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ABSTRACT

A major open issue in tropical meteorology is how and why some tropical cyclones intensify under mod-
erate vertical wind shear. This study tackles that issue by diagnosing physical processes of tropical cyclone
intensification in a moderately sheared environment using a 20-member ensemble of idealized simulations.
Consistent with previous studies, the ensemble shows that the onset of intensification largely depends on the
timing of vortex tilt reduction and symmetrization of precipitation. A new contribution of this work is a
process-based analysis following a shear-induced midtropospheric vortex with its associated precipitation.
This analysis shows that tilt reduction and symmetrization precede intensification because those processes are
associated with a substantial increase in near-surface vertical mass fluxes and equivalent potential temper-
ature. A vorticity budget demonstrates that the increased near-surface vertical mass fluxes aid intensification
via near-surface stretching of absolute vorticity and free-tropospheric tilting of horizontal vorticity. Impor-
tantly, tilt reduction happens because of a vortex merger process—not because of advective vortex align-
ment—that yields a single closed circulation over a deep layer. Vortex merger only happens after the
midtropospheric vortex reaches upshear left, where the flow configuration favors near-surface vortex
stretching, deep updrafts, and a substantial reduction of low-entropy fluxes. These results lead to the hypothesis
that intensification under moderate shear happens if and when a “‘restructuring” process is completed, after
which a closed circulation favors persistent vorticity spinup and recirculating warm, moist air parcels.

1. Introduction Foerster et al. 2014; Stevenson et al. 2014; Rios-Berrios
et al. 2016b,a; Zawislak et al. 2016; Rios-Berrios and
Torn 2017; Nguyen et al. 2017). Consequently, intensity
changes are more difficult to predict for moderate VWS
scenarios than for weak or strong VWS (Bhatia and
Nolan 2013; Finocchio and Majumdar 2017). This issue
represents a major forecasting challenge as recognized
by a former hurricane specialist who stated that ““one of
[their] biggest challenges is trying to sort out what’s
going to happen at intermediate levels of shear” (Sumwalt
et al. 2017, p. 3). Motivated by this challenge and its
important implications, this study aims at identifying
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edu moderate VWS.

A major impediment of accurate tropical cyclone
(TC) forecasts is the interaction of TCs with environmental
vertical wind shear (VWS). Although VWS is one of the
most inhibiting factors of TC intensification (Merrill 1988;
DeMaria and Kaplan 1994; Paterson et al. 2005;
Hendricks et al. 2010), TCs can intensify under VWS
magnitudes that are neither too weak nor too strong
(moderate shear hereafter; Molinari et al. 2004, 2006;
Molinari and Vollaro 2010; Montgomery et al. 2010;
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Several theories exist to explain TC intensification; how-
ever, various limitations prevent their applications to the
TC-VWS problem. Most theories describe intensification
as a feedback between surface fluxes, near-surface conver-
gence of energy and angular momentum, and latent heat
release (Ooyama 1964, 1969, 1982; Charney and Eliassen
1964; Emanuel 1986). Such feedback, however, is based on
an axisymmetric view of mature TCs. An alternate para-
digm was proposed by Van Sang et al. (2008) to account for
asymmetric features manifest as buoyant, rotating updrafts.
According to that paradigm, intensification follows the
merger and symmetrization of vertical vorticity associated
with those updrafts. The resulting vortex structure aids in-
tensification via concentrated near-surface convergence and
latent heat release within a closed circulation (Van Sang
et al. 2008; Smith et al. 2017). Sheared TCs are characterized
by asymmetric moisture distributions and asymmetric sec-
ondary circulations (Reasor et al. 2013; DeHart et al. 2014;
Rios-Berrios and Torn 2017), which may influence the
symmetrization process or may hinder the feedback be-
tween near-surface convergence and latent heat release
(e.g., Molinari et al. 2004, 2013).

Existing theories can be expanded to VWS scenarios
by hypothesizing that sheared TCs must overcome the
effects of VWS (e.g., tilt, asymmetric precipitation) in
order to establish robust tangential and overturning
circulations capable of driving intensification. Molinari
et al. (2004) identified such evolution from aircraft ob-
servations of Hurricane Danny (1997) under shear
magnitudes between 5 and 11ms~'. Intensification
happened when individual rotating updrafts merged
into a dominant surface vortex and the equivalent
potential temperature 6, exhibited a dramatic radial
gradient. Their results led to the proposal of a two-stage
process explaining intensification under VWS. During
the first stage, the asymmetric TC is characterized by
buoyant updrafts as well as strong downdrafts that flood
the boundary layer with cool, dry air. Intensification
happens during the second stage because near-surface
convergence and deep latent heat release happen
within the high-6, region of a symmetric, closed surface
circulation.

Although this two-stage process has not been further
explored, other studies agree that symmetrization of
precipitation is a key process preceding intensification
under moderate VWS. Sheared TCs are characterized
by a wavenumber-1 precipitation asymmetry, with up-
drafts dominating in the downshear half and downdrafts
in the upshear half (Corbosiero and Molinari 2002; Chen
et al. 2006; Hence and Houze 2011; Reasor et al. 2013;
DeHart et al. 2014). Consequently, an azimuthal ex-
tension of precipitation from downshear to upshear is a
hallmark of intensifying TCs under moderate VWS
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(Rappin and Nolan 2012; Ge et al. 2013; Onderlinde and
Nolan 2014, 2016; Tao and Zhang 2014; Finocchio et al.
2016; Rios-Berrios et al. 2016a; Zawislak et al. 2016;
Nguyen et al. 2017). Such extension is often preceded by
deep convective updrafts in the upshear-left quadrant
(e.g., Stevenson et al. 2014; Chen and Gopalakrishnan
2015; Rogers et al. 2016; Rios-Berrios et al. 2016b,a;
Smith et al. 2017; Wadler et al. 2018). An outstanding
issue is what drives symmetrization; possible explanations
include vortex alignment (e.g., Zhang and Tao 2013) or
humidification of the upshear half (e.g., Rios-Berrios et al.
2016a; Rios-Berrios and Torn 2017). However, those
processes could be the result—rather than the cause—of
the azimuthal extension of precipitation.

Another outstanding issue, not accounted for in the
two-stage process of Molinari et al. (2004), is the role of
vortex tilt during intensity changes of sheared TCs.
Vortex tilt emerges after the center of circulation is
displaced along a vertical axis by the sheared environ-
mental flow. This VWS effect limits ascent above the
lower-tropospheric center of circulation via thermody-
namic stabilization (Jones 1995; DeMaria 1996) or via
cool, dry air fluxes (Riemer et al. 2010; Tang and
Emanuel 2012; Riemer and Laliberté 2015). Conse-
quently, another hallmark of intensifying TCs under
moderate VWS is a small vortex tilt (Davis et al. 2008;
Reasor and Eastin 2012; Rappin and Nolan 2012; Ge
et al. 2013; Zhang and Tao 2013; Onderlinde and Nolan
2014; Tao and Zhang 2014; Finocchio et al. 2016;
Munsell et al. 2017; Leighton et al. 2018). In some cases,
however, intensification begins when the vortex is tilted
(e.g., Raymond and Loépez Carrillo 2011; Stevenson
et al. 2014; Rios-Berrios et al. 2016b) or when a new,
vertically aligned vortex emerges within shear-organized
convection (Molinari et al. 2004, 2006; Davis et al. 2008;
Molinari and Vollaro 2010; Nguyen and Molinari 2015).
Those discrepancies suggest that not all TCs follow the
same pathway to intensification under moderate shear or
that intensification is favored by a combination of factors
including, but not limited to, a small vortex tilt. Explaining
how and why a TC vortex realigns, remains vertically
aligned, or reforms under VWS is of utmost importance
(Jones 1995; Reasor et al. 2004; Reasor and Montgomery
2015; Elsberry and Park 2017; Rogers et al. 2017). Equally
important is clarifying why intensification is more likely
when the vortex is aligned than when it is tilted.

