APRIL 2019

Evolution of Dynamic and Thermodynamic Structures before and during Rapid

TAO AND ZHANG

Intensification of Tropical Cyclones: Sensitivity to Vertical Wind Shear

DANDAN TAO AND FUQING ZHANG

Department of Meteorology and Atmospheric Science, and Center for Advanced Data Assimilation and
Predictability Techniques, The Pennsylvania State University, University Park, Pennsylvania

(Manuscript received 13 May 2018, in final form 21 January 2019)

ABSTRACT

This study explores the spatial and temporal changes in tropical cyclone (T'C) thermodynamic and dynamic
structures before, near, and during rapid intensification (RI) under different vertical wind shear conditions
through four sets of convection-permitting ensemble simulations. A composite analysis of TC structural
evolution is performed by matching the RI onset time of each member. Without background flow, the axi-
symmetric TC undergoes a gradual strengthening of the inner-core vorticity and warm core throughout the
simulation. In the presence of moderate environmental shear (5-6 ms '), both the location and magnitude of
the asymmetries in boundary layer radial flow, relative humidity, and vertical motion evolve with the tilt
vector throughout the simulation. A budget analysis indicates that tilting is crucial to maintaining the midlevel
vortex while stretching and vertical advection are responsible for the upper-level vorticity generation before
RI when strong asymmetries arise. Two warm anomalies are observed before the RI onset when the vortex
column is tilted. When approaching the RI onset, these two warm anomalies gradually merge into one.
Overall, the most symmetric vortex structure is found near the RI onset. Moderately sheared TCs experience
an adjustment period from a highly asymmetric structure with updrafts concentrated at the down-tilt side
before RI to a more axisymmetric structure during RI as the eyewall updrafts develop. This adjustment period
near the RI onset, however, is found to be the least active period for deep convection. TC development
under a smaller environmental shear (2.5ms ') condition displays an intermediate evolution between en-
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semble experiments with no background flow and with moderate shear (5-6ms™ ).

1. Introduction

The rapid intensification (RI) of tropical cyclones (TCs)
has long been an important issue in weather forecasting,
not only for its profound impact on coastal life, but also for
its difficulties in prediction. The timing of RI onset is es-
pecially difficult and is one of the biggest challenges for
modelers and forecasters (Elsberry et al. 2007; Zhang et al.
2014). There have been many studies focusing on both
external and internal factors leading to RI onset. Envi-
ronmental influences like vertical wind shear (Rappin
and Nolan 2012; Zhang and Tao 2013; Shu et al. 2014;
Munsell et al. 2017), midlevel dry air (Tang and Emanuel
2010; Braun et al. 2012; Alland et al. 2017), and sea sur-
face temperature (Nolan and Rappin 2008; Tao and
Zhang 2014, hereafter TZ14) are among the most studied.
By analyzing the differences between RI and other in-
tensity change cases, Hendricks et al. (2010) found that

Corresponding author: Fuqing Zhang, fzhang@psu.edu

DOI: 10.1175/MWR-D-18-0173.1

the rate of intensification is weakly dependent on sea
surface temperature. They found that RI is favored by
weak deep-layer shear in the Atlantic Ocean and large
conditional instability over the northwest Pacific. Rios-
Berrios and Torn (2017) had similar findings that vertical
wind shear is not a dominant factor of RI onset. Studies
suggest that these environmental factors are not what
determine the occurrence of RI, which is more connected
to TC’s internal processes and conditions.

Though vertical wind shear may not be the primary
factor that controls RI, it is well known that ambient
vertical wind shear modulates convection and causes great
asymmetry in TC structure. The inner-core structure of
TC under vertical wind shear after RI onset has been
explored by many studies. Black et al. (2002) documented
the structure of a quasi-steady asymmetric TC in the
presence of vertical wind shear. They found that strong
updrafts at low levels are mainly located toward the
downshear side of the inner core, which are then advected
by the tangential wind of the primary TC circulation to the
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left of shear during their upward motion. These updrafts
dissipate eventually toward the upshear side. Reasor et al.
(2013) confirms this feature of downshear-right convective
initiation and downshear-left precipitation maximum by
analyzing the airborne Doppler radar measurements, in
which they found the motion influence is secondary to the
shear effect. DeHart et al. (2014) also constructed the
structure of vertical motion and reflectivity in a shear-
relative coordinate from airborne Doppler radar data,
which again confirms the structure presented by Black
et al. (2002). Zhang et al. (2013) and Nguyen et al. (2017)
presented similar observation of this downshear-left
preference of convections as well. These data analyses
provide observations of the fine structures of TC inner
cores under vertical wind shear. However, a disadvantage
of these observational studies is the spatial and temporal
limits in the available measurement data.

All the TC cases studied by the aforementioned pa-
pers are already at hurricane strength and mostly after the
completion of precession, which cannot provide more in-
formation on TC’s Rl-related structural evolution and the
corresponding dynamic and thermodynamic processes.
From many previous studies (e.g., Rappin and Nolan 2012;
Zhang and Tao 2013; Stevenson et al. 2014; Finocchio et al.
2016), it has been shown that there is a precession process
before TC reaches a quasi-steady state mentioned above.
This process is time evolving and has a dramatic change in
the TC convective structure. Using satellite data that are
more continuous in time and space, Harnos and Nesbitt
(2011) reported that a convective ring structure forms
before RI under low shear. Tao and Jiang (2015) utilized
Tropical Rainfall Measuring Mission (TRMM) Pre-
cipitation Radar (PR) data to distinguish TC precipitation
distribution and strength at different intensification rates.
They found that the RI initiation is associated with in-
creased and widespread shallow convection, while deep
convection observed during RI is likely a response to the
changes in the vortex. Although satellite data have better
spatial and temporal continuity, the fine structure of TCs
is still difficult to obtain from these observations.

Case studies using numerical models that produce
spatially and temporally continuous simulations can be
used to aid the observational studies. The thermodynamic
structure of TCs relative to RI onset was studied by Chen
and Zhang (2013), Chen and Gopalakrishnan (2015), and
Judt and Chen (2016). They found a midlevel warm
anomaly above the surface vortex center prior to RI
onset, while upper-level warming can be found during the
RI. Chen and Gopalakrishnan (2015) also emphasized
the importance of the horizontal advection of convection-
generated upper-level warming by the storm circulation
in enhancing the upper-level warming above the surface
center. Though Judt and Chen (2016) and Chen and
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Gopalakrishnan (2015) analyzed the time evolution of
the warm-core structure, a systematic study of the three-
dimensional structure and its sensitivity to vertical wind
shear is yet to be completed.

