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ABSTRACT: The multiscale nature of tropical cyclone (TC) intensity change under moderate vertical wind shear was ex-
plored through an ensemble of high-resolution simulations of Hurricane Gonzalo (2014). Ensemble intensity forecasts
were characterized by large short-term (36-h) uncertainty, with a forecast intensity spread of over 20 m s~ !, due to differ-
ences in the timing of rapid intensification (RI) onset. Two subsets of ensemble members were examined, referred to as
early-RI and late-RI members. The two ensemble groups displayed significantly different vortex evolutions under the influ-
ence of a nearby upper-tropospheric trough and an associated dry-air intrusion. Mid-to-upper-tropospheric ventilation in
late-RI members was linked to a disruption of inner-core diabatic heating, a more tilted vortex, and vortex breakdown, as
the simulated TCs transitioned from a vorticity annulus toward a monopole structure. A column-integrated moist static en-
ergy (MSE) budget revealed the important role of horizontal advection in depleting MSE from the TC core, while meso-
scale subsidence beneath the dry-air intrusion acted to dry a deep layer of the troposphere. Eventually, the dry-air
intrusion retreated from late-RI members as vertical wind shear weakened, the magnitude of vortex tilt decreased, and
late-RI members began to rapidly intensify, ultimately reaching a similar intensity as early-RI members. Conversely, the
vortex structures of early-RI members were shown to exhibit greater intrinsic resilience to tilting from vertical wind shear,
and early-RI members were able to fend off the dry-air intrusion relatively unscathed. The different TC intensity evolu-
tions can be traced back to differences in the initial TC vortex structure and intensity.

SIGNIFICANCE STATEMENT: Despite recent advances, tropical cyclone intensity forecasts struggle to accurately
predict episodes of rapid intensification. Such forecasts become increasingly challenging when a storm is embedded
within an environment of moderate vertical wind shear. This study uses an ensemble of high-resolution simulations to
examine how environmental influences can affect the tropical cyclone vortex and precipitation structure, which, in turn,
modulate the intensity of the storm and the onset of rapid intensification. We propose a feedback that exists where
slightly weaker and less resilient vortices are more susceptible to ventilation from dry, environmental air, aided in part
by differential advection from the tilted circulation, resulting in a degradation of vortex organization and a delayed on-
set of rapid intensification.
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1. Introduction et al. 2018b; Hazelton et al. 2020). Although accurately pre-
dicting RI remains a tremendous endeavor regardless of the
environmental regime (Gall et al. 2013; Kaplan et al. 2015;
Cangialosi et al. 2020), TCs in environments of moderate
shear are especially problematic, as such events tend to be as-
sociated with greater uncertainty in the timing of RI onset
(Zhang and Tao 2013; Tao and Zhang 2015, 2019). Consider-
ing the vast societal impacts imposed by TCs that undergo RI
prior to landfall, it is imperative we acquire an improved un-
derstanding of the factors that dictate the rate of TC intensity
change, as well as the timing of RI onset, in environments of
moderate vertical wind shear.

This challenge remains despite a substantial body of exist-
ing literature that has documented multiple pathways through
which environmental vertical wind shear can affect the TC
vortex. One primary consequence of vertical wind shear is

Corresponding author: Michael S. Fischer, michael.fischer@ differential advection of the TC potential vorticity (PV) col-
noaa.gov umn, which initially tilts the vortex downshear (Jones 1995;

Predicting tropical cyclone (TC) intensity change in envi-
ronments of moderate vertical wind shear is particularly chal-
lenging (Bhatia and Nolan 2013). Empirically, it has been well
documented that environments with larger magnitudes of ver-
tical wind shear tend to be unfavorable for TC intensification
(DeMaria and Kaplan 1994; Kaplan et al. 2015; Rios-Berrios
and Torn 2017); however, TCs in environments of moderate
vertical wind shear (e.g., a deep-layer shear magnitude of ap-
proximately 5-10 m s~ !) are associated with a wide range of
TC intensity changes, including both weakening episodes as
well as TC rapid intensification (RI; Nguyen and Molinari
2012; Rogers et al. 2015; Rios-Berrios and Torn 2017; Chen
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Reasor et al. 2004). In accordance with thermal wind balance, a
tilted column of PV is associated with local temperature pertur-
bations (Jones 1995; DeMaria 1996). As air cyclonically orbits
the vortex, the balanced response yields ascent in regions of up-
ward slanted isentropes and, thus, the tilt direction has a strong
influence on the TC precipitation structure (e.g., Ryglicki et al.
2018; Boehm and Bell 2021). The direction of vortex tilt is dy-
namic, however, and the upper portion of a tilted TC vortex
can oscillate (Ryglicki et al. 2018, 2021) or precess (Rappin and
Nolan 2012; Reasor and Montgomery 2015; Rios-Berrios et al.
2018) around its lower-tropospheric counterpart. Idealized sim-
ulations and observations agree that the vortex tilt orientation
is most stable when the tilt is directed along, and to the left of,
the vertical wind shear vector (Jones 1995; Reasor et al. 2004,
2013; Reasor and Montgomery 2015). Consistent with these re-
sults, composite analyses have found a clear preference for
downshear convection (Corbosiero and Molinari 2002; Reasor
et al. 2013; DeHart et al. 2014; Fischer et al. 2018) and enhanced
boundary layer inflow (Reasor et al. 2013; DeHart et al. 2014).
As the magnitude of vertical shear increases, convective asym-
metries become increasingly pronounced (Chen et al. 2006),
which is typically an unfavorable configuration for large rates of
TC intensification (Nolan and Grasso 2003; Alvey et al. 2015;
Fischer et al. 2018).

Nevertheless, some TCs display resiliency in the midst of
vertically sheared environmental flow and achieve a sustained
period of vortex alignment. Both numerical simulations (Tao
and Zhang 2014; Rios-Berrios et al. 2018; Chen et al. 2019;
Alvey et al. 2020; Hazelton et al. 2020) and observational
studies (Stevenson et al. 2014; Rogers et al. 2015; Susca-Lopata
et al. 2015; Rogers et al. 2020) have demonstrated that vortex
alignment often precedes RI, as vortex alignment promotes
more symmetric precipitation (Tao and Zhang 2014; Munsell
et al. 2017; Chen et al. 2018b; Alvey et al. 2020). Thus, TC inten-
sity change in the presence of shear is closely related to the re-
siliency of the TC vortex.

Multiple hypotheses have been put forth to describe the na-
ture of TC resiliency and vortex alignment. One possible
pathway toward alignment involves the vertical coupling of
the TC vortex, which induces a cyclonic precession of the
mid-to-upper-level vortex about the low-level vortex center
(Jones 1995). If the mid-to-upper-level vortex precesses into
the upshear quadrants, alignment can be achieved via the dif-
ferential advection of the upper-level vortex center toward
the low-level center by the sheared environmental flow.
Other views of vortex resiliency involve the generation of
vortex Rossby waves (VRWs) by the sheared environmental
flow (Schecter et al. 2002; Reasor et al. 2004; Reasor and
Montgomery 2015). Using dry dynamics, Reasor et al. (2004)
demonstrated an intrinsic tilt reduction mechanism governed
by the damping of a vortex tilt mode in the midst of shear. Di-
abatic heating associated with the TC overturning circulation
was believed to contribute indirectly to the resiliency of the
vortex by increasing the efficiency of the VRW damping
mechanism via a reduction of static stability in regions of moist
ascent (Reasor et al. 2004; Schecter and Montgomery 2007;
Reasor and Montgomery 2015; Schecter 2015). For storms be-
low hurricane intensity, other studies have argued diabatic
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processes are essential for the alignment of a tilted TC vortex
(Schecter and Menelaou 2020), whether alignment occurs
through either a vortex merger process (Rios-Berrios et al.
2018) or by downshear center reformations within the broader
TC parent vortex (Nguyen and Molinari 2015; Chen et al.
2018a; Rogers et al. 2020; Alvey et al. 2022).