These open issues motivate this study, with the pur-
pose of diagnosing physical processes preceding TC in-
tensification under moderate VWS. An ensemble of
idealized simulations, described in section 2, was em-
ployed to diagnose processes from multiple realizations
of the same TC with prescribed environmental condi-
tions and without complexities added by external factors
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(e.g., upper-tropospheric disturbances, land interactions).
The ensemble confirms that small vortex tilt and sym-
metric precipitation are necessary conditions for in-
tensification (section 3). A detailed analysis focused on a
midtropospheric vorticity maximum (section 4), shows a
two-stage process akin to the hypothesis of Molinari
et al. (2004) combined with the vortex merger paradigm
of Van Sang et al. (2008). The results lead to the hy-
pothesis (section 5) that intensification in sheared
environments follows after deep updrafts initiate a
“restructuring’ process, consisting of a transition from
strong, yet asymmetric ascent in the vicinity of a mid-
tropospheric vortex to nearly symmetric ascent within a
vertically aligned, closed circulation. Intensification fol-
lows thereafter because the resulting TC structure pro-
motes a feedback between near-surface convergence and
ascent within a closed circulation.

2. Methods
a. Experimental setup

An idealized modeling framework was employed
following previous studies on TC-VWS interactions

u(p) =u,,

u(p) =

u(p)=u_+U

where u is zonal wind, u; is the surface zonal wind, U is
the 200-850-hPa zonal shear, and p is pressure.
Simulations with the modified Rankine vortex were
integrated forward using the Weather Research and
Forecasting (WRF; Skamarock et al. 2008) Model, ver-
sion 3.4.1. Three nested domains were used with grid
spacing of 18, 6, and 2 km, respectively, and horizontal
domains of 4320 km X 4320 km, 2160 km X 2160 km, and
720km X 720 km, respectively. Both innermost domains
followed the TC throughout the simulation. All domains
contained 40 vertical levels with a model top around
56 hPa. Several tests with different domain sizes and
vertical resolutions showed only small sensitivities to
those specifications. A cumulus parameterization was
not used in any domain because the 2-km domain cov-
ered the main region of precipitation. Radiative feed-
backs were not included, but a forthcoming publication
will explore the sensitivity of results to radiation. All
other physics parameterizations are listed in Table 1.
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(e.g., Nolan 2011; Zhang and Tao 2013; Onderlinde and
Nolan 2014; Tao and Zhang 2014, 2015; Finocchio et al.
2016). The initial conditions contained a weak warm-core
vortex embedded in a horizontally homogenous sheared
environment. The radial profile of tangential wind v was
specified via a modified Rankine vortex profile:

r .
vo—, if r=R
m R m
m

u(r) = R \C )
v, (—m> , if r>R
r

where v, is the maximum tangential wind, R,, is the
radius of maximum wind, r is radial distance from
the vortex center, and « is a parameter that controls the
tangential wind decay outside R,,. A weak TC vortex
was specified with v,, = 15m s"\ R, = 135km at 1.5-km
height, and @ = 0.4. A Gaussian decay function was used
for the vertical structure of v above and below 1.5 km.
Environmental conditions were specified with a moist
tropical sounding (Dunion 2011) and the following
idealized profile of environmental zonal winds (Nolan
2011; Finocchio et al. 2016):

if p>850hPa
if 850=p=200hPa,

if p<200hPa

Environmental winds were kept constant during the
integration to isolate structural changes of a TC-like
vortex within a specific environment. Nolan (2011) in-
troduced the point downscaling method, which keeps
constant environmental winds by applying the Coriolis
torque only onto the perturbation winds. Point down-
scaling was applied here, in combination with analysis
nudging, to retain the initial environmental wind profile
in the 18-km domain, while allowing all fields to evolve
in the 6- and 2-km domains. A drawback of this method
is that the environment is not adjusted for thermal wind
balance. Another drawback is that constant wind pro-
files are not realistic representations of observed TC
environments (Rios-Berrios and Torn 2017); however,
constant wind profiles were used here to eliminate pro-
cesses associated with the evolving environment. TC
intensification within temporally evolving environments
should be explored in the future to confirm the findings
of this work in a more realistic framework.
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TABLE 1. Physics parameterizations employed in the WRF ideal-
ized simulations.

Parameterization Reference
WREF single-moment 6-class (WSM6) Hong et al. (2004)
microphysics

Yonsei University (YSU) planetary
boundary layer
Similarity theory surface model

Hong et al. (2006)

Skamarock et al. (2008)

An ensemble of 20 idealized simulations was generated
to account for variability in the timing of intensification.
Zhang and Tao (2013) demonstrated that, in a similar
modeling setup as employed here, the timing of in-
tensification varies substantially under moderate VWS
magnitudes. Their approach—following from Van Sang
et al. (2008)—was used here to generate the ensemble
with uncorrelated, random perturbations sampled
from a uniform distribution of water vapor mixing ratio
between —0.5 and 0.5 gkg ™ '. Random perturbations were
added only below 950 hPa and within the 2-km domain. All
members used the same background conditions specified
by Zhang and Tao (2013): 27°C sea surface temperature
everywhere, constant planetary vorticity corresponding to
20°N, 5ms ™' westerly VWS, and 2ms ™! easterly surface
wind. This shear magnitude is at the lower end of moderate
VWS (Rios-Berrios and Torn 2017), but larger magnitudes
preclude intensification in this modeling setup (Zhang and
Tao 2013). Because of the westerly shear, storm-relative
quadrants will represent the following: downshear right
(DR) is southeast, downshear left (DL) is northeast, up-
shear left (UL) is northwest, and upshear right (UR) is
southwest of the domain center.

b. Tracking algorithm

A fundamental aspect of this study was the tracking
of precipitation and vorticity features in each ensemble
member. Multiple tracking methods exist with their advan-
tages and disadvantages (Nguyen et al. 2014; Ryglicki and
Hart 2015). Extensive testing with different methods, vari-
ables, and ensemble members revealed that most algorithms
were sensitive to the initial guess and area of integration.
Instead, an object-based algorithm was developed following
tracking methods of precipitation features in convection-
permitting models (Davis et al. 2006). A sequence of three
steps was followed: 1) smoothing with a nine-point average
method, 2) filtering by retaining only the top 5% of a vari-
able of interest, and 3) finding a centroid via

. L-LAX dx dy "

J J Adxdy
xly
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where X' is the centroid position vector, x is a position
vector of each grid point, and A is the variable of interest
(e.g., vorticity or total condensate). These steps and
thresholds yielded robust results when tracking vorticity
features at different levels and between different en-
semble members. The centroid position was used as the
center of circulation when tracking vorticity or as the
precipitation center when tracking total condensate.

c. Vorticity budget

Intensity changes were diagnosed with an area-
averaged vorticity budget (Davis and Galarneau 2009).
Although multiple metrics could diagnose TC intensity,
area-averaged vorticity was used here because of the
important evolution of various vorticity features before
and during intensification. In this budget, the temporal
rate of change of area-averaged vorticity { is given by

a < 1 R 1 A AN
2=—ms——=9¢n'V. - + = X —h).
o Uil f’;n vV, -ndl i;w(k ap> ndl

—%%@xm)ﬁm, ()

where 7 is absolute vorticity, & is area-averaged di-
vergence, V, is the horizontal vortex-relative wind
vector, w is vertical velocity on isobaric coordinates, F, is
friction, and A is the area of a box centered on a feature
of interest. Spatial integration involves a closed integral
along the box; therefore, 7 represents a vector perpen-
dicular to the box segments, an overbar represents a
mean along the box, and a prime symbol represents a
perturbation from that mean. This partition separates
the flux divergence of absolute vorticity into a mean
stretching term, represented by the first term on the right-
hand side, and an eddy vorticity flux, represented by the
second term. Compared to the more traditional nonflux
form of the vorticity equation, the first two terms include
the contributions of vortex stretching and horizontal ad-
vection, while the third term combines vertical advection
and tilting into a “‘tilting” term that depends on the cor-
relations between vertical motions and horizontal vor-
ticity (Davis and Galarneau 2009). The fourth term
represents frictional dissipation, which was approximated
by the subgrid-scale mixing momentum tendencies. This
term was combined with mean stretching because of their
similar magnitudes of opposite signs near the surface;
their combined contribution will be called net mean
stretching. All terms were calculated with 6-min output
after removing the motions of the 2-km domain and the
feature of interest. Similar to Davis and Galarneau
(2009), an ensemble of budgets was obtained by moving
the integration box five grid points in each direction to
account for box size and position variability.
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3. General overview of the simulations

Consistent with the findings of Zhang and Tao (2013),
the ensemble simulates an intensifying TC with large
variability in the timing of intensification (Fig. 1a). All
members exhibit a gradual intensification during the first
48h, followed by a period of nearly steady-state in-
tensity. Ensemble members diverge after 96h when
some members simulate rapid intensification, whereas
other members simulate steady-state intensity. All mem-
bers ultimately simulate rapid intensification, but there is
substantial variability around the onset of intensification.
Following Judt and Chen (2016), the onset was defined as
the first lead time that met two criteria: 1) the intensity
over the following 24 h increased by at least 15.1ms ™' and
2) the intensity over the following 6 h increased by at least
3.8ms ! (nearly equivalent to a continuous intensification
of 15.1ms™ ! in 24 h). Within the ensemble, the objectively
determined onset happens anywhere between 97 and
130h (black dots in Fig. 1a). Despite this variability, all
members cluster together after intensifying and reaching
their maximum simulated intensity by 192 h.