Previous studies on RI using idealized simulations ei-
ther focused on TC'’s entire life cycle with no background
flow and a homogeneous environment (e.g., Nolan 2007;
Miyamoto and Takemi 2015) where the persistent effects
of shear on RI are excluded, or used a really intense vortex
(e.g., Riemer et al. 2010) that does not well represent
the TCs that undergo their first RI. In this study, we
combine the benefits from using an asymmetric environ-
ment and using an idealized simulation to study TC
structure relative to its first RI onset (or cyclogenesis for
some cases). The benefit of using an idealized simulation
is that one can impose multiple background flow condi-
tions while fixing all other factors in a simulation to study
in particular the dependence of RI onset on background
flows. For example, Miyamoto and Nolan (2018) recently
used a set of idealized ensemble simulations to examine
the variations in TC intensity, size, radius of maximum
wind (RMW) contraction, axisymmetrization process,
and RI onset under varying vertical wind shear. However,
they did not explore the TC structure in detail. In our
previous study, TZ14, we analyzed the sheared TC evo-
Iution from an ensemble-mean perspective using the
Eulerian composite at the same simulation time. We
showed by comparing TC composites with different shear
magnitudes that TC vortex responds to shear quickly
by increasing its tilt magnitude. The vastly different RI
onset timing results from a positive feedback between
moist convection and the mean TC vortex under different
shear conditions during precession. TZ14 mainly focuses
on the period when TC vortex tilts to the downshear left
quadrant.

The current study seeks to further uncover changes
in TC structures after the tilt vector overcomes the
drifting effect by the shear in the downshear-left
quadrant. The analyses of the shear-induced asymme-
try and its corresponding dynamic and thermodynamic
processes are relative to the RI onset time. We con-
ducted four sets of 20-member ensemble simulations
under different background shear conditions. Com-
posites of TC evolution are obtained by aligning the RI
onset time as the reference time' and taking the en-
semble average. In this way, the common features in
the evolution of TC vortices approaching RI onset can
be identified from these composites in each set of

! The reference time is noted g = 0 h in the ““Lagrangian” time
frame of reference; the period we are interested in is between tgy —
48h to try + 36 h.
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ensembles with a certain shear. It helps reveal the key
RI-related processes that are otherwise hard to identify
from individual cases (Judt and Chen 2016; Munsell
et al. 2017) or from a typical Eulerian-based composite
as in TZ14. Besides looking at the snapshots at TC’s
different stages, we also present a more complete pic-
ture of the time evolution of the dynamic and ther-
modynamic structures of a sheared TC in this study.

Aside from numerical simulations, previous statistical
studies showed that TCs can intensify at different rates
and also start intensification from different base inten-
sities (Yaukey 2014). The RI defined by the National
Hurricane Center (NHC) glossary is ““an increase in the
maximum sustained winds of a TC of at least 30kt in
a 24-h period,” which represents the 95th percentile of
all intensification rates in the Atlantic Ocean (Kaplan
and DeMaria 2003). However, this definition does not
necessarily reflect the related physical processes dur-
ing an RI onset. In this study, we define RI onset as the
start time that maximizes the following 24-h intensifi-
cation in minimum sea level pressure. As will become
clear, through matching the RI onset time, the new
composite analysis allows more generalizable findings
of RI onset.

This paper is organized as follows: section 2 describes
the experimental design; section 3 provides an overview
of the four sets of ensemble simulations used in this study;
sections 4 and 5 analyze the dynamic and thermodynamic
structures, respectively, and their time evolution; and fi-
nally, section 6 provides the conclusions and summary of
this study.

2. Experimental design

Following TZ14, four sets of 20-member convection-
permitting ensemble simulations are studied here that
include no background flow (NOFLOW), 2.5ms™ ! shear
(SH2.5), Sms™ ' shear (SH5), and 6ms ™' shear (SH6),
respectively. All simulations are under constant sea sur-
face temperature of 27°C. Point downscaling is used to
add unidirectional westerly shears throughout the simu-
lation times (Nolan 2011). The vertical profiles of the
environmental flows for the four ensemble experiments
are shown in Fig. 1 in TZ14. The simulations use the
Weather Research and Forecasting (WRF) Model, ver-
sion 3.1. The maximum surface wind speed of the initial
modified Rankine vortex is 15ms ™' at a 135-km radius.
The domain is on a doubly periodic f plane (f = 5 X
107°s™ ") with background thermodynamics using the
Dunion (2011) moist-tropical sounding. The ensemble
members are created by applying 20 groups of moisture
perturbations with magnitudes randomly selected from a
uniform distribution of (—0.5, 0.5) gkg ! to the initial
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mixing ratio fields throughout the innermost domain
below 950 hPa. The domain sizes are 4320km X 4320km
(D1), 1440km X 1440km (D2), and 720km X 720km
(D3) with horizontal resolution of 18, 6, and 2km, re-
spectively. The simulations have 49 vertical levels with
the model top at 10 hPa. Two-way nesting is applied in all
experiments.

Since the purpose of this study is to highlight the
storm processes and evolution near the RI onset, we
selected the analysis period of 48h before and 36h
after the RI onset. The three-dimensional composites
of TC fields are derived from matching the surface
center of each simulation at the same time under the
RI onset reference timing.

3. Overview of the four ensemble sets

Figure 1 is the overview of the intensity evolution in
the four ensemble sets. The RI onset times are marked
using black dots. Each member in NOFLOW and SH2.5
has begun slow intensification before the RI onset. The
spreads of the RI onset time in NOFLOW and SH2.5 are
12h and 19h, respectively. SH5 and SH6 are typical
cases for TCs under moderate shear with variations in
the RI onset as much as 39h and 69 h, respectively. The
intensities at the RI onset in these four sets range be-
tween 998-976hPa and 20-44ms . No specific in-
tensity is found to initiate the RI onset.

In terms of TC strength, the evolution of kinetic
energy integrated within the cylinder of 200-km radius
and 10-km height from each member in the RI-onset-
related timeframe is shown in the first column of
Fig. 2. This cylinder covers the main TC circulation by
using the surface center. For moderately sheared TCs
in SHS and SH6, the total kinetic energy increases
from —48h to —12h and has no change for about 10h
before the RI onset. From the RI onset until the end
of intensification, the integrated kinetic energy is
monotonically increasing with shear, which is differ-
ent from the TC intensity in terms of peak 10-m sur-
face wind speed (Fig. 1).

The storm-scale integrated diabatic heating rate is shown
in the middle column of Fig. 2. In NOFLOW, the di-
abatic heating rate steadily increases from —48 to —12h
and then keeps rather stable from —12 to 36h. At the
same time, the RI onset time is in the middle of the dia-
batic heating rate recovery (—6 to 6 h) after a clear drop
from —12 to —6h in SH5 and SH6 (Figs. 2g,h). In SH2.5,
there also exists a drop but is seen about 24h earlier
(Fig. 2f). By simply dividing the 6-h kinetic energy change
by the 6-h integrated diabatic heating rate, the “effi-
ciency” of the transformation from diabatic heating to
kinetic energy (Figs. 2i-1) is maximized between 0-12h in
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FIG. 1. The evolution of intensity in (left) minimum sea level pressure and (right) maximum 10-m total wind for
(a),(b) NOFLOW; (¢c),(d) SH2.5; (e),(f) SH5; (g),(h) SH6. Different colors represent different members in each set.