In addition to tilting the TC vortex, vertical wind shear can
also ventilate the TC warm core with low-entropy environ-
mental air, effectively limiting the efficiency of the TC heat
engine (Simpson and Riehl 1958; Emanuel et al. 2004). The
ventilation of the TC warm core has been hypothesized to oc-
cur through multiple routes. In one such pathway, vertical
wind shear induces eddy fluxes that transport high-equivalent
potential temperature and high-potential vorticity radially
outward in the upper troposphere, which act to weaken the
TC from the top down (Frank and Ritchie 2001; Kwon and
Frank 2008). Alternatively, vertical wind shear can excite azi-
muthal asymmetries that flux low-entropy, midtropospheric
environmental air radially inward toward the TC inner core
(Cram et al. 2007; Tang and Emanuel 2010, 2012; Alland et al.
2021b). Midtropospheric ventilation acts to weaken the storm
by reducing the mechanical efficiency of the TC heat engine
and reducing the radial gradient of equivalent potential tem-
perature associated with the eyewall front (Tang and Emanuel
2012). In some cases, persistent downshear precipitation asym-
metries can flux low-entropy air downward into the boundary
layer before entering the TC eyewall (Riemer et al. 2010,
2013; Alland et al. 2021a). This low-level ventilation pathway
can be more capable of frustrating the TC heat engine than
ventilation occurring at higher levels in the troposphere
(Riemer et al. 2010; Tang and Emanuel 2012); however, sur-
face fluxes can act to replenish low-entropy downdraft air
before it reaches the TC inner core (e.g., Tang and Emanuel
2012; Chen et al. 2021; Wadler et al. 2021).

Recently, these ventilation pathways have been concisely
recategorized as either downdraft ventilation (Alland et al.
2021a) or radial ventilation (Alland et al. 2021b) depending
on the predominant direction of the transport of low-entropy
air. Through the utilization of a bivariate parameter space,
Alland et al. (2021a,b) examined sets of idealized simulations
to assess how both downdraft and radial ventilation affect TC
structure and intensity change by varying environmental shear
and humidity. Downdraft ventilation was associated with the
downward transport of negatively buoyant air, primarily oc-
curring immediately cyclonically downstream of the vortex
tilt direction (Alland et al. 2021a). The intensity of downdraft
ventilation increased for more tilted vortices. Radial ventila-
tion was also found to be closely connected to TC vortex tilt,
as the cyclonic flow associated with the tilted midlevel vortex
imported dry air into the upshear and right-of-shear regions
of the TC (Alland et al. 2021b). Together, the two ventilation
pathways act to reduce the areal extent of moist convection,
thereby impeding TC development. These results illustrate
the important link between vertical wind shear, vortex tilt,
ventilation, and TC intensity change.

The present study aims to explore how radial and downdraft
ventilation affect TC intensity change in nonidealized vortices
using a high-resolution ensemble framework. Specifically, we
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TABLE 1. List of physical parameterizations used in the AHW
ensemble simulations.

Reference

Zhang et al. (2011)
Mlawer et al. (1997)

Parameterization

Modified Tiedtke cumulus convection

Rapid radiative transfer longwave
and shortwave radiation

WREF single-moment 6-class (WSM6)
microphysics

Yonsei University (YSU) planetary
boundary layer

Hong et al. (2004)

Hong et al. (2006)

will investigate simulations of Hurricane Gonzalo (2014) during
a period when there was large uncertainty in the forecast inten-
sity as the TC interacted with an upper-tropospheric trough and
an associated dry-air intrusion in an environment of moderate
vertical wind shear. We will show that TC intensity change and
the timing of RI onset is closely related to the initial TC inten-
sity and degree of vortex misalignment, the resilience of the TC
vortex, and the impacts of ventilation on the TC thermody-
namic state and convective structure.

2. Modeling setup

Ensemble forecasts of Hurricane Gonzalo were generated
using the Advanced Hurricane Weather Research and Fore-
casting (WRF) Model (AHW:; Davis et al. 2008a). AHW fore-
casts were produced in real-time from 2009 to 2014 as part of
the Hurricane Forecast Improvement Project (HFIP; Gall
et al. 2013) and have been utilized by multiple previous stud-
ies to assess a range of TC processes (e.g., Davis et al. 2010;
Torn and Davis 2012; Torn and Cook 2013; Rios-Berrios et al.
2016a,b; Torn 2016). The data assimilation procedures utilized
here closely follow those documented in Cavallo et al. (2013).
Of interest to this study, a suite of 60 ensemble member fore-
casts were run using initial conditions taken from a cycling
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ensemble Kalman filter (EnKF) data assimilation system. The
only differences between ensemble members are coherent
perturbations, on the order of analysis errors (Cavallo et al.
2013), to both the initial and boundary conditions.

The present modeling setup involves multiple nested do-
mains with 36-, 12-, 4-, and 1.33-km grid spacing. The outermost
domain (36 km) is static, spanning the width of the Atlantic ba-
sin, while the remaining three domains follow the TC location,
with domain sizes of approximately 1600 km X 1600 km,
1200 km X 1200 km, and 600 km X 600 km, for the 12-, 4-,
and 1.33-km nests, respectively. The model parameteriza-
tions used herein are listed in Table 1. It should be noted that
the 4- and 1.33-km nests do not have a cumulus parameteri-
zation. Ensemble simulations were initialized at 1200 UTC
13 October 2014—near the start of an observed RI event—and
ran for a 72-h period, with output saved hourly. For select en-
semble members, output was stored at 6-min intervals.

3. Characteristics of the ensemble forecasts

Figure 1 shows forecast intensity traces, beginning at the
model initialization. The observed intensity of Hurricane
Gonzalo fell within the spread of ensemble forecasts of both
minimum sea level pressure (Fig. 1a) and maximum sustained
10-m wind speed (Fig. 1b) throughout the majority of the fore-
cast period. The ensemble features a significant spread in in-
tensity 24-48 h into the simulations, with the difference
between the most intense and weakest members approach-
ing 30 m s~ ! by forecast hour 30.

To investigate potential causes of the large forecast inten-
sity spread, two groups of ensemble members were identified.
These groups correspond to the top and bottom 15th percen-
tiles of the 0—48-h time-averaged minimum sea level pressure.
The intensity evolutions of the nine members in each group
are shown by the red and blue lines in Fig. 1.

b) Maximum 10-m Wind
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FIG. 1. (a) Ensemble forecasts of minimum sea level pressure (hPa) for early-RI members (red), late-RI members
(blue), and other members (gray). Forecasts are initialized at 1200 UTC 13 Oct 2014. The best track intensity for the
corresponding times is shown by the black line. (b) As in (a), but for maximum sustained 10-m wind speed (m s 1).
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FIG. 2. Storm-centered, column-maximum simulated radar reflectivity (shaded; dBZ) for a representative (top) early-RI member
and (bottom) late-RI member. Snapshots are shown at (a),(e) 12; (b),(f) 24; (c),(g) 36; and (d),(h) 48 h into the simulations. Layer-mean,
700-400-hPa vertical velocity (V,, = dp/dr) < —10 Pas™ ! is shown in the black contours.

Each ensemble group is characterized by a distinct intensity
evolution. The first group—comprising the strongest ensemble
members through the first 48 h—is associated with a period of
RI through the first 36 h of the simulations, followed by a pe-
riod of more gradual intensification. Hence, this group of en-
semble members is hereafter referred to as the “early-RI”
group. Alternatively, the second group of ensemble members—
comprising the weakest members through the first 48 h—are
associated with an initial period of slower intensification, fol-
lowed by a period of slight weakening between approximately
24 and 42 h, before ultimately undergoing RI around 48 h into
the simulations. As a result, this group of ensemble members
is hereafter referred to as the “late-RI” group.

Storm-centered' snapshots of the structural evolution of a
representative early-RI and late-RI member are shown in Fig. 2.
Within the first 24 h of the forecast period, a well-defined
eye is present in both the early-RI and late-RI members,
although the early-RI member has a greater coverage of

! The TC center was defined using a method similar to Nguyen
et al. (2014), where the TC center was determined using an itera-
tive process that identified the sea level pressure centroid.
Here, all values within a 100 km X 100 km box, initially cen-
tered on the minimum sea level pressure location, were used in
the computation.
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reflectivities = 30 dBZ in the southern sector of the storm
(Figs. 2a,b,e,f). At 36 h into the simulations, the early-RI
member maintains a well-defined eyewall (Fig. 2c); how-
ever, the inner-core organization of the late-RI member has
dramatically deteriorated (Fig. 2g). This degradation of the
late-RI member’s inner core is consistent with the slight
weakening most late-RI members experience near this time
(Fig. 1). By 48 h into the simulations, both the early- and
late-RI members display improved organization, with a more
symmetric region of robust ascent associated with the TC eye-
wall (Figs. 2d,h). The late-RI member’s sharp increase in orga-
nization at 48 h (Fig. 2h) agrees with the more rapid rates of
intensification at this time (Fig. 1). Although not shown here,
early-RI and late-RI members were associated with similar
track forecasts, which suggest their large intensity differences
are due to processes beyond those arising from differing tracks.