The large variability in the onset of intensification
offers an opportunity to explore why some members
simulate intensification earlier than others. Following
the approach of Zhang and Tao (2013), this issue was
investigated by comparing two members that predict the
earliest and latest onset of intensification (early and late
members hereafter). This comparison revealed that
their main difference was the timing of symmetrization
of precipitation (Fig. 2). Domain-centered plots of
composite reflectivity show that precipitation initially
organizes in the downshear half of the simulated TCs
(Figs. 2a,e), followed by a cyclonic motion around a
lower-tropospheric center of circulation (Figs. 2b,f).
These members diverge from each other as precipitation
moves through the downshear-left quadrant; precipitation
moves faster and, consequently, reaches upshear left
sooner in the early member than in the late member
(Figs. 2¢,g). Shortly after precipitation reaches upshear left,
the early member is characterized by nearly symmetric
precipitation (Fig. 2d). The late member, however, is still
highly asymmetric by 102 h (Fig. 2h). Intensification begins
quickly after precipitation transitions from an upshear-left
maximum to a nearly symmetric distribution.

This transition is consistent for all members as quan-
tified by the symmetricity metric. Symmetricity S is de-
fined here as the percentage of azimuths with light
precipitation, or

N .
2 A(D)

S(t) =100 x =2
(® N
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FIG. 1. Time series of (a) maximum 10-m wind speed, (b) symme-
tricity, and (c) number of convective bursts (CBs) after applying a 6-h
running mean for each ensemble member (gray), the early member
(green), and the late member (purple). Dots indicate the onset of in-
tensification. See text for details about symmetricity and CBs.

where N is the total number of azimuthal bins and A’ is
the number of azimuthal bins with composite reflectivity
of the lowest 1.5km exceeding 20dBZ. This threshold
was chosen after extensive tests revealed that symme-
trization happened because of light, not convective,
precipitation. Figure 1b shows time series of S evaluated
within 1.5 times the radius of maximum azimuthally
averaged winds at each lead time. Small values, such as
those seen after 24 h, represent asymmetric precipita-
tion, whereas values close to unity represent nearly
symmetric precipitation. The key feature of Fig. 1b is
that the variability of S resembles the variability of in-
tensity: the onset of intensification follows after § in-
creases and exceeds 75% in all members, but the early
member is the first and the late member is the last to
transition into nearly symmetric precipitation.

The different precipitation evolutions are related to
different tilt evolutions. Vortex tilt was diagnosed via
the distance between the lower- and midtropospheric
centers of circulation determined from the object-
tracking method described in section 2. The lower-
tropospheric center was tracked at 900 hPa, whereas
the midtropospheric center was tracked at 400 hPa be-
cause that level was characterized by a clear vorticity
maximum within precipitation (not shown). Figure 3a
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FIG. 2. Domain-centered simulated composite reflectivity below 1.5 km (shading; every 5 dBZ) for (a)-(d) the early and (e)-(h) the late
members. Panels show (a),(e) 24, (b),(f) 72, (c),(g) 84, and (d),(h) 102 h. Shear direction is indicated at the lower-left corner of each panel.

shows the evolution of 400-900-hPa tilt after applying a
6-h running mean to remove short-term variability. All
members simulate increasing tilt magnitude during the
first 24 h, which corresponds to the timing of convective
organization in the downshear half (Figs. 2a,e). After
24h, the midtropospheric vortex begins an azimuthal
motion through the downshear-left quadrant. The early
and the late members diverge after 24 h when the mid-
tropospheric vortex remains radially closer to the lower-
tropospheric center in the early than in the late member.

This small difference grows over time such that the early
member reaches upshear left approximately 26 h earlier
than in the late member (72 vs 98 h). The tilt magnitude
quickly decreases thereafter until reaching a minimum
just before the onset of intensification.

All members depict the same tilt evolution, albeit with
different azimuthal motions through the downshear-left
quadrant. This result is illustrated in Fig. 3b, which
compares the onset of intensification against the dura-
tion of downshear-left tilt (defined as a mathematical tilt
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FI1G. 3. (a) Evolution of the 400-900-hPa tilt vector after applying a 6-h running mean from 1 h until the onset of intensification of each
member. Dots appear every 24 h, dashed circles are every 50 km, and stars appear at the onset of intensification of each member.
(b),(c) Comparison of onset of intensification against (b) duration and (c) average magnitude of downshear left tilt (defined as a math-
ematical tilt angle between 0° and 90°). Colors are as in Fig. 1.
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angle between 0° and 90°). A strong correlation exists
between those two quantities (Pearson’s correlation
coefficient of 0.97). The duration of downshear-left tilt
depends on the average downshear-left tilt magnitude,
resulting in a strong correlation between the onset
of intensification and the average downshear-left tilt
magnitude (Pearson’s correlation coefficient of 0.93;
Fig. 3c). In this study, tilt magnitude depends on the
initial location of downshear convective organiza-
tion, which randomly varies between members be-
cause of the initial boundary layer water vapor
perturbations. Members with convective organiza-
tion closer to the lower-tropospheric center of cir-
culation develop smaller downshear-left tilts for
shorter durations, thus leading to earlier onsets of
intensification (Figs. 3b,c). This study will not ex-
plore the mechanisms governing the azimuthal tilt
motion through the downshear-left quadrant; instead, the
analysis will focus on the upshear-left tilt reduction that
happens over a 24-32-h period in all members despite
their different downshear-left tilts.

Previous modeling studies also identified symmetri-
zation of precipitation and tilt reduction as necessary for
intensification (e.g., Ge et al. 2013; Zhang and Tao 2013;
Onderlinde and Nolan 2014; Tao and Zhang 2014, 2015;
Finocchio et al. 2016; Munsell et al. 2017); however, the
following questions remain unanswered:

o Why are upshear-left precipitation and tilt important
for intensification?

o What drives the symmetrization of precipitation and
vortex tilt reduction?

o Why is the symmetric, aligned structure more condu-
cive to intensification than the asymmetric, tilted
structure?

The remainder of this manuscript will address these
questions by explaining the physical processes pro-
moting intensification under moderate VWS. The early
and the late members will be used as illustrative mem-
bers, but their results will be generalized with ensemble
statistics.

4. Diagnosis of physical mechanisms

A key aspect of the idealized simulations is the co-
evolution of precipitation and a midtropospheric vorticity
maximum. This coevolution, hinted by the symmetricity
and tilt diagnostics, was confirmed with a time-azimuth
framework depicting averaged variables within a 50-km
ring located at the radial position of the precipitation
centroid at each lead time (Fig. 4). A region of positive
400-hPa absolute vorticity is collocated with the asym-
metric precipitation before the onset of intensification.

RIOS-BERRIOS ET AL.
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Both fields undergo a similar evolution: A maximum
first appears downshear, gradually moves through the
downshear-left quadrant, accelerates in the upshear-left
quadrant, and finally spreads over all azimuths just be-
fore the onset of intensification (Figs. 4a,c,e). This evo-
lution happens faster in the early member than in the
late member, especially because of their different evo-
lutions through the downshear-left quadrant (Figs. 4a,c).
An ensemble mean with respect to the onset of intensi-
fication confirms that tilt reduction and symmetrization
happen in unison during the 24 h preceding intensification
of all members (Fig. 4e).