Black dot indicates the RI onset time for each member.

all four sets, which indicates the RI process happens during
the high efficiency period of energy transformation.
Through matching the RI onset of all members at
trr = 0h (Fig. 3), the tilt evolution is colored according
to the time relative to the RI onset times for SH2.5,
SHS, and SH6. The tilt vector starts from the origin
and ends on the line. For succinctness in the following
sections, we define the direction of the tilt vector as
down-tilt direction and the opposite direction of the tilt
vector as up-tilt direction (similar to the definitions of
downshear and upshear). All tilt evolutions exhibit
a very smooth (no zigzags and no stagnancy) preces-
sion after the tilt vector passes the 90° to the left of
environmental shear and moves into the upshear-left
quadrant. This is critical for further development of the
TC vortex (TZ14, Stevenson et al. 2014) because the
component of the shear “force” on tilt vector is toward
the origin in the upshear-left quadrant, which can de-
crease the tilt magnitude. It is the opposite scenario in the
downshear-left quadrant where the shear force on tilt
vector directs away from the origin that can increase the
tilt magnitude. The general difference between these
three sets is mainly the tilt magnitude, the precession
speed and the smoothness of the tilt evolutions in the

downshear-left quadrant. The SH2.5 ensemble has much
smaller tilt magnitude than SH5 and SH6 at —12h that
the value is already decreased to about 10km. We also
find that the RI onset time is not the steady end point for
the precession process in SHS and SH6. After RI, the
precession still exists except that the tilt magnitude is
smaller and the precession rate is faster. This continuing
precession is similar to the dry dynamics of the vortex
Rossby wave (VRW) damping described in Reasor et al.
(2004), such that the vortices tend to achieve steady state
tilt to the left of the vertical wind shear vector after sev-
eral precession cycles instead of only one cycle. The dry
dynamics, however, cannot explain why the tilt magni-
tude can reach such a small value (<10km) within only
one cycle of precession, which is considered to be the
contribution of the moist convection as is described in
Tao and Zhang (2015).

The four composite radii of maximum azimuthally
averaged 10-m tangential wind (RMW) decrease con-
tinuously from —48 to 12 h and reach a similar final value
after 12h (Fig. 4a). The inner-core size of the surface
vortex increases with shear magnitude, which is seen in
Fig. 4a that SH6 has the largest RMW at all times. The
RMW of SH2.5 is closer to that of NOFLOW from —24 h,
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FIG. 2. Time evolution of (a)-(d) the total kinetic energy accumulated within 200-km radius below 10 km using the surface center;
(e)-(h) the total diabatic heating accumulated within 200-km radius below 10 km using the surface center; and (i)—(1) the ratio of 6-h total
kinetic energy difference to 6-h accumulated diabatic heating rate. (from top row to bottom row) NOFLOW, SH2.5, SHS, and SH6. Each
colored line is one member; the thick black line is the ensemble mean.

and changes gradually afterward. The reduction of the
RMWs in SHS and SH6 is much greater during the 12h
after the RI onset than that in NOFLOW and SH2.5. To
show the extent of vertical decoupling between the vortex
inner cores at low and midlevels, we also did a compari-
son between the tilt magnitude and RMW. The ratio
between the 450-850-hPa tilt and RMW (Fig. 4b) drops
dramatically from —12 to O h and reaches minimum near
the RI onset time in SH5 and SH6. In contrast, the SH2.5
case has rapid reduction in the ratio about 12 h earlier and
continuous slow reduction from —12 to 12h, which also
results in the slow intensification before the RI onset
(Fig. 1d). During RI, this ratio maintains a nonzero value
in the three sheared cases, but does not exceed 0.5.
From the overview of these four sets under different
background flows, it is clear that SHS and SH6 are
grouped to represent the TCs under typical moderate
shear magnitudes, while SH2.5 shares some similarity
with both moderately sheared cases and the NOFLOW
case. In all three sheared cases, the rapid reduction in

the asymmetry is seen before the RI onset and the
vortex is mostly aligned near the RI onset time.

4. Evolution of dynamic structures

The first dynamic field analyzed is the 10-m total wind
composite (Fig. 5). We selected the times of —36, —12, —6,
0, and 12h to display the structural changes, which are
the most representative ones for a period. The wind field
in NOFLOW has axisymmetric structure at all times
(Figs. 5a—e). From —36 to —12h, the wind field quickly
spins up in NOFLOW that it expands radially outward
and intensifies in the inner core. The wind fields in
SH2.5, SHS, and SHS5 exhibit strong asymmetry at —36h
(Figs. 5f, 5k, and 5p) with the strongest winds located at
the down-tilt-left side. On the down-tilt-right side, there
also exists a locally stronger wind area, although weaker
in magnitude than the down-tilt-left wind maximum.
The wind asymmetry becomes less noticeable from —12h
in SH2.5 due to the small tilt (~10km) and the significant
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FIG. 3. Hourly 850-450-hPa tilt evolution from —48 h to 36 h relative to the RI onset. Each color means one time.
The mean tilt evolution in each set is in black. The black dot on the black line indicates 12-h interval. (a) SH2.5,

(b) SH5, and (c) SH6.

intensification in the inner-core wind field. After the RI
onset, the 10-m wind structure of SH2.5 is very close to
that of NOFLOW. In SHS, from —36 to —12h, the
maximum 10-m total wind area maintains the magni-
tude of about 19ms ™!, while the magnitude decreases to
~17ms ! at the RI onset but quickly reintensifies to
greater than 25ms ™! after 12h (Figs. 5k—0). The RMW,
calculated from the azimuthally averaged 10-m tangential
wind, gives a good estimation of the inner-core size at all
azimuth even in this highly asymmetric situation before
RI starts. The asymmetry becomes less evident in the
10-m wind field after the RI onset. The evolution of the
wind field in SH6 is quite similar to that in SH5 except
for the larger size.

To show the evolution and extent of the slantwise
vortex column as well as the corresponding structure of
the vertical and horizontal wind fields, we also plotted
vertical cross sections of absolute vorticity, total hori-
zontal wind and vertical velocity in Fig. 6. The directions
(red arrow in Fig. 5) used for the cross section of sheared
composites are chosen to be across the surface center
and along the direction of 450-850-hPa tilt vectors. The

selected cross sections can capture the most informa-
tion of the tilted vortex column and the most prominent
features of the main convection.