4. Environmental influences on the rate of TC
intensification

a. Environmental overview

Figure 3a shows the distribution of the deep-layer vertical
wind shear magnitude for early- and late-RI members. Here,
the vertical wind shear is calculated as the vector difference
of the area-averaged wind between 850 and 200 hPa within
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FIG. 3. (a) Composite-mean ensemble forecasts of 850-200-hPa vertical wind shear magnitude (m s™!) for
early-RI members (red), late-RI members (blue), and all members (black). Red-shaded regions span the entire
distribution of early-RI members, while blue-shaded regions span the distribution of late-RI members. Dotted
points denote times where the differences between early and late-RI members are statistically significant at the
95% confidence level. (b)-(d) As in (a), but for the 850-200-hPa vertical wind shear direction (heading of shear
vector shown), 700-500-hPa layer-averaged relative humidity (%), and the 500-300-hPa layer-averaged relative

humidity, respectively.

a 0-500-km storm-centered disc. For most of the forecast
period, the simulated TCs are embedded in environments
of moderate vertical wind shear magnitudes between 4 and
8 m s~ !, with the exception of a period between approxi-
mately 42 and 60 h into the simulations, where the shear
drops to roughly 2 m s~'. Although both early- and late-RI
members exhibit a similar shear evolution, early-RI members
are generally associated with shear magnitudes 0.5-1 m s~
less than those of late-RI members. The period of largest
differences is found about 24-48 h into the forecast period,
coinciding with the time of the largest forecast intensity
differences (Fig. 1). The differences in shear between early-
and late-RI members were determined to be statistically
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significant” for the majority of the first 42 h of the forecast
period. Unlike the deep-layer vertical wind shear magnitude,
the vertical wind shear direction for early- and late-RI ensem-
ble members were largely similar over the forecast period,
with the exception of the period between approximately
48 and 54 h into the forecast period (Fig. 3b) when the shear
magnitude was rapidly decreasing (Fig. 3a).

2 The statistical significance tests performed in the present study
use the non-parametric, two-tailed Wilcoxon rank sum test. Distri-
butions were determined to be statistically significantly different if
they met or exceeded the 95% confidence level (p value < 0.05).
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200-hPa Potential Vorticity (PVU; r=0-800 km)
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FIG. 4. Storm-centered, 0-800-km, composite-mean potential vorticity (shaded; PVU) on the 200-hPa isobaric surface for early-RI members.
Forecasts are valid at (a) 12, (b) 24, (c) 36, and (d) 48 h. Here, dashed radial rings are spaced in 200-km increments. The 850-200-hPa shear
direction is shown by the black vectors. (e)-(h) As in (a)-(d), but for late-RI members. (i)—(1) As in (a)—(d), but for the composite-mean PV
difference of early-RI members minus late-RI members. Regions that are statistically significantly different at the 95% confidence level are

shown by the black contours and hatching.

Figures 3c and 3d show the evolution of near-storm
(0-200-km) relative humidity for both early- and late-RI
members averaged between 700-500 and 500-300 hPa, re-
spectively. Humidity differences between the two ensem-
ble groups are more pronounced in the 500-300-hPa layer
(Fig. 3d). In both the 700-500-hPa and 500-300-hPa layers,
the minimum domain-averaged relative humidity is found
near forecast hour 36, with early-RI members associated
with significantly more moist near-core environments than
late-RI members, coinciding with the time with the largest
TC intensity (Fig. 1) and structural differences (Figs. 2c,g).
Although it is possible differences in vortex structure and
intensity between early- and late-RI members are contributing
to the different near-core relative humidity evolutions, these re-
sults suggest late-RI members may have suffered from greater
ventilation of the TC inner core with dry, environmental air,
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and motivates a deeper investigation into the simulated TC
environment.

b. Interaction with an upper-tropospheric trough

The synoptic environment of Hurricane Gonzalo was influ-
enced by an upper-tropospheric trough, initially located to
the west of the TC. Figure 4 shows the evolution of the trough
via composite maps of 200-hPa PV for early- and late-RI
members, in 12-h increments. Here, the trough is reflected by
the region of relatively large PV [e.g., 200-hPa PV = 1 PVU
(1 PVU = 107 K kg ! m? s™1)] initially located to the west
of the TC. In both ensemble groups, the cyclonic flow associ-
ated with the upper-tropospheric trough heavily influenced
both the magnitude, and direction, of the vertical wind shear.
As the trough moved cyclonically, from the western to south-
ern side of Gonzalo during the first 36 h of the forecast period
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(Figs. 4a—c,e—g), the vertical wind shear direction also shifted
cyclonically, from an eastward heading toward a northward
heading (Fig. 3b).

Despite the qualitatively similar upper-tropospheric trough
evolutions in early- and late-RI members, some slight, but sta-
tistically significant differences in the position of the trough
were identified. During the first 12-36 h, early-RI members
were associated with an upper-tropospheric trough with a
statistically significant greater distance from the TC center
than late-RI members (Figs. 4i-k). Previous observational
work has shown a larger upstream distance between the TC
and trough is favorable for RI, as such configurations tend to
be associated with weaker environmental vertical wind shear
(Fischer et al. 2019). Consistent with these observational find-
ings, the greater upstream trough displacement in early-RI
members is linked to weaker vertical wind shear magnitudes
than late-RI members (Fig. 3a). By 48 h into the forecast pe-
riod, the upper-tropospheric trough position differences now
peak within the same radial band, approximately 600 km away
from the TC location (Fig. 41), indicating the troughs in early-
RI members are no longer farther away from the TC than
late-RI members. Instead, the trough location differences re-
semble an azimuthal position shift. It is at this time the differ-
ences in vertical wind shear magnitude between early- and
late-RI members lessen (Fig. 3a).

c¢. Influences of a midlevel dry-air intrusion

In addition to the connection between the upper-tropospheric
trough position and vertical wind shear, previous work has
shown upper-tropospheric troughs can be associated with un-
favorable dry-air intrusions (Leroux et al. 2013; Zhang et al.
2016). Time series of azimuthally averaged, relative humidity
indicate a dry-air intrusion may have occurred between fore-
cast hours 24 and 48 (Figs. 3c,d). To examine the structure and
evolution of this potential dry-air intrusion, Fig. 5 displays
storm-centered, composite-mean, 400-hPa relative humidity
for early- and late-RI members. Here, storm-relative inflow is
overlaid in dashed contours to identify regions where dry air
was advected toward the TC core. Although the dry-air intru-
sion encompassed much of the mid- to upper troposphere, the
400-hPa level reveals prominent differences between the two
ensemble groups.

By 12 h into the simulations, early- and late-RI members
are associated with asymmetric moisture fields, as the regions
of the greatest relative humidity are primarily located down-
shear of the TC center (Figs. Sa,e). Although both groups
display a region of relative humidity < 50% to the left of
the shear direction, early-RI TCs are associated with greater
areal coverage of near-saturated air, with significant differ-
ences extending into the upshear-left quadrant within 100 km
of the TC center (Fig. 5i). The greater humidity in the upshear-
left quadrant of early-RI TCs corroborates other studies that
have emphasized the importance of moistening in this region
for TC intensification (Rios-Berrios and Torn 2017; Rios-Berrios
et al. 2018; Alvey et al. 2020; Hazelton et al. 2020; Alland et al.
2021a,b).
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The vertical wind shear vector, the inflow region, and the
dry-air intrusion rotate cyclonically by forecast hour 24
(Figs. 5b,f). The dry-air intrusion is now more pronounced,
with minimum 400-hPa relative humidity < 25% within 200 km
of the TC. Differences between early- and late-RI members
have also grown in area, as late-RI members are associated
with a region of statistically significant drier air that nearly
encircles the TC center immediately outside of the eyewall
region, approximately 30-50 km from the TC center (Fig. 5j).
This region of significantly drier air extends outward to
nearly 200 km in the upshear quadrants, indicative of a lesser
upshear extent of the moist, precipitation shield in late-RI
members (Fig. 5j).

By forecast hour 36, the relative humidity field has grown
highly asymmetric as the dry-air intrusion has advanced closer
toward the TC core (Figs. 5¢,g). In the TC inner core, a com-
plete ring of nearly saturated air, associated with the TC
eyewall, is still intact in the composite of early-RI members
(Fig. 5¢); however, nearly the entire southeastern quadrant
of the late-RI composite is comprised of relative humidity < 50%
(Fig. 5g). The degradation of the inner-core moisture in late-RI
members around 36 h into the simulations occurs in conjunc-
tion with the collapse of the eastern eyewall, as seen in simu-
lated radar reflectivities in Fig. 2g and a decrease in TC
intensity (Fig. 1). Relative humidity differences between
early- and late-RI members at this time exceed 40% in a cy-
clonically curved band on the south side of the TC, extend-
ing outward from the eyewall (Fig. 5k), within the inflow
region. Finally, at 48 h into the forecast period, the dry-air
intrusion has abated, with the inner-core regions of both en-
semble groups showing symmetric rings of >80% relative hu-
midity observed throughout the innermost 50 km (Figs. 5d,h).
Although late-RI members are still associated with a region
of statistically significant lower relative humidity, this region
is mostly confined to locations radially outward of 50 km
(Fig. 51).

