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ABSTRACT

The FV3GFS is the current operational Global Forecast System (GFS) at the National Centers for
Environmental Prediction (NCEP), which combines a finite-volume cubed sphere dynamical core (FV3) and
GFS physics. In this study, FV3GFS is used to gain understanding of rapid intensification (RI) of tropical
cyclones (TCs) in shear. The analysis demonstrates the importance of TC structure in a complex system like
Hurricane Michael, which intensified to a category 5 hurricane over the Gulf of Mexico despite over 20 kt
(10ms™') of vertical wind shear. Michael’s RI is examined using a global-nest FV3GFS ensemble with the
nest at 3-km resolution. The ensemble shows a range of peak intensities from 77 to 159kt (40-82ms™").
Precipitation symmetry, vortex tilt, moisture, and other aspects of Michael’s evolution are compared through
composites of stronger and weaker members. The 850-200-hPa vertical shear is 22 kt (11 m s~ ') in the mean of
both strong and weak members during the early stage. Tilt and moisture are two distinguishing factors between
strong and weak members. The relationship between vortex tilt and humidification is complex, and other
studies have shown both are important for sheared intensification. Here, it is shown that tilt reduction leads to
upshear humidification and is thus a driving factor for intensification. A stronger initial vortex and early
evolution of the vortex also appear to be the key to members that are able to resist the sheared environment.
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1. Introduction

Tropical cyclone (TC) intensification in vertical wind
shear continues to be one of the most pressing chal-
lenges in both the research and operational tropical
cyclone forecast communities. While recent studies have
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begun to elucidate some of the factors that can con-
tribute to TC intensification in moderate- to high-shear
environments [10-20kt (5-10ms~")], predicting this
intensification continues to be challenging.

The intensity change of TCs in moderate-to-high
vertical wind shear is a significant subject in recent
analysis and discussion. Early studies of TC formation
and intensity change (e.g., Gray 1968) discussed shear
as a detriment to TC intensification; however, recent
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studies have highlighted the complicated nature of
the TC intensity—shear relationship. Bhatia and Nolan
(2013) showed that prediction of initially strong TCs in
moderate shear [10-20kt (5-10ms~ ') within the 850—
200-hPa layer] produced some of the largest errors in TC
intensity forecasts models; thus, studies have attempted
to understand the details of TC structure and intensity
evolution in such cases. Reasor and Eastin (2012) ana-
lyzed the evolution of Hurricane Guillermo (1997) in a
sheared environment and showed the importance of the
evolution of vortex tilt in the resiliency of the TC to the
vertical shear. Zhang and Tao (2013) found that vertical
shear increased the uncertainty of TC intensity fore-
casts. Chen and Gopalakrishnan (2015) examined the
rapid intensification of Hurricane Earl (2010) in a
sheared environment. They found that upshear con-
vection and the advection of the associated upshear
warming over the center was important for forming an
upper-level warm core and triggering RI. Rios-Berrios
etal. (2016a) studied the rapid intensification of Hurricane
Katia (2011) in a sheared environment and found that
moistening of the low- to midtroposphere in the right-of-
shear region was a key factor that allowed the TC to
intensify despite the vertical wind shear. Nguyen et al.
(2017) compared TCs Bertha (2014) and Cristobal
(2014) and found that low- to midlevel moisture was a
key factor in the difference in precipitation symmetry
and intensity change between these two sheared TCs.
Several other recent studies have examined the
structure of TCs in sheared environments. Ryglicki et al.
(2018a) used satellite data to examine atypical rapid
intensification of sheared TCs, specifically satellite sig-
natures of periodic convective pulses in these TCs,
called “tilted-modulated convective asymmetries” (TCAs).
Ryglicki et al. (2018b) expanded on this idea using an
idealized model to illustrate how TCAs effect vortex
structure and evolution in shear. These studies also
discussed how shear due to anticyclones (which tends to
be confined to upper levels) was more favorable for
development than deep-layer shear. Leighton et al.
(2018) used an ensemble of Hurricane Weather Research
and Forecasting (HWRF) forecasts to study the rapid
intensification of Hurricane Edouard (2014) and found
that a key difference between intensifying and non-
intensifying members was the propagation of convection
into the left-of-shear and upshear regions in the inten-
sifying cases. Rogers et al. (2016) found a similar result
regarding the importance of upshear convection in
Edouard using airborne radar data. Studies such as
Zhang et al. (2013, 2017) have further explored the
mechanisms responsible for allowing upshear convec-
tion and boundary layer recovery despite shear-induced
downdrafts, specifically focusing on the importance of
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surface fluxes. Miyamoto and Nolan (2018) examined an
ensemble of idealized simulations and discussed the
importance of strong convection to rapid intensification
in a moderate shear environment. Wadler et al. (2018)
used Doppler radar data to examine the structure of
convective bursts and their relationship with intensity
change and found that the greatest differences between
intensifying and steady-state TCs were in the upshear-
left quadrant. The evolution of TCs in shear continues to
be a challenging problem, involving interaction among
the vortex and synoptic scales. The relationship between
the TC environment, vortex structure, and TC intensity
in these cases motivates detailed exploration using a
state-of-the-art hurricane model in this unique TC that
was in a moderate- to high-shear environment.