In NOFLOW, the vorticity field shows a bottom-up
development (Figs. 6a—e). At —36h, the convection
generates a vorticity ring structure above the boundary
layer. The 10ms ™' total wind contour around the eye is
slantwise at —36h but becomes more upright at later
times. At the same time, the updraft and downdraft
structures in NOFLOW are weak and less organized.
After —12h, the intensification of the NOFLOW wind
field is mainly observed inside the 15ms~' contour,
while the wind field outside the 15ms™' contour has
almost no change afterward. From —12h, the updrafts
strengthen around the surface center to enable the
stronger subsidence in the eye.

In SH2.5, the vortex column is mostly tilted between
3- and 7-km heights on the up-tilt side at —36 h (Fig. 6f),
while the upper-level vortex collocates with the strong
convection above 7-km height. The updrafts concentrate
at the down-tilt side. At —12 h, the structure of the wind
field becomes more symmetric and the vortex column is
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slightly tilted. The 15ms ™' wind contour expands more
outward to the radius of 230 km on the down-tilt side and
less to the 150-km radius on the up-tilt side. From —6h,
updrafts start to occur on the up-tilt side above 10-km
height and the high-level subsidence in the eye emerges.
From the RI onset, the inner core spins up quickly.
Correspondingly, the updraft structure in the eyewall
evolves similarly to NOFLOW but weaker on the up-tilt
side. From —36 to —12h, a significant intensification in
the vortex column is observed though the vortex column
is not fully aligned yet.

For SHS, the total wind field responds to the tilt of
the TC vortex column (Figs. 6k—o). The structure of the
wind field matches the tilt of the inner-core vortex well
at all times. At —36 and —12 h, the asymmetric outflow
region can be seen outside the 120-km radius of the
surface center and at the down-tilt side between 11- and
15-km heights. During the last 6h of axisymmetriza-
tion, the outflow greatly weakens due to the weakening
convection. Consistent with 10-m total wind plots
(third row in Fig. 5), the outermost expansion of the
lower-level total wind field is observed only before the
RI onset, while during RI, the inner-core wind in-
tensifies greatly with a wind expansion at middle to
upper levels outside the 120-km radius. This change
results in the rapid strengthening of the entire vortex
column vorticity and the penetration of the TC to even
higher levels during RI. Similar to SH2.5, the vortex is
mostly tilted between 3- and 7-km heights at —36h.
When the time approaches the RI onset at —6h, the
vortex column becomes more upright. The downdrafts
start to occur within the updrafts at comparable
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strength. Recall from Figs. 2g and 2h, the diabatic
heating rate reaches minimum value around —6h,
which corresponds to the reduction of convective ac-
tivity as well as updrafts shown in Figs. 6m and 6r. At
the RI onset, updrafts and downdrafts spread over the
surface center. After 12 h of RI, the updrafts reach the
up-tilt side at high levels with subsidence occurring in
the eye. The updraft structure is configured to ensure
descent within the eye and downdrafts outside the
eyewall updrafts, though some asymmetry remains.
The absolute vorticity at —36h shows that the TC
inner-core vortex below 3-km height is nearly vertical
with the maximum vorticity just above the surface
center. At the same time, the vortex between 3- and
7-km heights is tilted away from the surface-based
center but connecting to the upper-level vortex above
7-km height and collocated with the strongest convec-
tive updrafts at the down-tilt side. From —36 to —12h,
local amplification of the low-level vortex is seen with
the strengthening of the mid- to upper-level vortices.
The mid- to upper-level vorticity maximum starts to
move within the 60-km radius of the surface center, and
begins to overlap with the surface-based low-level
vortex from —12 h. Thereafter, the inner-core vorticity
gains accelerated growth and axisymmetrization: the
vortex is not only aligned at all vertical levels, but also
intensifies greatly within the 60-km radius.

SH6 is very close to SHS5 that the upper-level vortex
(z>7km) is completely displaced from the surface
vortex at —36 h. Because the convection of SH6 extends
farther away from surface center at early times than that
of SHS, the wind field at down-tilt side and large radii is
stronger than that in SHS. This feature maintains the
strength of the wind field at large radii at all levels even
after its RI onset.

The collocation of the mid- to upper-level vortices
with the updrafts when the vortex is highly asymmet-
ric suggests that deep convection plays a critical role
in maintaining the strength of the mid- to upper-level
vortices. A vorticity budget analysis is carried out be-
tween z = 5-7km and z = 7-9km (Fig. 7) to check this
critical role. The vorticity equation used here is the same
as in Miyamoto and Nolan (2018):

a a ) a ow
£: —u—g—v—g—w—{+(§+f)—
ot ox ay 0z 0z
v 9 ou o
_ovow  ouow ) 1)
dz dx 9z Ay ¢
where { is the vertical component of the relative vor-
ticity, (u, v, w) are the velocities, and f is the Coriolis
parameter. The first three terms on the right-hand side
are the advection terms, the fourth term is the stretching
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FIG. 5. Horizontal plots of 10-m total wind magnitude (shading) for (a)—(e) NOFLOW, (f)-(j) SH2.5, (k)—(0) SH5, and (p)—-(t) SH6. Black
circle means RMW. Red arrow indicates tilt direction as well as the vertical cross-sectional location in Figs. 6 and 12.

term, the fifth and sixth terms are the tilting terms, while
the solenoidal and diffusion effects are in D;.

The time evolutions of the four vorticity budget terms
(the horizontal advection, vertical advection, stretching,
and tilting terms) are calculated. The terms are first
calculated in Cartesian coordinates of each member.
The terms are then averaged within a 50-km radius and
between 5-km and 7-km heights using the vorticity
center location at the 6-km height for the midlevel
vortex, and averaged within a 50-km radius and between
7- and 9-km heights using the vorticity center location at
the 8-km height for upper-level vortex. The 50-km ra-
dius is selected to cover the vortex core area. Last, the
terms are averaged among members of the same en-
semble set using the RI onset time reference.

The calculation shows that the tilting term is positive
for the midlevel vortices in sheared cases when there is
significant asymmetry (Figs. 7b—d), which is consistent
with the location of the updrafts (off the midlevel vortex
center for sheared cases): the horizontal vorticity due to
the vertical gradient of horizontal vortex wind is tilted
by the updrafts that generates positive vertical vorticity.

The horizontal advection term is also positive and
comparable to the tilting term in the three sheared cases.
In these highly asymmetric scenarios, the vorticity gen-
erated by the updrafts at the down-tilt side is then ad-
vected by the tangential wind to the up-tilt side. Unlike
NOFLOW, the tilting term decreases when time ap-
proaches the RI onset in the three sheared cases. This
can partly be explained by the weakening updrafts at the
same time and the updrafts spreading over the surface
center that the asymmetry weakens. The negative terms
are the stretching and vertical advection in all sheared
cases especially in SHS and SH6. The negative vertical
advection term is due to the large tilt in SH5 and SH6
that the surface vortex core is not right under the mid- to
upper-level vortex as a high vorticity source. The nega-
tive stretching term results from the dislocation of the
maximum updrafts off the midlevel vortex center at the
down-tilt side and the slightly slantwise updrafts. One
thing worth mentioning is that the summation of the four
terms of (1), as an instant tendency, is larger than the
vorticity increment calculated from the hourly model
output. Nevertheless, the summation of the four terms is



APRIL 2019

height (km)

- W ow N o

height (km)

W owm N

|
1ML 6
-240-180-120-60 0 60 120 180 240 -240-180-120-60 0

15 (k)

15

height (km)
-
=2

- owow ou e

- i | - TN L
-240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60

height (km)

= owowm ow e

4 |
il .