The overlap of the azimuthal location of the dry-air intru-
sion with the midtropospheric inflow implies radial ventilation
of the TC warm core with low-entropy, environmental air
(e.g., Tang and Emanuel 2010, 2012; Alland et al. 2021b).
Here, radial ventilation was quantified following a method
similar to Alland et al. (2021b):

A, = 6], (1)

where p is the density of air, u is the storm-relative radial
wind, 6, is the equivalent potential temperature, and the
prime superscript denotes a perturbation from the azimuthal
mean. Regions where both #’ and 6/, are <0 (and thus A,, is >0)
act to inject the TC warm core with low-0, air, providing “anti-
fuel” to the TC heat engine (Tang and Emanuel 2010). The spa-
tial pattern of 400-hPa A, is shown in 3-h increments in Fig. 6,
focusing on the period when the dry-air intrusion was quickly
approaching the TC core and the intensities of early- and late-
RI members began to rapidly diverge.

Figure 6 shows both early- and late-RI members experience
a large region of positive A, at 400 hPa, collocated with the
upshear inflow of dry air seen in Fig. 5. At 24 h into the
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400-hPa Relative Humidity (%; r=0-200 km)

a) ERI (t=12 h)

b) ERI (t=24 h)

c) ERI (t=36 h)

d) ERI (t=48 h)

A 100

FIG. 5. Storm-centered, 0-200-km, composite-mean, 400-hPa relative humidity (shaded; %) (top) for early-RI members and (middle)
late-RI members. Dashed radial rings are spaced in 50-km increments. Storm-relative, 400-hPa radial inflow = 2.5 m s~ ! is shown by the
dashed magenta contours, while inflow = 5 m s~ is shown by the dashed purple contours. The 850-200-hPa shear direction is shown by
the black vectors. (bottom) As in the top panels, but for the RH difference between early-RI minus late-RI members. Regions of statisti-
cally significant differences are shown by the black contours and hatching. Composites are shown at (a),(e),(i) 12; (b),().() 24; (c).(g).

(k) 36; and (d),(h),(1) 48 h into the simulations.

forecast, significant differences in A,, between the two ensem-
ble groups are minimal (Fig. 6i). Shortly thereafter, the dry-air
intrusion continues to advance toward the TC center, as A, in-
creases within the upshear region for both early- and late-RI
members (Figs. 6b,f). At forecast hour 30, the late-RI compos-
ite shows a coherent area of positive A, extending from radii
> 200 km wrapping inward toward the TC eyewall (Fig. 6g).
The spatial extent and magnitude of the radial ventilation at
this time are significantly greater in late-RI members across a
swath that extends outward from the TC eyewall to a radius of
at least 200 km (Fig. 6k). Although early-RI members do show
an uptick in A, at forecast hour 33, radial ventilation remains
significantly greater in late-RI members (Figs. 6d,h,l). As a re-
sult, it appears plausible the more robust radial ventilation in
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late-RI members may have eroded upshear inner-core convec-
tion, resulting in the asymmetric convective structure seen in
Fig. 2f and, ultimately, a reduction in TC intensity (Fig. 1).

To quantify the impact of the dry-air intrusion on the ther-
modynamic state of the TC core, a column-integrated moist
static energy (MSE) budget was computed for a representa-
tive early-RI and late-RI member (the same members shown
in Fig. 2). MSE provides a desirable framework to examine
the impacts of ventilation on TC convective processes as col-
umn-integrated MSE is approximately conserved under moist
adiabatic motions. Previous studies such as Chen et al. (2019)
have identified that a decrease in ventilation facilitates an in-
crease in column-integrated MSE and a moistening of the TC
core, which precedes RI onset. The vertically integrated MSE



JANUARY 2023

FISCHER ET AL.

305

400-hPa A, (kg Km~=2 s~1; r=0-200 km)

a) ERI (t=24 h)

b) ERI (t=27 h)

c) ERI (t=30 h)

d) ERI (t=33 h)

N A

e) LRI (t=24 h)

f) LRI (t=27 h)

A \

g) LRI (t=30 h)

- 10

h) LRI (t=33 h) -0

\ \
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-20
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FIG. 6. Storm-centered, 0-200-km, 400-hPa composite-mean radial ventilation (A,; shaded; kg K m~2 s~ 1) (top) for early-RI members
and (middle) late-RI members. Dashed radial rings are spaced in 50-km increments. The 850-200-hPa shear direction is shown by the
black vectors. (bottom) As in the top panels, but for the difference between early-RI minus late-RI members. Regions of statistically sig-
nificant differences are shown by the black contours and hatching. Composites are shown at (a),(e),(i) 24; (b),(f),(j) 27; (c),(g),(k) 30; and

(d),(h),(1) 33 h into the simulations.

budget follows Sobel et al. (2014) and Chen et al. (2019) and
is given by

oh

ap

<6(cpT +L,gq)
+ SFX + <cp('2—(:)R>, ()

ot
where i denotes MSE (h = ¢, T + gz + L,q), ¢, is the dry
air heat capacity at constant pressure, T is temperature, L,
is the latent heat of vaporization (treated as a constant value
of 2.5 X 10° J kg™"), g is specific humidity, and u is the hori-
zontal velocity. SFX indicates surface fluxes of enthalpy, in-
cluding both sensible and latent heat fluxes. The final term,
c,(90/9t)g, denotes radiative heating or cooling from both
longwave and shortwave radiation. Angle brackets indicate

> = —(u-V(c, T+ Lg) — <w
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the values are mass-weighted vertical integrals from 900 to
100 hPa.? Similar to Neelin (2007) and Chen et al. (2019), the
MSE budget shown in (2) uses moist enthalpy (c,T + L,q)
rather than 4 in the time tendency and horizontal advection
terms, as this was found to lead to a better closure of the MSE
budget. Although the left-hand side of (2) omits the gz term in
h, variations in gz were relatively small and often out of phase
with changes in 4. In this study, all MSE budget terms are

*The 900-100-hPa layer was selected to represent a near-
tropospheric deep column considering the relatively intense TCs
examined here, while also accounting for differences in TC inten-
sity between early-RI and late-RI members. If a surface—100-hPa
integral was used instead, such as in Chen et al. (2019), differences
in the column-integrated mass between early-RI and late-RI mem-
bers would affect the interpretation of the MSE budget.
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FIG. 7. (a) Vertical profiles of moist static energy (4 or MSE; kJ kg™ ') for the representative early-RI member at forecast hours 24
(black line) and 30 (red line). Profiles are derived from domain-averaged values within a 240 km X 240 km TC-centered box. (b) Vertical
profiles of the change in ¢, T (orange line; kJ kg ™') and L, g (green line; kJ kg~ ') between forecast hours 24 and 30. Positive values denote
increases with time. (c) As in (a), but for profiles of relative humidity (RH; %). (d)—(f) As in (a)—(c), but for the representative late-RI

member.

shown in the form of domain averages within a 240 km X 240 km
TC-centered box. This domain size was selected to represent
mesoscale changes within the TC core region and sensitivity
tests using slightly different domain sizes yielded similar results.
Finally, the effects of the SFX and (c,(96/d1)g) terms in (2) are
not shown in the subsequent analyses because surface fluxes
and radiation were not stored within the ensemble output;
however, these terms tend to act as sources of MSE (Chen
et al. 2019) and are not necessary to assess how ventilation
processes affect column-integrated MSE.

To provide context for the column-integrated MSE budget,
Figs. 7a and 7d show domain-averaged vertical profiles of MSE
at forecast hours 24 and 30. This temporal window focuses on
the period when radial ventilation was becoming increasingly
pronounced (Fig. 6). During this period, the late-RI member
experienced a slight decrease in MSE throughout much of the
midtroposphere, between approximately 800 and 300 hPa. This
decrease in MSE stands in contrast to the early-RI member
which experienced an increase in tropospheric MSE above
600 hPa, with the exception of a layer between approximately
400 and 300 hPa. In the early-RI member, both internal en-
ergy (c,T) and latent heat (L,g) increased over much of the
troposphere—besides a small reduction in latent heat between
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400 and 300 hPa—indicating the dry-air intrusion did not sig-
nificantly alter the local thermodynamic state of the early-RI
member (Fig. 7b). The evolution of the late-RI member dif-
fered starkly (Fig. 7e), with evidence of mesoscale subsidence
reflected by an increase in internal energy (or column warming)
and a decrease in latent heat (or column drying) maximized
near the height of the dry-air intrusion shown in Fig. 5. Consis-
tent with the drying and warming associated with mesoscale
subsidence, domain-averaged relative humidity in the late-
RI member decreased by approximately 10%-15% over a
deep layer, between 600 and 350 hPa (Fig. 7f).

