-
pothesized to be related to the vertical profile of envi-
ronmental winds, the structure of the TC vortex, or a
combination of both the environmental winds and the
vortex structure. Results indicate that the latter is the
most likely reason because the analysis did not show
clear systematic differences between the wind profiles of
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intensifying and steady-state events. Vortex structure
differences could not be evaluated due to the coarse
resolution of the dataset. Based on the composite
differences of storm-relative flow, a plausible hy-
pothesis is that intensifying events are both stronger
and less tilted than steady-state events. Intensifying
events had stronger tangential winds and associated
stronger circulation at all vertical levels (not shown).
Moreover, intensifying events had a stronger inflow
in the downshear half, which would result in flow
opposite to the VWS vector and potentially opposite
to the vortex tilt. This hypothesis should be tested in
the future with high-resolution composites of vortex
tilt. Regardless of the reasoning for the different
storm-relative winds, results show that the combined
effects of RH asymmetries and storm-relative winds
can modulate intensity changes under moderate
VWS.

The lack of systematic differences between the
environmental wind profiles contradicts previous
modeling studies that considered the sensitivity of
intensity changes to properties of the environmental
wind profiles (Onderlinde and Nolan 2014; Finocchio
et al. 2016). The underlying conclusions of those
studies were similar; different environmental winds
led to different tilt configurations, which led to dif-
ferent convective distributions and different timings
of vortex realignment. Other studies reached similar
conclusions by changing other properties of the en-
vironment such as the location of dry air (Ge et al.
2013) or the boundary layer moisture (Tao and Zhang
2014). The similarity between conclusions in spite of
the different methods suggests that the underlying
key to intensification is the axisymmetrization of
convection and vortex realignment. However, all
the aforementioned studies employed constant VWS
through the entire simulation period. Additional
work, preferably within a modeling framework that
allows temporal variations of VWS, is needed to
elucidate the mechanisms driving intensification un-
der moderate VWS.

Several caveats may limit the results presented in
this study. First, the results presented here relied on
reanalysis datasets, which are not true representations
of the atmosphere and only capture the large-scale
aspects of TCs. The consistency between two re-
analysis datasets (i.e., ERAI and CFSR) lends confi-
dence on the results, but additional efforts are needed
to link the large-scale results to vortex-scale and
convective-scale processes. Second, some of the dif-
ferences found here were small and probably difficult
to measure with current observational systems. Third
and last, all basins were considered together even
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though TC and environmental characteristics may
vary from basin to basin. Ongoing work is repeating
the analysis on a basin-by-basin basis.
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