60 120 180 240 -240-180-120-60 0

) X (km) X (km)

240-180-120-60 0
X (ki

TAO AND ZHANG

60 120 180 240-240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240

1179

-

S
)|

2
AJ..

-240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240 -240-180-120-60 0 60 120 180 240

500
285.93
163.512
93.5061
53.4724
30.5788
17.4868

10

4

X (km) X (km)

up-tilt —> down-tilt

FIG. 6. Vertical cross-sectional plots of absolute vorticity (shading), vertical velocity (contours of [-1 —0.5 —=0.3 =0.10.3136 10l ms™ ",

1

updrafts in red, downdrafts in green) and horizontal wind magnitude (including both tangential wind and radial wind, black contours of
[1015 20 30 50 60] m's~ 1) along tilt direction for (a)-(e) NOFLOW, (f)—(j) SH2.5, (k)—(0) SH5, and (p)—(t) SH6. The times are —36, —12,
—6, 0, and 12 h. The yellow line is the approximate center line of the vortex column.

positive, which indicates positive contribution from
convection-generated vorticity (tilting term) and re-
distribution by the horizontal wind (horizontal advec-
tion) that overcomes negative contribution from the
divergence (stretching term) and the dilution (vertical
advection).

For the upper-level vortices, the positive terms are
quite different in NOFLOW/SH2.5 versus SHS5/SH6.
NOFLOW and SH2.5 have a positive tilting term, while
SHS5 and SH6 have a positive stretching term and a
negative tilting term. During the period between —6h
and the RI onset, the tilting and stretching magnitudes
decrease to near zero in SH5/SH6. As shown in Figs. 6k
and 6p, the collocation of the deep convection and the
upper-level vortex in SH5/SH6 during the large tilt pe-
riod between —36 and —12h ensures the negative con-
tribution of the tilting term: the horizontal vorticity due
to vertical gradient of the horizontal tangential wind is
tilted by the updrafts maximized at the upper-level

vortex center to generate negative vorticity. During the
same period, the positive contribution of the stretching
term results from updrafts that are maximized above
the 7-km height. The vertical advection term is also
positive in SH5/SH6 because the midlevel vorticity is
able to be advected by the updrafts to the upper level.
From —6h, the upper-level vortex centerline is at the
left/up-tilt side of the updrafts in Figs. 6m and 6r, which
indicate the decoupling of the convection and the
upper-level vortex. The decoupling and weakening of
the convection result in the decreasing magnitudes of
all four budget terms (Figs. 7g,h). Nevertheless, the
budget analysis indicates that when the vortex column
is highly asymmetric, the deep convection is critical for
the development of the midlevel vortex by tilting and
upper-level vortex by stretching and vertical advection.
The relative location of the updrafts to the vortex de-
termines how convection contributes to the vortex
intensification.
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and (d),(h) SH6.

To further demonstrate the evolution of the surface-
center-based inner-core strength and how the mid- to
upper-level vortices evolve into the surface-based inner-
core region, the relative vorticity field averaged within the
50-km radius of the surface center is shown in Fig. 8.
NOFLOW has a progressive development in the inner-
core vorticity that it builds up and strengthens gradually
with time. At the RI onset, the vortex column has
already intensified. The NOFLOW vortex reaches the
15-km height during RI. The inner-core vorticity in SH2.5
evolves very similarly to that in NOFLOW. The inner-core

vorticity for the column below 5km starts to increase at
very early time (around —48h) (Fig. 8b). However, the
development of vorticity above the 5-km height slows
down between —6 and Oh. After Oh, the upper-level vor-
tex further intensifies. The early intensification before the
RI onset in NOFLOW and SH2.5 is also due to the defi-
nition of RI onset used in this paper since NOFLOW and
SH2.5 already start slow intensification before the RI onset
time. SH5 is very different from both NOFLOW and
SH2.5. The low-level inner-core vorticity strengthens
slowly between —48 and —12 h. There is a sharp increase in
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the inner-core vorticity between 5- and 11-km heights
(Fig. 8c) 6h before the RI onset. This sharp increase is
consistent with Fig. 6] that the mid- to upper-level vortices
start to move across the surface center at the same time
around 12h before the RI onset. At the RI onset, the
vortex strength of SH5 is considerably weaker than that in
NOFLOW and SH2.5. After 12h of RI, the inner-core
vorticity of SHS further extends the whole column upward
to almost 15 km. SH6 shares some common features in the
vortex dynamics with SHS but has much weaker low-level
vortex before —12h.

From Figs. 5 and 6, it is clear that the vortex primary
circulation structure evolves with the tilt vector. To fur-
ther explore the structure of the secondary circulation
besides the vertical wind in Fig. 6, we plotted the
boundary layer radial flow evolution as a function of
azimuth in Fig. 9. The annular region from RMW to
50km outward is selected to study the inflow supply for
the primary updraft. As expected, NOFLOW does not
show a preferred azimuth of the boundary layer inflow.

—48h, SH2.5 has a clear upshear outflow and down-
shear inflow structure, which evolves with the tilt vector
and the outflow is gradually replaced by inflow after —6 h.
In SHS and SH6, the radial inflow region is initially lo-
cated at both downshear quadrants, which gradually
evolves cyclonically further upshear-left quadrant with
time prior to the RI onset. The radial outflow is first lo-
cated at the upshear quadrants and evolves cyclonically
toward downshear right prior to the RI onset. During
the precession before the RI onset, the asymmetry in
the boundary layer radial flow is decreasing, however,