The evolution of the column-integrated MSE budget results
is shown in Fig. 8. Although the early-RI and late-RI member
display similar column-integrated values of moist enthalpy at
forecast hour 22 (Fig. 8a), the members begin to quickly di-
verge, with the late-RI member featuring a decrease over the
next 6-8 h. Decomposing moist enthalpy into internal energy
and latent heat shows that the late-RI member’s loss of MSE
was driven by a drying of the column despite an increase in
the internal energy, which is consistent with the effects of me-
soscale subsidence discussed earlier (Fig. 8b). Meanwhile,
the early-RI member experienced minimal changes in latent
heat, demonstrating the ventilation episode was much more
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FIG. 8. (a) Time series of domain-mean ¢,T + L,g (10’ J m™?)
for the representative early-RI member (red) and late-RI member
(blue). Here, values are averaged within a 240 km X 240 km TC-
centered box. (b) Time series of the change in internal energy (c, T;
107 J m~?; solid line) and latent heat (L.g; 107 J m~?; dashed line)
relative to their values at forecast hour 22. Red and blues lines de-
note the representative early-RI and late-RI member, respectively.
(c) As in (a), but for select MSE budget terms (W m~?). Here, the
time tendency of / is shown by the solid lines, while the sum of the
horizontal and vertical advection terms is shown by the dashed
lines. (d) As in (a), but for select MSE budget terms (W m™2).
Here, the horizontal advection of 4 is shown by the solid lines,
while the vertical advection of / is shown by the dashed lines.
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detrimental in the late-RI member. The time derivative of
MSE for both members can be more clearly seen in Fig. 8c.
The late-RI member progressively loses column-integrated
MSE until forecast hour 29 as the dry intrusion approaches,
whereas the early-RI member gained MSE at nearly all
times shown in Fig. 8c.

Interestingly, the sum of the advection terms (dashed lines
in Fig. 8c) vary in phase with the MSE tendency in both early-
RI and late-RI member, demonstrating the key role of advec-
tive processes in modulating the column-integrated MSE. In
the late-RI member, a substantial loss of MSE due to advec-
tion is evident, with rates that approach —800 W m ™2 between
forecast hours 22 and 28. Alternatively, although the sum of
MSE advection is also negative in the representative early-RI
member over this period, the loss of MSE through advection
in the early-RI member is approximately half the rate of the
late-RI member. Figure 8d indicates the loss of MSE in the
late-RI member is primarily driven by horizontal advection
after forecast hour 28. Curiously, the loss of column-integrated
MSE due to vertical advection is actually larger in the early-RI
member as the dry-air intrusion approaches the TC core. Con-
sidering previous studies have hypothesized radial ventilation
can result in the downward transport of low-entropy air into
the boundary layer (Tang and Emanuel 2010; Riemer and
Montgomery 2011; Alland et al. 2021b; Alland and Davis
2022), the weaker depletion of MSE due to vertical advec-
tion in the late-RI member warrants further investigation.

Figures 9 shows the vertical structure and evolution of the
vertical advection of MSE. It is important to recall that the
vertical profile of MSE features a pronounced midtropospheric
minimum near 600 hPa in these simulations (Figs. 7a,d), consis-
tent with climatological profiles of equivalent potential temper-
ature in moist tropical environments (Ooyama 1969; Dunion
2011). Thus, the vertical advection of MSE from mesoscale as-
cent acts to increase MSE below the midtropospheric MSE
minimum and decrease MSE above the midtropospheric MSE
minimum (e.g., Chen et al. 2019). Conversely, regions of meso-
scale descent act to decrease MSE below the midtropospheric
MSE minimum and increase MSE above the midtropospheric
MSE minimum. In the early-RI member, a pattern of meso-
scale ascent is displayed at all times shown in Fig. 9a. Interest-
ingly, in the late-RI member, regions of positive vertical
advection of MSE are seen above the midtropospheric MSE
minimum after forecast hour 28 (Fig. 9b). This pattern indi-
cates the presence of mesoscale subsidence in the mid- to
upper troposphere, consistent with the warming and drying
seen in Fig. 7e. The mesoscale subsidence above the midtro-
pospheric MSE minimum acts to increase MSE by bringing
down relatively large values of MSE from the upper-troposphere,
despite resulting in a decrease in humidity (Figs. 7e.f).

Nevertheless, the drying of the core region in the late-RI
member (Fig. 7f) is consistent with the decrease in the column-
integrated MSE or moist enthalpy (Fig. 8a) over the period
of hours 24-30. The core region in the late-RI member
starts to rapidly accumulate MSE and moisture afterward
(Figs. 8a,b), which precedes the onset of RI approximately six
hours later. This result is consistent with Chen et al. (2019)
and emphasizes the importance of a near-saturated core
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FIG. 9. (a) Time series of the vertical structure of the vertical advection term of the MSE budget (J kg™ * s ™) for the representative
early-RI member. (b) As in (a), but for the representative late-RI member. (c) Difference in vertical advection of MSE of the representa-

tive early-RI member minus the late-RI member.

(e.g., Figs. 3 and 5) for sustained TC convective activity
and intensification.

Last, the vertical advection of MSE near the top of the TC
boundary layer was similar for the representative early- and
late-RT member (between 900 and 850 hPa in Fig. 9c), sug-
gesting the greater radial ventilation experienced by the late-
RI member did not result in appreciably greater downdraft
ventilation into the boundary layer. On the contrary, the late-
RI member displayed an increase in moist enthalpy between
900 and 850 hPa (Fig. 7¢). Nevertheless, mesoscale subsidence
in the representative late-RI member did result in a pro-
nounced drying of the troposphere above the boundary layer,

a) Vortex Tilt Magnitude

35 4 —— Early RI
— Late RI
30 4 — All

0 12 24 36 48 60 72
Forecast hour

revealing a pathway through which radial ventilation can sig-
nificantly alter the thermodynamic state of the TC core with-
out appreciably modifying the thermodynamic characteristics
of the TC boundary layer. The response of the TC vortex and
convective structures to this episode of radial ventilation will
be explored in the next sections.

5. A tale of two vortex evolutions

a. Vortex tilt

To evaluate the impacts of the ventilation episode on the
structure of the TC vortex, Fig. 10a shows time series of the

b) Mean Tilt Evolution

FIG. 10. (a) Composite-mean ensemble forecasts of surface—400-hPa vortex tilt magnitude (km) for early-RI mem-
bers (red), late-RI members (blue), and all ensemble members (black). Red-shaded regions span the entire distribu-
tion of early-RI members, while blue-shaded regions span the distribution of late-RI members. Dotted points denote
times where the differences between early and late-RI members are statistically significant at the 95% confidence
level. (b) Mean orientation of the surface—400-hPa vortex tilt configuration for early-RI members (circles; warm col-
ors) and late-RI members (squares; cool colors). Vortex tilt is shown in 6-h increments beginning at forecast hour
zero and ending at forecast hour 48 (shaded). The vortex tilt is shown with respect to its geographic heading, where
north points toward the top of the figure. Radial rings are spaced in 5-km increments.
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FIG. 11. (a) Time-radius diagram of azimuthally averaged 850-hPa PV (PVU) for the representative early-RI (ERI)
ensemble member and (b) late-RI (LRI) ensemble member.

distributions of surface—400-hPa vortex tilt magnitudes for
early-RI and late-RI simulations. Here, the upper-level vortex
centers were determined by the centroid of geopotential
height anomalies within a TC-centered disc with a radius of
100 km, similar to Nguyen et al. (2014). The surface-400-hPa
tilt is shown here, as this layer contained the largest differ-
ences between early- and late-RI members.

Within the first 24 h of the simulations, both early- and late-
RI members are associated with qualitatively similar tilt evo-
lutions, as the magnitude of tilt steadily decreases with time
following the noisy initialization spin-up (Fig. 10a). Nonethe-
less, early-RI members are consistently associated with smaller
mean tilt magnitudes than late-RI members, although some
overlap in the distributions of tilt magnitude are observed. Fol-
lowing forecast hour 24, pronounced differences in the magni-
tude of vortex tilt emerge. While early-RI members maintain
mean tilt magnitudes near 5 km, late-RI members experience
an increase in tilt, with the mean tilt magnitude approaching
15 km by 36 h into the forecast. Although a tilt magnitude of
15 km may appear physically insignificant, the radius of maxi-
mum wind of the simulated TCs is approximately 20 km
(shown later), indicating that the compact vortices in late-
RI members strongly deviate from alignment. Interestingly,
the increase in vortex tilt magnitude in the late-RI group oc-
curs near the time when the simulated vortices were subject
to an increase in radial ventilation (Figs. 6 and 8) and pre-
cedes a period of weakening (Fig. 1). This result suggests
the vortex tilt evolution has an important relationship with
TC intensity change, which agrees with previous studies
(Zhang and Tao 2013; Munsell et al. 2017; Chen et al. 2018b;
Rios-Berrios et al. 2018; Alvey et al. 2020; Rios-Berrios 2020;
Schecter and Menelaou 2020).