The midtropospheric vorticity maximum emerges as a
separate entity within the shear-organized convection.
This result is illustrated in Fig. 5 through cross sections
of 6-hourly averaged vorticity and diabatic heating
along a line passing through both the lower-tropospheric
and midtropospheric centers of circulation of the
early member. A small-scale, nearly aligned vortex first
appears within a region of large diabatic heating
located 100 km away from the lower-tropospheric center
(Fig. 5a). The small-scale vortex weakens in the lower
troposphere, but a conglomerate of small-scale, positive
vorticity remains with peak values around 400hPa and
latent heat release over a deep layer (Fig. 5b). This con-
glomerate of vorticity forms a mesoscale midtropospheric
vortex that is detected by the tilt vector as it travels
azimuthally around the lower-tropospheric center (cf.
Fig. 3a); however, this midtropospheric vortex is not di-
rectly connected to the main TC vortex in the sense
of a single tilted “‘cylinder.” The midtropospheric vortex
persists and strengthens upon reaching upshear left
(Fig. 5¢), followed by a transition to a single vertically
aligned vortex before the onset of intensification (Fig. 5d).

Although environmental shear induces storm-scale
asymmetries in strong TCs (Corbosiero and Molinari
2002; Chen et al. 2006; Reasor et al. 2013; DeHart et al.
2014), our simulations suggest that a midtropospheric
vortex modulates asymmetries in weak, sheared TCs. In
addition to the vorticity and precipitation asymmetries
before intensification, clear moisture asymmetries also
exist as demonstrated by the vertically integrated satu-
ration fraction (Figs. 4b,d.f). Near-saturated air only
exists in the vicinity of the midtropospheric vorticity
maximum and its associated precipitation. All other
regions remain dry until symmetrization, after which
time all azimuths become nearly saturated within the
50-km ring centered on the precipitation centroid of
each member (Fig. 4f). Other kinematic and thermo-
dynamic fields are also modulated by the presence (or
lack) of the midtropospheric vortex in each quadrant
(not shown), which agrees with the tilt-relative circula-
tions identified by Jones (1995).
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a. Midtropospheric vortex structure and evolution

The aforementioned findings motivate an analysis of
the structure and evolution of the midtropospheric
vortex to elucidate why its arrival to upshear left pre-
cedes intensification. To this end, a pressure-time
framework was employed to diagnose area-averaged
quantities within a 50-km radius of the midtropospheric
vortex. That area captures the main region of evolving
precipitation and vorticity, while considering the
midtropospheric vortex separately from the lower-
tropospheric vortex even though both contribute to
the same TC-scale system.

In this framework, the emergence and maintenance of
the midtropospheric vortex is evidenced by a mid- to
upper-tropospheric vorticity maximum (Fig. 6). Peak
vorticity values appear near 400 hPa during 24-84 h for

the early member (Fig. 6a) and 24-108h for the late
member (Fig. 6b). Nonlinear balanced dynamics predict
that such vorticity structure is associated with a cool
anomaly below and a warm anomaly above, which in
turn forces ascent upwind and descent downwind of the
vorticity maximum along the raised isentropes (Raymond
1992; Jones 1995). This thermal structure is indeed evi-
dent as shown by area-averaged density potential tem-
perature 6, anomalies' with respect to the main TC vortex
(Figs. 6a,c). Warm and cool anomalies appear above and

! These anomalies represent a departure from the azimuthally
averaged 6, with respect to the lower-tropospheric vortex at each
lead time. This reference state accounts for the upper-tropospheric
warming associated with the evolving TC warm core and for the
domain warming in the absence of radiation.
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panel. Panels show 6-h-averaged fields with a center time of (a) 36, (b) 60, (c) 82, and (d) 97 h.

below 400hPa, respectively, before the onset of in-
tensification. This general structure, which resembles
the structure of mesoscale convective vortices (Houze
2004, and references therein), persists, while the mid-
tropospheric vortex travels through the downshear-left
quadrant.

Noteworthy changes happen after the midtropo-
spheric vortex enters upshear left, or 12-24 h before the
onset of intensification (Fig. 6). Vorticity increases first
near the level of maximum vorticity, followed by a rapid
increase of lower-tropospheric vorticity and a transition
to a vorticity maximum near the surface. At the same

time, the thermal anomalies weaken or even disappear.
These structural changes happen as the TC vortex
transitions from tilted to aligned, which suggests that
those changes simply represent the decreasing tilt
magnitude. However, vertical profiles following the
900-hPa center of circulation also indicate increasing
vorticity at all levels (not shown) only after the mid-
tropospheric vortex enters upshear left.

Given the link between the midtropospheric vorticity
and precipitation, a possible explanation for the in-
creasing lower-tropospheric vorticity is a change in the
vertical mass flux profile. The vertical mass flux profile
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FIG. 6. Pressure—time depiction of absolute vorticity (shading;
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midtropospheric center of circulation for (a) the early member,
(b) the late member, and (c) the ensemble mean with respect to the
onset of intensification of each member. Thick solid lines mark
the onset of intensification and thick dashed lines mark the arrival
of the midtropospheric vortex to upshear left. A 6-h running mean
was applied.

relates to vorticity tendencies via the stretching term,
which is proportional to divergence or the vertical gra-
dient of the vertical mass flux [Eq. (2)]. A top-heavy
profile favors vorticity spinup over a deep layer, whereas a
bottom-heavy profile favors vorticity spinup near the
surface. A shift from a top-heavy to a bottom-heavy
profile happens during tropical cyclogenesis when a
lower-tropospheric center of circulation forms from a
disturbance with a midtropospheric vorticity maximum
(e.g., Raymond and Lépez Carrillo 2011; Gjorgjievska
and Raymond 2014; Davis 2015; Tang et al. 2016). Po-
tential explanations for the shift in the vertical mass flux
profile include lower-to-midtropospheric stabilization
(e.g., Raymond and Sessions 2007) or midtropospheric
saturation (e.g., Davis 2015; Tang et al. 2016), both of
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which are thought to facilitate lower-tropospheric ascent
and increasing lower-tropospheric vertical mass flux.

Indeed, the vertical mass flux and 6, profiles evolve
in concert with the midtropospheric vortex. Area-
averaged vertical mass flux (pw) profiles are pre-
dominantly top heavy when the midtropospheric
vortex is downshear left as the maximum flux appears
above 600hPa (Figs. 7a,b). The top-heavy profiles
result from a combination of both elevated convec-
tion and stratiform precipitation (not shown) possibly
in response to the thermodynamic anomalies induced
by the midtropospheric vortex. As will be shown later,
ascending motions begin cyclonically upwind and
maximize above the midtropospheric vortex, whereas
descending motions happen below and cycloni-
cally downwind of the midtropospheric vortex. Those
downdrafts, in combination with a persistent mid-
tropospheric 6, minimum (Figs. 7a,b), bring cool, dry
air to the boundary layer as typically occurs in sheared
TCs (Riemer et al. 2010; Riemer and Laliberté 2015;
Alland et al. 2017). The impact of downdrafts is evi-
dent in the occasional 6, reductions below 900 hPa,
while the midtropospheric vortex travels through
downshear left.

Important changes also happen 12-24h before the
onset of intensification when the midtropospheric vor-
tex enters upshear left (Fig. 7c). Vertical mass fluxes
increase below 800 hPa while decreasing aloft, leading
to a more bottom-heavy vertical mass flux profile. At the
same time, 6, increases by at least 5K especially below
600hPa (Figs. 7a—c). Relatively high 6, persists even
when the vertical mass flux nearly vanishes and reaches a
minimum at the onset of intensification. Such minimum
happens as the intensity of precipitation diminishes (cf.
Fig. 2d) during the transition from a midtropospheric
vorticity maximum and associated thermodynamic
anomalies to a single aligned vortex. A recovery
happens after the onset, when the strengthening
tangential and overturning circulations promote up-
ward vertical mass fluxes and high 6, in the lower
troposphere.