because of the continuous precession after the first
alignment referred to in section 2, the radial flow regains
asymmetry after the RI onset. The contours of the
equivalent potential temperature 6, indicate that the
boundary layer low 6, locates at the down-wind side of
the tilt vector before the RI onset, which represents the
cold pool and the pathway of midlevel dryer air getting
into the boundary layer by the downdrafts under strong
asymmetric convection (Riemer et al. 2010). From Fig. 9,
we can find that the radial flow pattern and low 6, air in
the boundary layer evolve with the tilt vector in SH5/SH6.
This phenomenon can be explained by the relationship
between the primary convection location and the vortex
tilt. Since the radial inflow fuels into the convective up-
drafts and the low 6, air comes from the convective
downdrafts, the radial inflow and low 6, patterns in the
boundary layer are closely associated with the main
convection cluster that is modulated by the vortex tilt.
To quantify the dominant asymmetry in the boundary
layer radial flow, Fig. 10a shows the evolution of the
wavenumber-1 amplitude of boundary layer radial wind.
SH6 has the largest wavenumber-1 amplitude at all
times but near the RI onset. In a few hours before the RI
onset time, the wavenumber-1 amplitudes reach mini-
mum in SH5 and SH6 while the wavenumber-1 ampli-
tude in SH2.5 achieves a local minimum but does not
bounce back as much as that in SHS and SH6. This figure
is another interpretation of alignment near the RI onset
like Fig. 4b. For better understanding the total boundary
layer flow convergence, Fig. 10b is the total radial mass
flux at 200-km radius and below 2km, which roughly
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represents the amount of air to be lifted out of the
boundary layer by the updrafts inside the 200-km radius.
Before the RI onset, the total radial mass flux is the
smallest in NOFLOW, while SH5 and SH6 are compa-
rable to each other. After RI onset, SH6 has the largest
radial mass flux, while NOFLOW and SH2.5 become
comparable. If we recall Figs. 2a—d and Fig. 5, the radial
mass fluxes of the four sets after their RI onsets are
consistent with the total kinetic energy and the wind
field evolution that NOFLOW and SH2.5 have similar
smaller vortex size and strength while SH6 has the
largest size and strength.

In this section, we have shown the dynamical changes
of the TC from large asymmetry before RI to smallest
asymmetry at the RI onset and then reduced asymmetry
during RI. From the analysis above, we can find that the
adjustment in the secondary circulation is closely fol-
lowing the tilt vector. Also, it is found that shear is not
always negative to the TC development that the shear
induced convection at TC’s outer core can spin up the
wind field outside the inner core and expand the TC size.
The vorticity budget analysis further demonstrates the
critical role of deep down-tilt convection in sustaining

and strengthening the mid- to upper-level vortices dur-
ing the time of high vortex asymmetry.

5. Evolution of thermodynamic structures

The warm core is one of the thermodynamic struc-
tures that attracts a lot of attention from the TC com-
munity recently as it reflects the intensity of the TC
system. Figure 11 shows the perturbation potential
temperature 6 (the difference between the 0 at current
and initial times) profiles above the surface TC center.
For NOFLOW, a single warm anomaly is observed at
~9-km height from the beginning of simulation to near
the onset time of RI. During RI, this warm anomaly
extends upward to above 15-km height and downward to
the boundary layer (Fig. 11a). Before the RI onset, the
structures of the warm anomaly at the TC center are
similar in SHS and SH6, but very different from
NOFLOW. For SH5 and SH6, there are two distinct
warm anomalies, one at midlevel (5km) and the other at
the upper troposphere (11km). The midlevel warm
anomaly gradually weakens at ~12h before the RI onset
and merges with the upper-level warm anomaly at the RI
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onset. After the RI onset, only one warm anomaly re-
mains above the surface center (Figs. 11c,d). The warm
anomaly (Fig. 11b) in the SH2.5 case shows an in-
termediate behavior between SH5/SH6 and NOFLOW.
The midlevel warm anomaly at the 5-km height is ad-
jacent to the upper-level warm anomaly with no clear
separation. Similar to SHS, the upper-level warm anom-
aly starts strengthening near the RI onset in SH2.5 as
well. The locations and magnitudes of the warm core
above the surface center are shown in Figs. 11e,f. The
merging process of the two anomalies in SHS and SH6 is
indicated by the changes in the warm core altitude
between —12 and —6h (Fig. 11f). During RI, the max-
imum warm anomalies in these four composites all de-
scend from about 9km at the beginning of RI to about
6km during the later period of RI. The warm core
magnitudes are monotonically increasing except for the
period between —12 and —6h in SH5/SH6 (Fig. 11e),
because of the shift in the location of the dominant
warming area above the surface center (Fig. 11f).

To further construct a three-dimensional structure of
the TC warm anomaly, the west—east 6’ cross section is
plotted for NOFLOW and compared to the 6" cross
section along the tilt vectors for SH2.5, SHS, and SH6 in
Fig. 12. The ¢’ cross section from NOFLOW shows an
axisymmetric structure. The upper-level warm anomaly
is situated right above the surface center at 5-11-km
height long before the RI onset. In SH2.5, however, the
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warm anomaly is located slantwise toward the tilt di-
rection at —36 h with the upper-level warming anomaly
(Fig. 12f) collocating with the primary updrafts (Fig. 6f).
Once the upper-level vortex starts to align with the
surface vortex, the upper-level warm anomaly detaches
from convection and starts to align with the surface
center, similar to NOFLOW (Fig. 12g). The ¢ field from
SHS exhibits two vertically separated maxima before the
RI onset: one is located just above the surface center
around 5-km height; the other is between 9 and 11km
which is displaced from the surface center but collocates
with the upper-level convection. As the surface pressure
change is a result of the air mass above, the displaced
warming anomalies hinder the fast drop in the surface
center pressure, which is known as one of the negative
effects by the shear advection (Gray 1968). The midlevel
warm anomaly reaches its peak strength at about —12h,
then weakens and dissipates afterward. Meanwhile, the
upper-level warm anomaly gradually moves over the sur-
face center and eventually becomes dominant throughout
the vertical column after the RI onset. The merging of the
two warm anomalies is associated with the timing of the
vortex alignment.

To better illustrate the horizontal dynamic and ther-
modynamic structures at the upper level, we plotted the
horizontal streamlines, potential temperature anomalies
and simulated radar reflectivity at z = 9km in Fig. 13.
NOFLOW develops a convective ring structure around
the center with a clear eye at —12 h. This convective ring
contracts and strengthens over time. The area with the
maximum warming is always near the center. There is no
dramatic structural change observed in the upper level
for NOFLOW. For SH2.5, a transition from the com-
pletely down-tilt convection to a more axisymmetric
convection structure occurs from —36h to the RI onset
time. This transition takes place gradually, during which
convection wraps around the surface center and forms a
clear eye. In SHS5 and SH6, the convection is concen-
trated inside a closed circulation at this level, acting as a
moist envelope traveling around during the precession
period from —36 to —12h. The convection inside the
circulation at the upper level is protected from the dry
air outside in this structure because the environmental
air is not circulated into the convection. At —6h, the
reflectivity weakens dramatically and decouples with the
circulation at 9 km as the circulation center moves closer
to the surface center. From —6 h, the maximum warming
is decoupled from the high reflectivity (diabatic heating)
area to move above the surface center. The RI onset
time in SH5/SH6 starts at the most quiescent period for
deep convections when the 9-km circulation aligns with
the surface center. At 12h, we can observe a primary
rainband structure in SHS reflectivity and even clearer
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temperature profile.

in SH6 while the reflectivity in NOFLOW and SH2.5 is
more concentrated in the eyewall region. This primary
rainband is responsible to the spin-up of the outer
wind field, which could increase the possibility of
secondary eyewall formation as discussed in Zhang
et al. (2017).