Around 42 h into the forecast period, late-RI members ex-
perience a significant decrease in tilt, with magnitudes compa-
rable to early-RI members by forecast hour 48 (Fig. 10a). This
shift toward a more aligned vortex in the late-RI members fol-
lows a reduction in vertical wind shear magnitude (Fig. 3a)
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and a recovery of column-integrated MSE (Fig. 8), and also
precedes the onset of RI (Fig. 1).

Despite the significantly different tilt magnitude evolutions
between the ensemble groups, the evolution of tilt direction
for early- and late-RI members are quite similar (Fig. 10b). In
both groups, the vortex tilt is consistently downshear-left of
the deep-layer shear vector (Fig. 3b), which has been shown
to be a preferred tilt configuration in both model simulations
and observations (Jones 1995; Reasor et al. 2004, 2013; Fischer
et al. 2022). Although a left-of-shear vortex tilt direction mini-
mizes the net vertical shear associated with the superposition
of the environmental flow and the cyclonic flow of the mis-
aligned TC circulation (e.g., Jones 1995; Reasor et al. 2004),
diabatic processes contribute the actual tilt direction (Davis
et al. 2008b), which is often that of a downshear-left
orientation.

These results demonstrate vortex tilt magnitude is a consis-
tent differentiating factor between the early- and late-RI
groups throughout much of the first 48 h of the simulations,
especially during the times of the greatest intensity differ-
ences. The increase in the tilt magnitude of late-RI members
between forecast hours 30 and 36 occurs in tandem with an
uptick in radial ventilation associated with the aforemen-
tioned dry-air intrusion (Fig. 6). We hypothesize that the
larger vortex tilts in late-RI members aided differential advec-
tion of dry, midtropospheric air originating upshear and uptilt
of the TC vortex directly over the lower-tropospheric TC cen-
ter. The implications of such a process on TC intensity change
will be explored in later sections.

b. Horizontal vortex structure

In addition to pronounced differences in the vertical vortex
structure of early- and late-RI members, the two groups dis-
played marked differences in the evolution of the horizontal
vortex structure. Figure 11 shows Hovmoller diagrams of azi-
muthally averaged, 850-hPa PV for the same representative
early-RI and late-RI ensemble members in Fig. 2. Throughout
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FIG. 12. (a) Composite-mean ensemble forecasts of normalized 850-hPa PV (PV"; dimensionless) for early-
RI members (red), late-RI members (blue), and all ensemble members (black). Here, PV" is computed by first
calculating the time-averaged PV over a period of 22-28 h into the forecast. Next, the azimuthally averaged PV in each
radial bin is divided by the maximum azimuthally averaged PV in the entire radial profile. Red-shaded regions span
the entire distribution of early-RI members, while blue-shaded regions span the distribution of late-RI members.

(b) As in (a), but for forecast hours 30-36.

the majority of the 24-48-h forecast window, the early-RI
member is characterized by a ring of higher PV, maximized at
a radius of approximately 15 km (Fig. 11a). Such a vortex
structure has been shown to be associated with intensifying
TCs (Kossin and Eastin 2001; Rogers et al. 2013; Martinez
et al. 2017; Hardy et al. 2021).

On the contrary, the representative late-RI vortex is al-
ready weaker by forecast hour 24 and displays a vortex mor-
phology that transitions from a ring-like maximum in PV
toward a PV monopole shortly after forecast hour 30 (Fig. 11b).
By forecast hour 36, the radial gradient of PV in the late-RI
member weakens as a secondary maximum of high-PV air
propagates outward, seen within the radial band between
20 and 30 km. The weakening of the radial PV gradient as
the vortex transitions toward a monopolar structure is con-
sistent with a vortex mixing event (e.g., Schubert et al.
1999; Rozoff et al. 2009). Eventually, the late-RI member
transitions back toward a ring-like PV profile following
forecast hour 42, near the time of RI onset (Fig. 1).

Evidence supporting the vortex mixing signal across late-RI
members is provided in Fig. 12. Here, the azimuthally aver-
aged 850-hPa PV has been normalized by the maximum value
in the radial profile in each simulation to account for differ-
ences in vortex intensity. Figure 12a shows that between fore-
cast hours 22 and 28, both early- and late-RI members tend to
have an annular PV structure, with maximum PV in the radial
profile found at radii between 10 and 15 km. By forecast hours
30-36, early-RI members generally maintain a ring-like hori-
zontal PV structure, while late-RI members are associated
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with significantly greater normalized PV near the TC center
and at radii > 25 km (Fig. 12b). The weakening of the radial
PV gradient is visible in all late-RI members, suggesting vor-
tex mixing events were an inherent characteristic of the late-
RI group during the period when these members experienced
an uptick in radial ventilation, grew increasingly tilted, and
weakened.

c¢. Evolution of vortex resiliency

The results presented thus far point to a pause in intensifi-
cation of late-RI members coinciding with a period of pro-
longed vortex tilt growth, leading to vastly different vortex
evolutions when compared to early-RI members. The increas-
ing vortex tilt and associated enhancement of midtropo-
spheric radial ventilation (Fig. 6) can disrupt the organization
and vigor of eyewall convection—which will be explored in
more detail in the next section—with implications for the
spinup of peak winds in the TC boundary layer (e.g., Smith
et al. 2021). Given the potentially important role of vortex tilt
in producing this marked difference in intensification, we
briefly investigate the vortex resilience (i.e., the intrinsic abil-
ity to resist the development of tilt when a misalignment forc-
ing, like vertical wind shear, is applied) of the representative
early-RI and late-RI members during this critical period.

The simple linear model for TC vortex resilience, described
most recently by Schecter (2015) and Reasor and Montgomery
(2015), is employed here. In the absence of vertical wind shear
forcing, the linearized, Boussinesq primitive equations simulate
the evolution of an initial tilt-like perturbation to a barotropic
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Analyses at + = 24 h and ¢ = 30 h are shown by the circle and
square markers, respectively. The shading of the markers is propor-
tional to the assumed static stability reduction in the eyewall
region, where lighter markers indicate less stability.

azimuthal-mean vortex. The mean vortex state is derived from
the same representative early-RI and late-RI members shown
in previous analyses (e.g., Figs. 2 and 11). Cloudiness in the eye-
wall region is parameterized using a reduced static stability. Ad-
ditional details of the model and initialization are described in
the appendix. The early evolution of the tilt perturbation for all
mean vortex states considered here is controlled by a precess-
ing, damped tilt mode. The mode precession frequency and
exponential growth rate (negative values indicate damping)
are estimated from time series of the simulated complex ra-
dial velocity amplitude (not shown).

Figure 13 summarizes the estimated tilt precession frequency
and growth rate for early-RI (red) and late-RI (blue) vortices at
forecast hours 24 and 30 for dry and significantly cloudy eyewall
conditions. Near the approximate onset of the bifurcation in
early-RI and late-RI tilt amplitude evolution at forecast
hour 24, the tilt mode of the early-RI vortex precesses a
factor of 2 faster and is more strongly damped. For the
more intense (Fig. 1) and well-developed eyewall (Fig. 2b)
of the early-RI member, the WRF-model vortex resilience
is likely more closely approximated by the lower-stability
case (i.e., greater cloudiness) from the simple linear model
(Schecter 2015). Thus, the less-developed late-RI vortex
tilt is damped at nearly one-third the rate of the early-RI
vortex. Additionally, in similar vertical wind shear, the late-RI
vortex would not be able to precess as readily upshear into a
more favorable configuration, making it, overall, less resilient.
Six hours later, the late-RI member—as the vortex is further
ventilated (Figs. 6g and 7d-f) and the core PV begins its transi-
tion from a ring to monopole structure (Fig. 11c)—shows a
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further decrease in damping rate magnitude. The low-stability
case for the early-RI member decreases somewhat in preces-
sion frequency, but remains substantially more resilient in
terms of damping rate.