This analysis points at important structural changes
after the midtropospheric vortex reaches upshear left.
Previous studies of real-world TCs also find that the
characteristics of the upshear-left quadrant influence
intensification (e.g., Stevenson et al. 2014; Chen and
Gopalakrishnan 2015; Rogers et al. 2016; Rios-Berrios
et al. 2016b; Nguyen et al. 2017; Smith et al. 2017; Rios-
Berrios and Torn 2017; Wadler et al. 2018). The reason
for the shift in the vertical mass flux and increased 6, will
be explored in section 4c, but first a vorticity budget
analysis will confirm the influence of structural changes
on the simulated intensification.
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every 2.5K).

b. Vorticity budget

The previous subsection described processes associ-
ated with the evolution of the midtropospheric vortex;
however, it is unclear how those processes influence
intensity changes. Based on the vorticity and vertical
mass flux profiles, a potential hypothesis is that the shift
from a predominantly top-heavy to a more bottom-heavy
mass flux profile represents increased near-surface
convergence, which favors vorticity spinup via vortex
stretching. This hypothesis was tested through an area-
averaged vorticity budget calculated on a 100km X
100km box centered on either the lower- or mid-
tropospheric centers of circulation. The domain size is
consistent with the previous analyses and with the radius
of maximum winds at the onset of intensification (not
shown). Budget calculations with respect to both centers
were used to quantify the role of each vortex. Only the
early and the late members were considered because
high-frequency output was required to balance the
budget. All calculations show strong agreement between
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the actual tendencies (Figs. 8a,b, 9a,b) and the sum of
individual tendencies (Figs. 8c,d, 9c,d), thus lending
confidence to this analysis.

The vorticity budgets further highlight the role of the
midtropospheric vortex before the onset of intensifica-
tion. Total vorticity tendencies are of comparable mag-
nitude when calculated with respect to either the
midtropospheric (Figs. 8a-d) or lower-tropospheric
centers (Figs. 9a—d) of both early and late members. A
persistent vorticity spinup happens underneath the
midtropospheric vortex 12-24 h before the onset of in-
tensification of both members, or around 84-96h in the
early member and 108-132h in the late member
(Figs. 8a—d). A persistent vorticity spinup happens at all
levels within the lower-tropospheric vortex only after
the onset of intensification (Figs. 9a—d). The main dif-
ference between members is that the late member has
more frequent periods of negative vorticity tendencies
at all levels, which likely weaken and delay the azi-
muthal motion of its midtropospheric vortex.

Individual tendencies illustrate the processes leading
to the persistent vorticity spinup following the mid-
tropospheric vortex (Figs. 8e—j). Consistent with the top-
heavy vertical mass flux profile before intensification,
the net mean stretching term (mean stretching plus
friction) depicts persistent vorticity spinup above 850 hPa
(Figs. 8e,f). That spinup, however, is partially offset
by negative tilting of horizontal vorticity (Figs. 8i,)).
Downdrafts collocated with outward horizontal vortic-
ity induced by the main TC vortex, as well as updrafts
collocated with inward horizontal vorticity, result in
negative tilting when the midtropospheric vortex is
downshear left (Fig. 10a). This pattern changes after the
midtropospheric vortex enters upshear left, or around
84 h in the early member and 120 h in the late member;
the tilting term becomes positive (Figs. 8i,j) as inward
horizontal vorticity induced by the stronger midtropo-
spheric vortex is collocated with downdrafts (Fig. 10b).
At the same time, the net mean stretching substantially
increases in the boundary layer (Figs. 8e,f). Despite
vorticity spindown via eddy vorticity fluxes (Figs. 8g,h), a
persistent vorticity spinup happens after 84 h in the early
member and after 120 h in the late member. That spinup
happens through both vorticity convergence and tilting
of horizontal vorticity above the boundary layer after
the midtropospheric vortex enters upshear left.

Importantly, the substantial and persistent vorticity
spinup happens before the 400-900-hPa tilt magnitude
reaches a minimum in both the early and the late
members (cf. Fig. 3). That vorticity spinup happens
locally because of vortex stretching and tilting above
the boundary layer and not because of eddy vorticity
fluxes as would be expected if the midtropospheric and
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FIG. 8. Pressure-time depiction of area-averaged vorticity tendencies (shading; every 1.25 X 10™>s™") following

the midtropospheric vortex of (a),(c),(e),(g),(i) the early and (b),(d),(f),(h),(j) the late members. Panels show
(a),(b) the actual vorticity tendency calculated from center differentiation, (c),(d) the sum of individual tendencies,
(e),(f) the combination of mean stretching and friction, (g),(h) eddy vorticity flux, and (i),(j) tilting of horizontal
vorticity. Thick solid lines mark the onset of intensification and thick dashed lines mark the arrival of the mid-

tropospheric vortex to upshear left.

lower-tropospheric vortices were aligning through dif-
ferential vorticity advection. These processes—which
also appear in the vorticity budget of observed sheared
TCs (Rios-Berrios et al. 2016b,a)—are consistent with a
large-ensemble study of TC intensification (Miyamoto
and Nolan 2018). A new question emerges from these
findings, Is tilt reduction solely a result of advective
alignment between the lower- and midtropospheric
centers or a result of other processes?

The vorticity budget with respect to the lower-
tropospheric vortex favors the latter view. A large vor-
ticity spinup happens above 600 hPa after 84h of the
early member and 120 h of the late member (Figs. 9a—d).
If that midtropospheric vorticity spinup signaled align-
ment, then the positive tendency should be contributed
primarily by eddy fluxes. Integrated tendencies, how-
ever, show negative eddy fluxes above 800 hPa except
for a brief 6-h period just before the onset (Figs. 9g,h).
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FIG. 9. As in Fig. 8, but for the tendencies with respect to the lower-tropospheric center of circulation.

Instead, vorticity spins up via tilting of horizontal vor-
ticity above 950 hPa (Figs. 9i,j) and occasional positive
eddy fluxes below 800 hPa (Figs. 9g,h). Those tendencies
are facilitated by the flow configuration when the mid-
tropospheric vortex is upshear left. Positive tilting
mainly happens at the northwestern edges of the in-
tegration domain, where upward motion associated
with asymmetric convection is collocated with outward-
pointing horizontal vorticity induced by the midtropo-
spheric vortex (Fig. 10c). Likewise, positive eddy
vorticity fluxes happen near the surface as the storm-
relative inflow is collocated with vorticity anomalies
generated below the midtropospheric vortex (Fig. 10d).

These results show that tilt reduction is not solely
driven by the alignment of lower- and midtropospheric
vortices. However, it is unclear which other processes
drive tilt reduction after the midtropospheric vortex
enters upshear left. This issue was further investigated
with a partition of horizontal winds into irrotational (V,)
and nondivergent (V,) components via a Helmholtz
decomposition,

V,=V +V, =V x+2XV, 4, 3)
where y and ¢ are a velocity potential and a stream-
function, respectively, that satisfy

Unauthenticated | Downloaded 08/20/22 04:33 PM UTC



4162 JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 75

T ST NS
T T T = = = + =~ v ¢~

N P
i SER ) WL L S
Ji () 60 h [

RNy SR N

1 TEA T T e, N SRR B S DTN
a‘(b)QOh""""-x‘-.\\.\\\\\\\*

200_\\\\\11!1,\\‘,,.‘\._90_—r.«s-.’-f.f‘-.‘_\\\\.\\\\\_
JEos ey b Gl ey e e ca] S S e I R

\v_P‘llf|--l,\,\\‘ T = o o = R s R N

GER AU 5 - 4= - G- \ - L

T . ’n“"' S e . PR

150_v‘r-|?f J| EEE P iagtnipnr T e |
= T A e & ~-~-~v-d=-:

£ ARVt LAY R A e 2 -

~ i i - -y ad N = === R -

[} g i 1= cwr - - E oo Sl - Tl

2120 A 1 1/ e o W AN T
© IR ST X s v & nis g R B
9 et 4~ = v e e i ,
= il Ay = mre N T oY

© Bl o s B e e b LY |

80 e | - --.‘\ VA A RN T L

v S

E S e R R L O, S i

1 ] o 1 L o R e g e e e . L

shear | | /’/ dshear|~ + = =~~~ ~~~~ - - -[10%¢'L

40 = s == ] PR O TR S O B L

Il e R R T TR T
Ir 1 ‘! I! ‘! l! I! ‘! I! Il‘ ‘0 |’ -1 -

80 120

) D S L0 W S W
-120 -0 -60 -30 0 30

P I P IR EET
v v7 % P S eSS

i ] /,,', e Al
[ oo /(@81 h{/f/‘:,kf:;*.*«HA\J\fiFiF:iii\_

" s, e N N N Y
O N

l AR N NG NG N NG N N o

/ A =R ANONE N NN &

&y jv’ e SO

;“”44 [/ A4 ——JWSPRI NN
TN NN
- °‘l\tl§&§\,§xi R o RN
I 1 ¥ SEEA INRN
F _\X\\‘\\\\\ \\\Q\\‘_j’:;//;/ﬁ/‘lf/,‘/;/-_
40\ \\\\i\\\ AR ittt

: :\\ \4 I 4 TSy :
NN S s

o0 AV A AU i
VAN A t

LU W tt
R i

= (RN T A S

€ AT TR

= LA A

= A,

Q 0 LN L WY N N N N O S A y .

2 i SN NN A

© R SR g - S| [ e 5

"&5 4+ ~ s~k -~ - - - p. 2 L,

5 Ik« =« )N - ¥ o b y W
a0 TP R - 7.4
_So_shear-—.’.—.—/ ...... ~. . 10—38—1

o fmmm e e
1 R A P A A —

| 5o o shear NN NS~ ——— e~ 120 m g™
NN NNNNSN—— |

—

-80 -40 0 40 80
distance (km)

-20 -10 0 10 20
vertical velocity (Pa s™)

LI e e e
-80 -40 0 40 80
distance (km)

| | | ]
-3 -1 1 3
absolute vorticity (102 s™)

FIG. 10. Horizontal snapshots of 500-700-hPa layer-averaged vertical velocity (shading; every 10Pas ') and horizontal

vorticity (vectors) centered on the 900-hPa center at (a) 60 and
(c) Asin (a) and (b), but centered on the 900-hPa center at 81 h.

(b) 90 h. Black dots indicate the positions of the 400-hPa center.

. (d) Horizontal snapshot of 950-hPa absolute vorticity (shading;

every 0.3 X 107>s™!) and storm-relative winds (vectors) centered on the 900-hPa center at 81 h. Black boxes depict the
vorticity budget integration domain relative to the midtropospheric center in (a) and (b) and the lower-tropospheric center in
(c) and (d). Shear direction is indicated at the lower-left corner of each panel. Notice the different domains in (a) and (b).

2 _
Vx=V-V,

and

Viy=¢.

Eq. (3) is only valid for periodic domains, which is the
case of the outermost domain here. Dirichlet boundary
conditions were applied to output from the 2-km do-
main, assuming that vorticity and divergence vanished
outside a 350-km radius from the domain center.

Snapshots of irrotational and nondivergent winds
show the contrasting flow configurations when the
midtropospheric vortex is downshear left or upshear
left. In the former, the surface vortex is broad and
composed of multiple mesoscale circulations (Fig. 11a).
Updrafts exceeding 1 ms ™' happen over a broad region
(Fig. 11a), and both convergent and divergent flow ap-
pear beneath the midtropospheric vortex (Fig. 11c). In
contrast, a single and more compact circulation appears
near the surface (Fig. 11b), predominantly convergent
flow appears in the vicinity of near-surface vorticity
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FIG. 11. (a)-(c) Horizontal snapshots of 900-hPa nondivergent winds (black arrows), 400-hPa nondivergent winds (magenta arrows),
900-hPa radial wind (shading; every 5ms "), and 400-900 layer-averaged vertical velocity exceeding 1 ms ™' (gray shading) centered on
the lower-tropospheric center of the early member at (a) 60, (b) 82, and (c) 97 h. (d)-(f) As in (a)-(c), respectively, but for 900-hPa
irrotational winds (black arrows) and absolute vorticity (shading; 10~>s™1). Black boxes depict the vorticity budget integration domain

following the midtropospheric vortex. Shear direction is indicated at the lower-left corner of each panel.

exceeding 3 X 107 2s™! (Fig. 1le), and updrafts ex-
ceeding 1ms~ ! happen within a region of strong vor-
ticity near the surface and a closed circulation aloft
after the midtropospheric vortex enters upshear left
(Figs. 11b,e). Although near-surface inflow accompanies
the midtropospheric vortex at all times, that inflow is
radially closer and near stronger vorticity when the
midtropospheric vortex is upshear left.

Together, the irrotational and nondivergent winds
point to a vortex merger process on small scales that
facilitates tilt reduction. Strong convergence spins up
small-scale vortices underneath the midtropospheric
vortex, and those vortices coalesce and merge with each
other after being advected by the nondivergent winds
around a common lower-tropospheric center of circu-
lation and toward each other by the irrotational winds.
These processes were directly quantified with the azi-
muthally averaged eddy radial vorticity flux (—u'n") av-
eraged within the lowest 1km; vortex merger happens
when this quantity is positive (Hendricks et al. 2004).

Indeed, positive azimuthally averaged eddy fluxes happen
inside a 50-km radius from the lower-tropospheric center
of both the early and the late members (Fig. 12). All other
members also experience a vortex merger, although the
timing and intensity varies between members. Distribu-
tions of eddy radial vorticity fluxes averaged within 50-km
radius and within the lowest 1km show large variabil-
ity, but also show that most members experience vor-
tex merger 12-18h before the onset of intensification
(Fig. 12¢). Merger happens only after the midtropo-
spheric vortex reaches upshear left because that is where
the flow configuration favors strong vorticity spinup near
the surface and eddy radial fluxes toward a common
center of circulation (Figs. 11b,e).

Vortex merger has been recognized as important dur-
ing tropical cyclogenesis (e.g., Ritchie and Holland 1993;
Simpson et al. 1997; Hendricks et al. 2004; Montgomery
et al. 2006) and intensification (Van Sang et al. 2008).
Recent work on this subject suggests that vortex merger is
facilitated by both nondivergent and irrotational vorticity
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FIG. 12. Time-radius depiction of azimuthally averaged eddy radial vorticity flux (shading; every 0.625ms 'h™')
averaged below 1-km height of (a) the early and (b) the late members. (c) Ensemble distributions of eddy radial
vorticity flux averaged below 1-km height and within a 50-km radius from the lower-tropospheric center of each
member. Standard boxplots are used, where whiskers indicate minima and maxima, boxes extend from the 25th to

the 75th percentiles, and middle lines depict the medians.

fluxes (Schecter 2017). Development of a TC following
the merger, however, depends on the distance between
the vortices, among other factors (Schecter 2016). Here,
vortex merger happened once the midtropospheric vor-
tex moved close enough to the lower-tropospheric vortex
to provide an enclosed region of recirculation by the
nondivergent flow and coalescence by the irrotational
flow. This sequence of events points at an indirect role of
shear, where advection by the westerly sheared flow
slows down the upshear migration of the midtropo-
spheric vortex, forcing instead a radially inward migra-
tion. Following that indirect influence, vortex merger
ultimately led to the establishment of a single vertically
upright vortex (Figs. 11c,f) accompanied by latent heat
release within a closed circulation (Fig. 5d).