In the same cross sections of perturbation potential
temperature, the relative humidity (RH) is also plot-
ted to illustrate the moistening of the atmosphere
(Fig. 12). In NOFLOW, the axisymmetric RH field
shows that the moistening occurs around the vortex
center at all times. The center RH at high levels starts
to decrease greatly due to the higher temperature
in the warm core and dry subsidence in the eye,
which becomes more significant with time. In the three
sheared cases, before the RI onset, the high RH field
is completely following the updrafts, which indicates
mid- to upper-atmospheric moistening by the convec-
tion. A sharp RH gradient at the edge of convection on

the up-tilt side is seen at —36 h in SH2.5, which becomes
less clear at —12h due to the distribution of the convec-
tion. In SHS and SH6, this sharp gradient lasts for longer
time until —6h when the convection moves over the
surface center. During the strong asymmetric period in
all three sheared cases, the area above the surface
center and on the up-tilt side is not moistened. At
the RI onset time, convection is wrapping around the
entire primary vortex which results in the high RH
all around the surface center. Subsidence in the eye
can bend the upper-level low RH contours downward
resulting in a dry center above the 7-km height
from —12hin SH2.5 and —6 hin SHS and SH6. After the
RI onset in SHS and SH6, the asymmetry still exists and
reflects on the RH field that the down-tilt side has been
moistened more by the deeper and wider convection
(Figs. 120,t).

The azimuthal distribution of the reflectivity and RH
averaged between RMW and RMW + 50km using the
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FIG. 12. Vertical cross-sectional plots of potential temperature anomaly (shading) and relative humidity (contour) along the tilt direction
for (a)-(e) NOFLOW, (f)-(j) SH2.5, (k)-(0) SHS, and (p)—(t) SH6. The times are —36, —12, —6, 0, and 12 h.

surface center are shown in Fig. 14 to exhibit the
moistening in the atmosphere at different stages. The
moistening by the convection before the RI onset in all
azimuths is quite obvious in NOFLOW that the RH
greater than 90% is up to 5-km height. The reduction in
RH after the RI onset is mainly due to the calculation
method and a more concentrated eyewall during RI.
The three sheared cases have similar distribution of re-
flectivity and RH along azimuth at —36h. The SH2.5
case, however, distinguishes itself from SHS5 and SH6 by
spreading the reflectivity along more azimuth at much
earlier time of —12h. From Figs. 13g and 14g, it can be
seen that the azimuthal occupancy of the convection
at —12h is greatly enhanced by its smaller radial dis-
tance to the surface center and its wrapping around the
center. The preconditioning of moisture in the down-
wind direction before the RI onset in SHS and SH6 only
happens at the very shallow boundary layer (<3 km).
The mid- to upper-level RH increases only after the
deep convection moves into the area. When the re-
flectivity spreads over all azimuth at the RI onset, the
RH increases at all directions even with significantly

reduced convection. After the RI onset, strong convec-
tion reforms the asymmetry in downshear-left and
upshear-left quadrants, which diminishes in upshear-
right quadrant. The RH distribution again follows the
high reflectivity area that the minimum RH value is on
the right side of the environmental shear as the strong
and deep convection locates on the left side of the shear.

The vertical diabatic heating profiles from —48 to 36 h
are shown in Fig. 15 to further demonstrate the change
of convective structure during this period. Each profile
has both convective and stratiform components. The
low-level diabatic heating in all four sets below 2km is
monotonically increasing with time which indicates in-
creasing convective activity in this shallow layer. But the
mid- to upper-level diabatic heating rate exhibits dra-
matic differences among the composites. The early di-
abatic heating profiles (—48 and —36h) in the sheared
composites are considerably larger at all levels than that
in NOFLOW. The SH2.5 case builds a similar small
diabatic heating rate to the NOFLOW case after the
RI onset, while SH5 and SH6 have large upper-level
diabatic heating rate during the most asymmetric time
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FIG. 13. Horizontal plots of simulated reflectivity (gray shading), warm anomaly (red contour), and streamlines (blue contour with arrows)
at the 9-km height for (a)-(e) NOFLOW, (f)-(j) SH2.5, (k)—(o) SHS5, and (p)—(t) SH6. The times are —36, —12, —6, 0, and 12 h.

before —24h and during the RI. The —6h profiles in
SHS and SH6have the smallest diabatic heating rate
above 2-km height, while the RI onset profiles have the
second smallest diabatic heating rate. The third and
fourth rows of Fig. 6 show that this reduction in diabatic
heating rates of SH5 and SH6 is mainly due to the re-
duction in updrafts. Given that 6, of the boundary layer
inflow does increase during this period (Figs. 9c,d), the
reasons for this reduction in convective activity can be
twofold: one is the decrease in tilt magnitude, and the
other is the downdrafts occurring inside the updrafts.
Near the onset of RI, the vortex column starts to become
vertically aligned, which causes reduction in the down-
tilt preference for updrafts due to the reduction of tilt
magnitude (Jones 1995). At the start of the vortex col-
umn alignment, convection wraps around the entire
primary vortex center while downdrafts occur inside the
updrafts such that no specific regions for updrafts and
downdrafts are yet configured to accommodate deep
convection, which thus diminishes in a manner similar
to an ordinary supercell (Rotunno et al. 1988). Once
the eyewall updrafts are established, dramatic increase

occurs from —6 to 6h in convective and especially
upper-level stratiform diabatic heating. This heating
profile evolution in Fig. 15 further confirms the trans-
formation observed in reflectivity, updrafts/downdrafts
before RI, near RI onset and during RI shown in
Figs. 2e-h, Fig. 6, and Fig. 14.

6. Summary and conclusions

In this study, composite analyses of four sets of
convection-permitting ensemble simulations are per-
formed to show the dynamic and thermodynamic
structures of TCs before, near, and during RI under
different environmental shear conditions. By aligning
ensemble members according to their RI onset times in
each ensemble set, this composite analysis is able to re-
veal uniquely the common characteristics of TC vortices
associated with RI onset.