Broadly, these differences in the early-RI and late-RI vor-
tex resilience described by the simple linear model are consis-
tent with, and perhaps help explain, the differences in tilt
evolution illustrated in Fig. 10. More specifically, the late-RI
member exhibits decreasing resilience during the period
where the vortex is subject to an increase in ventilation and a
disruption of inner-core organization (Figs. 2f,g and 6e-h),
which precedes a period of tilt amplification (Fig. 10a). Alter-
natively, this analysis reveals the early-RI member maintains
a more resilient vortex structure, consistent with the observed
vortex tilt evolution. We hypothesize the greater resilience of
early-RI members was aided by their greater intensity (Fig. 1)
and stronger radial vorticity gradient near the tilt-mode criti-
cal radius, when compared to late-RI members (Schecter and
Montgomery 2003; Reasor et al. 2004; Schecter 2008; Reasor
and Montgomery 2015).

6. Convective differences between early- and late-RI
members

a. Overview of azimuthally averaged vertical velocity

To explore how the different TC vortex evolutions in early-
and late-RI members were related to changes in the TC
convective structure, Fig. 14 shows 12-h snapshots of the
composite-mean, azimuthally averaged vertical velocity
(V,, = dp/dt). Early-RI members are associated with a robust
region of sloped ascent (V,, < 0), associated with the TC eye-
wall, that increases in magnitude with time (Figs. 14a—d). Ad-
ditionally, the radial location of peak ascent occurs inward of
the radius of maximum tangential wind, which is consistent
with observations of intensifying TCs (Rogers et al. 2013;
Stevenson et al. 2018; Fischer et al. 2020). Persistent ascent
inside the radius of maximum wind has been argued to be
an essential characteristic of TC intensification because the
associated boundary layer inflow of the TC secondary cir-
culation can advect relatively large angular momentum
surfaces inward (Montgomery and Smith 2014; Smith and
Montgomery 2015, 2016).

Late-RI members are depicted by a different morphology
and evolution of V,, than early-RI members (Figs. 14e-h). At
forecast hour 12, the late-RI composite already has signifi-
cantly weaker ascent throughout much of the TC eyewall
(Figs. 14e,i). Additionally, the late-RI composite contains a
double-minimum in V,,, with a primary minimum at a height
of approximately 800 hPa, and a secondary minimum near
300 hPa. By forecast hour 24, the double-minimum structure
in V,, is more apparent, separated by relatively weak ascent in
the eyewall between 500 and 400 hPa (Fig. 14f). By 36 h into
the simulations, late-RI members experience a reduction in
ascent throughout much of the troposphere, with an area of
subsidence = 2 Pa's™' between 800 and 450 hPa in the verti-
cal, along the inner edge of the eyewall (Fig. 14g). The ascent
in the eyewall at this time is significantly weaker than early-
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FIG. 14. Storm-centered, azimuthally averaged, composite-mean vertical velocity (V,,; shaded; Pa s~') (top) for early-RI members and
(middle) late-RI members. Composite-mean, azimuthally averaged tangential wind is contoured in green in 10 m s~ ! increments, begin-
ning at 30 m s~ . (bottom) As in the top panels, but for the difference in V,, between early-RI minus late-RI members. Regions of statisti-
cally significant differences are shown by the black contours and hatching. Composites are shown at (a),(e),(i) 12; (b),(f),() 24; (c),(g),
(k) 36; and (d),(h),(1) 48 h into the simulations.

RI members throughout a deep layer (Fig. 14k). This weaken- examined in Fig. 15. Here, the composite structure of 400-hPa
ing of the TC secondary circulation in late-RI members occurs  relative humidity is overlaid onto composite 400-hPa diabatic
following the increase in ventilation and vortex tilt (Figs. 6,8, heating, directly outputted from the model’s microphysics
and 10), supporting the hypothesis that radial ventilation sig-  scheme. In both ensemble groups, the inner-core convective and
nificantly eroded the TC convective structure. By forecast moisture fields are characterized by an azimuthal wavenumber-
hour 48, however, as the late-RI members begin to undergo  one asymmetry, with regions of heating and moist air located on
RI, the late-RI composite displays a marked increase in as- the western side of the TCs (Figs. 15a-h). A local minimum in
cent throughout the eyewall (Fig. 14h) and differences in V,,  relative humidity is found near, and to the northwest of, the TC
between the two ensemble groups are no longer significant  center, related to subsidence in the tilted TC eye (Fig. 10).
above 800 hPa (Fig. 141). In the early-RI simulations, the azimuthal extent of positive
diabatic heating gradually decreases with time, as the region of
relative humidity > 75% shrinks (Figs. 15b—d). Additionally,
the spatial pattern of diabatic heating becomes increasingly
The connection between the midtropospheric dry-air intru-  asymmetric, with peak heating occurring left-of-shear and a
sion and the horizontal structure of convective heating is region of weak diabatic cooling found in the right-of-shear

b. Relationship between convective heating and inner-
core moisture
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400-hPa Diabatic Heating Rate (K h™!; r=0-50 km)
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FIG. 15. Storm-centered, composite-mean, 400-hPa instantaneous diabatic heating rate, as directly output from the microphysics scheme
(shaded; K h™') within the innermost 50 km of (top) early-RI members and (middle) late-RI members. Storm-centered, composite-mean
400-hPa relative humidity is contoured at 75% (blue) and 50% (brown). Dashed radial rings are spaced in 10-km increments. The compos-
ite 850-200-hPa shear direction and the surface—400-hPa vortex tilt direction are shown by the black and red vectors, respectively. (bottom)
As in the top panels, but for the difference between early-RI minus late-RI members. Regions of statistically significant differences in di-
abatic heating are shown by the black contours and hatching. Composites are shown at (a),(e),(i) 24; (b),(£).() 27; (c).(g).(k) 30; and

(d),(h),(1) 33 h into the simulations.

quadrants (Fig. 15d). The region of diabatic cooling indi-
cates the evaporation or sublimation of liquid and frozen
hydrometeors from the impinging dry air mass.

The composites of late-RI members also display asymmetric
diabatic heating, however, the dry-air intrusion reaches closer
toward the TC center (Figs. 15e-h). By forecast hour 30, a pro-
nounced band of diabatic cooling in excess of 20 K h™ is found
on the eastern, or uptilt, side of the TC, at radii of 10-30 km
(Fig. 15g). This increase in diabatic cooling in late-RI members
occurs within a sharp moisture gradient, at the leading edge of
the dry-air intrusion, and immediately precedes an increase in
vortex tilt magnitude (Fig. 10a). Three hours later, the inner-
core moisture envelope of late-RI members continues to decay,
coincident with an inward progression of the band of diabatic
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cooling, nearly directly over the lower-tropospheric TC center
(Fig. 15h). At this point, the vortex tilt has continued to increase
(Fig. 10a) and a significant disruption of the inner-core vortex
structure is underway (Fig. 11). These results indicate the in-
ward advancement of the dry-air intrusion in late-RI members
acted to disrupt inner-core diabatic heating in the uptilt eyewall
through the sublimation and evaporation of hydrometeors in an
increasingly dry environment.

7. How do the initial conditions relate to the
intensity spread?

Although the TC intensity evolution of this ensemble fore-
cast has been shown to be closely tied to the impacts of a
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FIG. 16. (a) Scatterplot of the relationship between the minimum central pressure (hPa) at forecast hour 36 and

0-6-h time-averaged minimum central pressure (hPa). Early-RI members are shown in red, late-RI members are
shown in blue, and the remaining ensemble members are shown in gray. (b)-(d) As in (a), but for the relationship be-
tween the minimum central pressure (hPa) at forecast hour 36 and 0-6-h time-averaged surface—400-hPa tilt magni-
tude (km), 850-200-hPa shear magnitude (m s~ '), and column saturation fraction (%) averaged within the innermost
200 km of the TC, respectively. In each panel, circle markers indicate that the 0-6-h time-mean difference between
early- and late-RI members are statistically significant at the 95% confidence level. Square markers indicate the lack

of statistical significance.

ventilation episode approximately 24-36 h into the forecast,
one question remains: To what extent were the differing in-
tensity evolutions tied to differences in the initial state of each
simulation? To briefly address this question, Fig. 16 shows the
relationship between time-averaged measures of TC intensity,
vortex tilt, vertical wind shear, and inner-core moisture over
the first six hours of the simulations and the minimum central
pressure at forecast hour 36, when the forecast intensities fea-
tured significant spread.