These results support a two-stage process as initially
proposed by Molinari et al. (2004): 1) a tilted, asym-
metric stage and 2) an aligned, symmetric stage. During
the first stage, the lower-tropospheric vortex cannot spin
up because the convergence of absolute vorticity and
latent heat release happen below the midtropospheric
vortex, but the midtropospheric vortex cannot build
downward because the asymmetric vertical motions are
anticorrelated with the horizontal vorticity induced by
the main TC vortex. After the midtropospheric vortex
and associated precipitation reach upshear left, the flow
configuration facilitates vortex stretching and vorticity
merger akin to the Van Sang et al. (2008) paradigm. A
single vertically aligned vortex emerges and spins up
during the second stage via near-surface convergence of
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FIG. 13. Ensemble-mean CFADs of vertical mass flux (shading; % in a semilogarithmic scale) during a 12-h period when the mid-
tropospheric vortex is (a) UL or (b) DL in each member. (c) The differences between (a) and (b).

absolute vorticity, free-tropospheric tilting of horizontal This result, which appears in all members, is tied to an
vorticity, and latent heat release within a closed circu- increase in deep convective updrafts as depicted by
lation—an evolution that is consistent with axisymmet- a diagnosis of convective bursts (CBs) within a 50-km
ric theories of intensification (Ooyama 1964, 1969, 1982; radius from the midtropospheric center (Fig. 1c).
Charney and Eliassen 1964; Emanuel 1986). Convective bursts represent grid points where the
8-16-km layer-averaged vertical velocity exceeded
Sms ' and the 8-14-km layer-averaged reflectivity
The previous subsection confirmed the influence of exceeded 20dBZ (following Rogers et al. 2015 and
structural changes on the simulated intensification; Judt and Chen 2016). Time series of the number
therefore, it is imperative to explain why those changes of convective bursts show three key results (Fig. 1c):
happened after the midtropospheric vortex reached 1) CBs happen more frequently during the tilted,
upshear left. To understand such changes, the statistics asymmetric stage than during the aligned, symmetric
of vertical motions within a 50-km radius from the stage; 2) all members experience a CB maximum
midtropospheric vortex were assessed via contoured during the 12-24-h period before the onset of in-
frequency by altitude diagrams (CFADs; Yuter and tensification; and 3) all members have nearly zero CBs
Houze 1995). CFADs group variables (in this case vertical ~ at the onset of intensification.
mass flux) by their values at each height, thus quantifying The first result is consistent with the vertical ac-
individual vertical motion contributions to the area- celerations induced by a midtropospheric vorticity
averaged vertical mass flux profile. CFADs were ob- maximum and its associated thermodynamic structure
tained for each member and averaged during 12-h  during the tilted, asymmetric stage but not during
periods when the midtropospheric vortex was in the the aligned, symmetric stage. The second result is
upshear-left quadrant (Fig. 13a) or in the downshear- consistent with the evolution of the vertical mass flux
left quadrant (Fig. 13b). Comparing those CFADs profile when the midtropospheric vortex reaches
shows that the vertical mass flux profile changes be- upshear left, further pointing at structural changes
cause of a reduction of downdrafts below 600 hPa and that favor deep convective updrafts in that quadrant.
an increase of updrafts at all levels—especially above Last, the third result shows that the onset of in-
600 hPa—when the midtropospheric vortex reaches tensification is characterized by a convective mini-
upshear left (Fig. 13c). Although it is intriguing that mum, demonstrating that symmetrization (cf. Fig. 1b)
deep updrafts occur more frequently when the mid- results from a large azimuthal coverage of shal-
tropospheric vortex reaches a region typically charac- low convection and stratiform precipitation (consis-
terized by subsiding air (Reasor et al. 2013; DeHart tent with observations; Tao and Jiang 2015; Tao
et al. 2014), real-world intensifying TCs also exhibit et al. 2017).
strong and deep updrafts in the upshear-left quadrant Observations of intensifying TCs have captured
(Wadler et al. 2018). upshear-left convective bursts preceding intensification

¢. The importance of the upshear-left quadrant
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(e.g., Stevenson et al. 2014; Rogers et al. 2016; Nguyen
et al. 2017; Wadler et al. 2018); however, an explanation
for those updrafts is needed. Here, the presence of
upshear-left convective bursts was explored with an
analysis of air parcel trajectories. Backward trajectories
were obtained using the Read/Interpolate/Plot (RIP)
software’ with 6-min model output interpolated to
1-min frequency. This analysis allows an examination
of processes driving vertical accelerations via

- )

where w is vertical velocity, 6, is density potential tem-
perature, p is pressure, z is geometric height, g is the
gravitational acceleration, and the overline and prime
symbols represent a mean state and a perturbation from
that mean state, respectively. One caveat of this analysis
is that individual terms depend on the choice of base
state. Following the analysis of Braun (2002) and rec-
ommendations of Smith et al. (2005), the base state was
defined as the sum of wavenumbers 0 and 1 at each ra-
dius and height. The first term on the right-hand side of
Eq. (4) represents buoyant accelerations, whereas the
second term represents dynamic accelerations due to
nonhydrostatic pressure gradient forces. This analysis is
not meant to be exact because of the temporal resolu-
tion of model output and lack of output to account for
diffusion, but it provides a general estimate of different
forcings for ascent. Contributions from each term were
obtained for air parcels originating at grid points with a
vertical velocity exceeding 5ms™! at 300 hPa (approxi-
mately 10km) at the time of maximum convective bursts
in the early (82 h) and the late member (117 h).

Parcel trajectories examined during the convective
bursts maximum demonstrate that both buoyant and
dynamic accelerations promote deep convective up-
drafts in the upshear-left quadrant. Figure 14 shows this
result through a pressure—azimuth depiction of the
buoyant and dynamic acceleration along parcel trajec-
tories only after the parcels had started ascending. Air
parcels begin ascending in the region azimuthally up-
wind of the midtropospheric vortex. Most air parcels
become positively buoyant after they begin ascending
above 500 hPa (Figs. 14a,b). Such buoyant accelerations
are likely aided by latent heat release as warm and moist
air parcels rise at a small radius relative to the lower-
tropospheric center. At the same time, air parcels ex-
perience dynamic accelerations through their entire

2RIP is freely available (http:/www2.mmm.ucar.edu/wrf/users/
docs/ripug.htm).
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ascending trajectories (Figs. 14c,d). This dynamic forc-
ing for ascent represents an upward-directed non-
hydrostatic pressure gradient force associated with the
stronger vorticity aloft (Figs. 5c, 11b). The presence of
the midtropospheric vortex, and its associated low
pressure away from the surface, provides a dynamic
forcing for ascent.

Another mechanism contributing to the shift in the
vertical mass flux profile is a reduction of downward
fluxes of low-entropy air. As was illustrated in Fig. 13,
downdraft activity substantially decreases after the
midtropospheric vortex enters upshear left. The reason
for such reduction was examined with backward tra-
jectories of air parcels that ended near the surface
within a 50-km radius from the midtropospheric center
of the early member. Before the midtropospheric vortex
reaches upshear left, many air parcels originate near the
6, minimum (cf. Fig. 7) and descend within a mesoscale
downdraft below and azimuthally downwind of the
midtropospheric vortex (Fig. 15a). By contrast, most air
parcels are recirculated and maintain a warm, moist
boundary layer following the arrival of the midtropo-
spheric vortex to upshear left (Fig. 15b). Those
contrasting trajectories happen because the lower-
tropospheric vortex remains a reservoir of high-6, air
due to continued surface moisture fluxes, and air par-
cels with high 6, can only enter the midtropospheric
vortex when it moves radially close to the lower-
tropospheric vortex.

All members exhibit this reduction of downward low-
entropy fluxes (DFX), which was quantified via

DEX=w_6),

where w_ represents downward motion and the prime
symbol denotes departure from the azimuthal mean
(Riemer et al. 2010). Figure 15¢ shows ensemble distri-
butions of DFX averaged within a 50-km center of the
midtropospheric center and below 900 hPa. Evidently,
low-entropy fluxes decrease in all members during the
24 h preceding intensification. Recirculating air parcels
promote increasing 6, below 600 hPa (Fig. 7) and near
saturation that favors ascent via buoyant accelerations
(Figs. 14a,b).