In the NOFLOW case, all fields are presented in a
quasi-axisymmetric way throughout the vertical levels
since there is no persistent preference for any azimuthal
direction with no environmental mean flow or shear. In
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FIG. 14. Azimuth-height plots of relative humidity (black contour) and dBZ (shading) averaged between RMW and RMW + 50 km for
(a)-(e) NOFLOW, (f)-(j) SH2.5, (k)—(0) SHS, and (p)—(t) SH6. The times are —36, —12, —6, 0, and 12 h.

this case, a single warm anomaly sits above the sur-
face center at all times, and the warming of upper-level
vortex center is mainly due to subsidence. The sub-
sidence in the eye not only generates center warming but
also creates a dry region. The asymmetry amplitudes
(Figs. 4b and 10a) from the three sheared cases (SH2.5,
SHS5, and SH6) decrease when time approaches the RI
onset. In addition, both dynamic and thermodynamic
fields are vertically aligned at the moment of the RI
onset. The TC under small shear (SH2.5) displays in-
termediate behavior between SH5/SH6 and NOFLOW.
There is no clear separation between mid- and upper-
level warm anomalies and the vortex column is more
aligned during precession such that there exists an early
development period before the actual RI starts. How-
ever, this early intensification is temporary, because the
TC vorticity column and warm core is not yet fully
aligned. This intensification period in SH2.5 before RI
indicates that intensification can take place even when
the vortex column has not completed its first cycle of
precession, although this intensification is not as rapid
and long-lasting as the RI that follows.

From the moderate shear cases (SHS and SH6), we
summarize that there are three stages of TC dynamic
and thermodynamic structural evolution:

1) As summarized in Fig. 16a, before the RI onset, a
strongly asymmetric vortex and convection structure

displace the diabatic-heating-induced upper-level
warm anomaly away from the midlevel warm anom-
aly, strong updrafts are concentrated at the down-tilt
side, the boundary layer inflows are located beneath
and to the upwind side of the updrafts while the
boundary layer outflows are at the downwind side of
the updrafts.

2) Assummarized in Fig. 16b, approaching the RI onset
time, the updrafts and downdrafts first alternatively
spread over, wrap around the surface center and
overlap with each other, which is followed by a
temporal weakening of convection, the two warm
anomalies gradually merge while the boundary layer
radial flows become most axisymmetric.

3) Assummarized in Fig. 16¢c, during RI, though there is
still some asymmetry present, a small tilt magnitude
enables the development of an eye structure, where
strong updrafts are located in the eyewall region and
downdrafts outside the eyewall as well as the sub-
sidence in the eye.

The displaced mid- and upper-level warm anomalies
(Fig. 16a) in stage 1 are also observed and simulated in
Hurricane Eduard (2014) (Zawislak et al. 2016; Munsell
et al. 2017) and in Hurricane Joaquin (2015) (Nystrom
et al. 2018) before their RI onset. Stage 2, which is not
well summarized in previous studies, is important for the
RIonset that there are two adjustments happening during
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FIG. 15. Vertical diabatic heating profiles averaged in the 270 km by 270 km horizontal box for (a) NOFLOW,
(b) SH2.5, (c) SHS, and (d) SH6.

this period: one is the transition in the structure of up-
drafts/downdrafts; the other is merging of the two warm
anomalies. These adjustments happen through the vortex
alignment, which is a necessity to establish the structure
of secondary circulation with an eye. The observational
studies on Hurricane Earl (2010) (Stevenson et al. 2014;
Rogers et al. 2015; Susca-Lopata et al. 2015) and Hurri-
cane Eduard (2014) (Rogers et al. 2016) all confirm this
necessity of axisymmetrization (Fig. 16b) for RI onset.
The asymmetry does not disappear after the RI onset, but
the new structure in Fig. 16c maintains the efficient
structure of single upright warm core. The diagrams in
Black et al. (2002) and DeHart et al. (2014) also showed
the structure of stage 3. From a thermodynamic per-
spective, the RI onset is the time when the upper-level
warm core aligns with the surface center, which changes
the static stability of the atmosphere and more efficiently
lowers the surface minimum sea pressure. Dynamically, it
is the time when entire vortex column aligns and can
initiate an efficient secondary circulation.

Besides the summarized three stages above, we also
find the critical role of convection located on the down-tilt

side under moderate shear on generating and sustaining
the mid- to upper-level vorticity at earlier times before
the RI onset. As seen from the domain summation of the
diabatic heating rate when the TC vortex columns of SH5
and SH6 are strongly tilted (Figs. 2g,h), the convective
activity is not interrupted by the low 6, air in the
boundary layer (Figs. 9¢c,d). With strong asymmetry, the
low 6, air from the convective downdrafts is then ad-
vected by the tangential wind toward the up-tilt side. In
this asymmetric TC structure, the updrafts tend to start
from smaller radii while hydrometeors fall at larger radii
and down-wind side of the tilt vector, which in turn
causes the boundary layer low 6, air to be at the down-
stream of the updraft region. Before reaching the up-
drafts, the boundary layer low 6, air is able to recover
the temperature and moisture from the sea surface flux.
This boundary layer air cycling is also shown in TZ14
and Zhang et al. (2013). Asymmetric convection persists
that benefits thermodynamically from its asymmetry to
entrain the recovered boundary layer air.

One other interesting finding is that the wind field size
is closely related to the shear magnitude: the larger
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FIG. 16. Diagrams showing the convection, vortex column, and warm-core structure inside a TC’s inner core under moderate vertical wind
shear: (a) before RI onset, (b) near RI onset, and (c) after RI onset.

shear, the larger size of a TC. The outer wind fields in SH5
and SH6 are spun up by wider eyewall convection on the
down-tilt side and the formation of the primary rainband,
which enable the higher possibility of the secondary
eyewall formation (Zhang et al. 2017). In SH6 the dia-
batic heating area is broader at the final stage and leads to
more radially inward mass flux at large radii. Though the
formation of outer rainband in SHS5 and SH6 acts as a
negative influence on the final intensity as discussed by
Ying and Zhang (2012) that the angular momentum
transportation to the inner core is disrupted by the inflow
bypass into the rainband. With more convergence of air
(Fig. 10b), the final vortex strength and size in SH5 and
SH6 are larger than those in NOFLOW and SH2.5. In
other words, environmental wind shear may be detri-
mental to TC intensity in terms of peak 10-m surface wind
speed but not necessarily the TC vortex strength in terms
of storm-scale integrated kinetic energy.

In reality, however, it would be more complicated that
the environmental factors (e.g., shear, SST, and dry air)
are time evolving (e.g., Finocchio and Majumdar 2017)
and have different three-dimensional structures (e.g.,
Onderlinde and Nolan 2014, 2016; Finocchio et al. 2016).
Each adjustment to the hostile change in the environment
would cause the cease of RI. Nevertheless, once the TC
survives the adjustment, RI emerges. The warm anomaly
structure is an intuitional estimate for the status of TC
intensity. We can expect that any asymmetry due to the

asymmetries in moisture (e.g., Braun et al. 2012), vertical
wind shear studied here, the asymmetries in the surface
interaction (e.g., land, SST distribution) would disturb the
structure of the convection and hence distort the warming
area, which can cease the RI. However, in our current
study, only the sensitivity of a weak TC to the magnitudes
of vertical wind shear is considered.
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