Significant differences in the initial TC intensities and tilt
magnitudes between early- and late-RI members were identi-
fied. Specifically, early-RI members were associated with sig-
nificantly greater initial intensities (Fig. 16a) and more aligned
vortices (Fig. 16b) than late-RI members. Alternatively, even
though early-RI members experienced slightly weaker initial
shear magnitudes than late-RI members, with median differences
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of approximately 0.7 m s, the respective distributions display
substantial overlap, and the differences in shear were not found
to be statistically significant (Fig. 16¢). Similarly, measures of
the initial inner-core moisture, such as the 0-200-km domain-
averaged column saturation fraction (Fig. 16d), featured mini-
mal connections to the TC intensity spread at forecast hour 36.
Similar analyses using other inner-core moisture metrics, such
as relative and specific humidity at different vertical levels, also
yielded no relationship to the subsequent divergence in TC in-
tensity (not shown).

These results suggest that for the present simulations, TC
intensity uncertainty is more closely related to differences in
the initial TC kinematic structure, including the intensity of
the storm, than differences in the initial inner-core moisture
field. This finding differs from the results of Emanuel and
Zhang (2017), who found intensity forecast error growth is
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FIG. 17. A flowchart summarizing the feedback experienced by late-RI members during a period of weakening.

quite sensitive to initial inner-core tropospheric moisture. In
the present study, significant moisture differences do not begin
to emerge until later in the forecast period, as the TC begins in-
teracting with a nearby upper-tropospheric trough and an asso-
ciated dry-air intrusion as early as 12 h into the forecast period
(Fig. 51). Thus, we hypothesize differences in the TC kinematic
structure are important for determining the degree of ventila-
tion TCs experience as they interact with upper-tropospheric
troughs or other sources of dry-air intrusions, in agreement with
the findings of Riemer and Montgomery (2011), Alland et al.
(2021b), and Finocchio and Rios-Berrios (2021).

8. Conclusions

This study examined a 60-member AHW ensemble forecast
of Hurricane Gonzalo (2014), which was characterized by a
short-term intensity forecast with significant uncertainty as
the storm experienced moderate vertical wind shear while in-
teracting with an upper-tropospheric trough. Each ensemble
member consisted of the same set of parameterizations, but
featured small perturbations to the initial and boundary con-
ditions, on the scale of observational errors. Two groups of
unique TC intensity evolutions were studied, which featured
an intensity spread of approximately 20 m s~ just 36 h into
the forecast. The first ensemble group, labeled early-RI mem-
bers, experienced RI immediately after initialization. The sec-
ond group, referred to as late-RI members, experienced more
gradual intensification, before temporarily weakening 3042 h
into the forecast period, but rapidly intensified thereafter.
Ultimately, the TC intensities of both groups converged by
forecast hour 60 as all simulations reached major hurricane
intensity. Thus, the significant uncertainty in the short-term in-
tensity was primarily driven by differences in the timing of RI,
which has been shown to exhibit decreased predictability in en-
vironments of moderate vertical wind shear (Zhang and Tao
2013; Tao and Zhang 2014; Rios-Berrios et al. 2018).

The following list summarizes the key factors that are hy-
pothesized to contribute to the significantly different vortex
evolutions of early-RI and late-RI members:
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e The weakening of late-RI members was linked to a pe-
riod of significantly greater ventilation from a mid- to
upper-tropospheric dry-air intrusion compared to early-
RI members.

¢ A column-integrated MSE budget analysis for a representa-

tive early- and late-RI member revealed the late-RI member

experienced a greater loss of MSE within the TC core due in
large part to horizontal advection, consistent with the import
of low-entropy environmental air from radial ventilation

(e.g., Tang and Emanuel 2010; Alland et al. 2021b; Finocchio

and Rios-Berrios 2021).

The greater radial ventilation in the late-RI member was

associated with mesoscale subsidence in the TC core, which

acted to dry and warm a deep layer of the troposphere un-
derneath the height of the dry-air intrusion, but above the

TC boundary layer. Although this subsidence did not re-

duce MSE within the TC boundary layer as in cases where

downdraft ventilation flushes the boundary layer with low-
entropy air (e.g., Riemer et al. 2010; Alland et al. 2021a;

Chen et al. 2021), late-RI members experienced a signifi-

cant erosion of diabatic heating in the uptilt and upshear

portion of the TC core in an increasingly dry environment.

¢ Analyses using a linearized primitive equation model showed
that as the mid-to-upper-tropospheric dry-air intrusion ap-
proached the TC inner core, late-RI members exhibited vor-
tex structures that were intrinsically less resilient and more
tilted than early-RI members, while also experiencing slightly
stronger shear. As diabatic heating became increasingly
asymmetric and the inner core dried, late-RI members
displayed decreasing resilience and the vortex became in-
creasingly misaligned. We hypothesize differential advec-
tion from the increasingly misaligned vortex facilitated a
pathway where low-entropy environmental air could be
advected nearly directly over the low-level vortex and
late-RI members weakened as part of a feedback loop il-
lustrated in Fig. 17.

e As ventilation reduced diabatic heating within the inner-
core of late-RI members, the vortex structure transitioned
from a ring-like configuration of enhanced PV toward a PV
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monopole. We hypothesize ventilation in the eyewall reduced
convectively generated PV beyond the critical value needed
to maintain the barotropically unstable, PV-ring configuration
(Schubert et al. 1999; Kossin and Schubert 2001; Rozoff et al.
2009). The vortex breakdown event in late-RI members
provides evidence of an additional pathway through which
ventilation can weaken the TC vortex, as high-PV and high-
entropy air were expelled outward from the low-level eye-
wall, further weakening the TC eyewall front and thereby
the intensity of the vortex (Tang and Emanuel 2012).

TC intensity uncertainty was more closely related to differ-
ences in the initial TC kinematic structure than differences
in the initial inner-core moisture field. Specifically, early-RI
members were associated with initially more intense and
vertically aligned vortices than late-RI members. These ini-
tial differences amplified with time under the influences of
ventilation.

The complex, nonlinear nature of the multiscale interactions
examined in this study illustrates how initial condition uncer-
tainty can lead to poor predictability via differences in the tim-
ing of RI onset, similar to previous studies (Zhang and Tao
2013; Judt and Chen 2016; Rios-Berrios 2020). The vast spread
in the short-term intensity forecasts of the present study high-
lights the importance of accurate observing and data assimila-
tion systems, as well as accurate parameterization schemes, to
mitigate forecast-error growth. Specifically, accurate initializa-
tions of TC vortex structure and intensity appear critically im-
portant for accurate TC intensity forecasts in environments of
moderate shear and ventilation. Additionally, the large forecast
uncertainty associated with RI onset advocates for the utility of
ensemble and probabilistic frameworks.
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APPENDIX

Linearized Primitive Equation Model and Initialization

The linearized primitive equation model and basic configu-
ration used to analyze the tilt modes of vortex profiles derived
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from the WRF simulations are described by Reasor and
Montgomery (2015). We only briefly describe the model and
initialization here. The model assumes stably stratified flow
(with Brunt-Viisili frequency N = 1.15 X 107> s™") and em-
ploys the Boussinesq and f-plane approximations in a cylindri-
cal pseudo-height coordinate system bounded by isothermal
rigid lids. The vortex center from the WRF model simulation
is used to define the constant Coriolis parameter in each simu-
lation. The equations are linearized about a barotropic mean
vortex state derived from representative early-RI and late-RI
WRF ensemble members. The mean is defined here by an
azimuthal average about the surface vortex center and a verti-
cal average over the 900-250-hPa layer which approximately
spans the vortex depth (set at 10 km in the primitive equation
model). A centered 4-h time average of 6-min WRF output is
used to filter convective-scale fluctuations in the mean vortex
profile. The perturbation component of the flow is assumed to
have the form of an azimuthal wavenumber-one asymmetry
with vertical structure of the first internal baroclinic mode. To
simulate the impact of cloudiness on the perturbation evolu-
tion, a reduced static stability Y(r)N? is introduced in the ther-
modynamic equation (e.g., Schecter and Montgomery 2007,
Schecter 2015; Reasor and Montgomery 2015). The minimum
value of Y is set just inside the radius of maximum wind
(RMW), with sensitivity experiments carried out using mini-
mum values from 1 (“dry”) to 0.4 (“significantly cloudy”).

The intrinsic vortex resilience is analyzed by setting verti-
cal wind shear forcing to zero and initializing the linear
model with a quasi-balanced vorticity perturbation having
radial structure proportional to the azimuthal-mean vortic-
ity gradient, approximating a tilted vortex. Of interest is
how the phase and amplitude of the tilt perturbation evolve
with time. In all simulations the radial domain extends out
to 1600 km. An analytic function is applied to the vortex
profile to ensure that the mean tangential wind decays to
zero before reaching the sponge layer starting 50 km from
the outer boundary. In all cases the model is integrated out
30 h, which equates to approximately 20-30 orbital periods
at the RMW for the mean vortices examined here and the
time is sufficient to provide robust characterizations of the
tilt evolution.
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