This analysis provides an explanation for the ap-
pearance and impact of upshear-left convective updrafts
preceding intensification. Deep updrafts happen within a
closed circulation, where the stronger vorticity aloft in-
duces an upward acceleration. The associated strong
ascent within the closed region aids lower-tropospheric
moistening by suppressing downdrafts, reducing low-
entropy downward fluxes, and promoting recirculating
warm, moist air parcels. Recirculation happens within
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FIG. 14. Pressure—azimuth depiction of backward trajectories released from 300 hPa at (a),(c) 82 h of the early
member and (b),(d) 117 h of the late member for (a),(b) buoyant and (c),(d) dynamic accelerations (shading; every
0.025 ms ') along the trajectories only during parcel ascent. Black lines indicate the location from where parcels
were released. Distance is given relative to the midtropospheric center, where negative (positive) values represent

azimuthally upwind (downwind) distance.

an enclosed region where the nondivergent winds are
much stronger than the irrotational winds (Figs. 11c,f),
thus inhibiting cool, dry air intrusions from the envi-
ronment (Raymond and Lépez Carrillo 2011). The late
member experiences those processes much later be-
cause of more downdrafts (Fig. 7), fewer convective
bursts (Fig. 1c), and larger downshear-left tilt (Fig. 3a).
Following vortex merger initiated by the deep updrafts
and associated vortex stretching, the reformed surface-
based vortex has favorable kinematic and thermody-
namic conditions to undergo intensification.

5. Summary, hypothesis, and open questions

An ensemble of idealized numerical simulations was
used to diagnose physical processes preceding TC in-
tensification under moderate VWS. Consistent with
previous studies, the ensemble was characterized by
large variability in the simulated intensity, precipitation
asymmetry, and vortex tilt. New insights were gained
through a process-based analysis centered on the char-
acteristics and evolution of a shear-induced midtropo-
spheric vortex. This analysis showed that intensification
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FIG. 15. Pressure—azimuth depiction of backward trajectories released from 900 hPa and within a 50-km radius from
the midtropospheric vortex of the early member. Colors depict equivalent potential temperature (shading; every 2 K) for
parcels released backward at (a) 66 and (b) 84 h. (c) Ensemble distributions of downward entropy fluxes averaged below
900 hPa and within a 50-km radius from the midtropospheric center. Standard boxplots are used, where whiskers show
the minima and maxima, boxes extend from the 25th to the 75th percentiles, and middle lines depict the medians.

followed after tilt reduction and symmetrization of
precipitation because that structure promoted persis-
tent vorticity spinup and recirculating warm, moist air
parcels. All members exhibited similar processes driving
intensification; however, the timing of intensification
varied between members because of their initial
downshear-left tilt magnitude and subsequent timing
of tilt reduction.

The sequence of events in these idealized simulations
can be summarized as follows:

o A mesoscale midtropospheric vortex emerges within
the shear-organized precipitation.

o The midtropospheric vortex travels cyclonically around
a lower-tropospheric center of circulation at a distance

that depends on the precise location of shear-organized
convection.

Upon reaching upshear left, shear slows down the
upshear migration of the vortex and forces instead a
radially inward migration.

Deep convective updrafts emerge and spin up
strong, small-scale vortices that coalesce and
merge into a single closed circulation over a deep
layer.

Vortex merger happens only after the midtropo-
spheric vortex reaches upshear left, where the flow
configuration favors near-surface vortex stretching
and eddy radial vorticity fluxes toward a common
center of circulation.
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e Recirculating air parcels prevent downdrafts and
allow for a warming and moistening lower tropo-
sphere within the closed circulation.

o Last, the vertically aligned TC intensifies via near-
surface convergence of absolute vorticity, tilting of
horizontal vorticity, and latent heat release within the
closed circulation.

Based on these results, it is hypothesized that inten-
sification under moderate VWS happens if and when a
two-stage ‘‘restructuring” process takes place. During
the first stage, precipitation is asymmetric because rising
motions happen predominantly near the midtropo-
spheric vortex, the combination of elevated deep con-
vection and stratiform precipitation yield a top-heavy
vertical mass flux profile, and strong downdrafts bring
low-entropy air to the boundary layer. This structure
changes during the second stage when vortex merger
leads to a single closed circulation over a deep layer,
vertical mass fluxes increase near the surface, and high-
entropy air persists in the boundary layer. Intensification
proceeds during the second stage with only minor effects
from VWS because precipitation is nearly symmetric
and the TC vortex remains nearly aligned. A restructuring
process is proposed based on those system-scale structural
changes. This hypothesis is similar to the two-stage
process proposed by Molinari et al. (2004), except
with the added vortex merger paradigm proposed by
Van Sang et al. (2008).

It is further hypothesized that the likelihood and
length of that restructuring process depend on envi-
ronmental and internal conditions, in agreement with
other studies of TC intensification under moderate VWS
(Tao and Zhang 2014; Rios-Berrios and Torn 2017,
Nguyen et al. 2017). Sheared TCs within favorable en-
vironmental thermodynamics (e.g., abundant moisture,
warm sea surface temperature) are more likely to
complete the restructuring process because of continu-
ous support for ascent and inhibition of downdrafts (e.g.,
Tao and Zhang 2014; Nguyen et al. 2017). Environ-
mental conditions ahead of the midtropospheric vortex
and in the upshear half are especially important to en-
sure the sustainment and propagation of precipitation
from downshear left to upshear left (Rappin and Nolan
2012; Ge et al. 2013; Onderlinde and Nolan 2016; Rios-
Berrios et al. 2016b,a; Rios-Berrios and Torn 2017).
Likewise, the restructuring process likely applies to weak
TCs—depressions, tropical storms, and weak hurricanes—
which are more likely to exhibit a tilted, asymmetric
structure than strong, mature TCs (Jones 1995; DeMaria
1996; Reasor et al. 2004; Riemer and Montgomery 2011).
Further investigation is needed to confirm these hypothe-
ses and to establish how shear-related processes such
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as ventilation affect the hypothesized restructuring
process.

Although idealized, these simulations are consistent
with intensification of real-world TCs. Humidification of
the upshear half and symmetrization of precipitation are
key characteristics of intensifying TCs under moderate
VWS (Molinari et al. 2004; Kieper and Jiang 2012; Jiang
and Ramirez 2013; Zagrodnik and Jiang 2014; Rios-
Berrios et al. 2016a; Zawislak et al. 2016; Nguyen et al.
2017; Rios-Berrios and Torn 2017). Symmetrization is
often preceded by upshear-left convective bursts (e.g.,
Rogers 2010; Stevenson et al. 2014; Chen and
Gopalakrishnan 2015; Rogers et al. 2016; Wadler et al.
2018), even though upshear-left bursts do not always
lead to intensification (Judt and Chen 2016). New in-
sights were gained here about the origin and relevance
of those convective bursts: dynamic forcing for ascent
appeared below the midtropospheric vorticity maxi-
mum, and that ascent promoted increasing near-surface
vertical mass fluxes and humidification of the lower and
midtroposphere. Observations of upshear-left convec-
tive bursts during the intensification of Hurricane Earl
(2010) support this result, as those bursts also happened
near a midtropospheric vorticity maximum (Stevenson
et al. 2014). Tilt reduction is also a common feature of
observed intensifying TCs in sheared environments
(e.g., Raymond and Lépez Carrillo 2011; Reasor and
Eastin 2012; Rogers et al. 2015). Importantly, tilt re-
duction happened through stretching, tilting, and vortex
merger—not solely through advective vortex alignment.

Several questions remain open for future research.
For example, what mechanisms inhibit the hypothesized
restructuring process? This study focused on intensifi-
cation, but an equally important problem is TC weak-
ening under moderate or strong VWS. One possibility is
that the restructuring process is inhibited by processes
that prevent vortex merger and the subsequent estab-
lishment of a single closed circulation. Likewise, can the
vortex merger process happen in other quadrants? Some
TCs intensify after vortex reformation in the downshear
half (Molinari et al. 2004, 2006; Davis et al. 2008;
Molinari and Vollaro 2010; Nguyen and Molinari 2015);
therefore, vortex merger and reformation may de-
pend on other factors such as the flow configuration,
thermodynamic background, or the distance be-
tween the deep updrafts and a lower-tropospheric
center of circulation. Another question that remains
unanswered is, What factors control the azimuthal
motion of the midtropospheric vortex and its associ-
ated precipitation? The onset of intensification largely
depends on that motion (cf. Fig. 3), but the ensem-
ble was characterized by large variability induced
by small perturbations to the initial boundary layer
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water vapor. These and other questions should be
addressed, especially with observations and with
simulations that account for temporal shear vari-
ability, to further understand the hypothesized re-
structuring process.
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