Over the last few years, FV3-based hurricane models
have begun to be applied in the context of high-
resolution hurricane prediction. Hazelton et al. (2018a)
analyzed a high-resolution (2km) version of HFV3 with
the Geophysical Fluid Dynamics Laboratory (GFDL)
configuration of model dynamics and physics by com-
paring model forecast TC structure with airborne radar
observations. Hazelton et al. (2018b) examined a large
set of HFV3 cases from the 2017 Atlantic Hurricane
season, demonstrating the track and intensity skill of the
model as well as the ability to predict structure changes
that lead to RI.

This study will build off and expand on these studies by
examining a high-resolution ensemble of HFV3 forecasts.
While prior high-resolution forecasts focused on a single
deterministic member, this study will employ an ensemble
approach, motivated by the desire for future development
of a high-quality TC ensemble system. This system is ap-
plied to a significant TC from the 2018 Atlantic season,
Hurricane Michael, to better understand TC structure and
intensity evolution in a moderate- to high-shear environ-
ment. In section 2, the model setup is described. Section 3
illustrates the differences between strong and weak
members, both in a composite sense and also through
detailed examination of two specific members. Finally,
conclusions of the study are outlined in section 4.

2. Data
a. Case description

Hurricane Michael was the strongest TC of the 2018
Atlantic hurricane season. The TC formed over the
northwestern Caribbean Sea from a Central American
gyre (e.g., Papin et al. 2017) and moved into the Gulf of
Mexico (GoM). It was a TC that developed and under-
went rapid intensification (RI, a change in maximum
wind speed of 30kt (15ms™") or more in a 24-h period,
Kaplan et al. 2010) in a moderate- to high-shear



MAY 2020

environment. Despite large-scale vertical shear in excess
of 20kt, it rapidly intensified into a major hurricane and
continued to intensify until it made landfall near Mexico
Beach, FL, as a high-end category 4 hurricane with
maximum sustained winds of 135 kt. The rapid intensi-
fication of Michael in the Northeast GoM to just below
the threshold of category 5 was extremely rare clima-
tologically. In addition, according to Rappaport et al.
(2010), in a study of 1979-2008 GoM landfalls, there
were no RI events in the GoM north of 25°N and east
of 90°W. In addition, GoM major hurricanes tended
to weaken before landfall, according to that study.
Michael’s rapid intensification was very anomalous
from a climatological sense. In addition, the spread
in the operational forecast guidance was large, with
the Statistical Hurricane Intensity Prediction Scheme
(SHIPS) predicting a category-1 hurricane and the
HWRF model predicting a category 4 hurricane early
in Michael’s life cycle. The Tropical Cyclone Report
for Hurricane Michael notes that both the official and
model intensity forecast errors for Michael were sig-
nificantly larger than the 5-yr mean (Beven et al.
2019). Thus, it is important to understand the source
of forecast uncertainty and the factors that allowed
Michael to intensify despite strong vertical shear.

b. Model configuration

The finite-volume cubed sphere dynamical core (FV3)
(Lin and Rood 1997; Lin 1997, 2004) has been chosen as
the new core of the NOAA Global Forecast System
(GFS). While initially a global model, recent work has
begun to use FV3GFS (the FV3 core with GFS physics) for
high-resolution prediction of impactful weather such as
tropical cyclones and severe convection. In this study, en-
semble forecasts based on the high-resolution nested ver-
sion of FV3GFS (hereafter, HFV3) model system are used
to study the structure and intensity change of Michael.

The ensemble simulations for Michael were initialized
at 1800 UTC 7 October 2018, 6 hours after the system
was officially classified as a TC. The physical pa-
rameterizations are similar to those used in the op-
erational FV3GFS run by the National Centers for
Environmental Prediction (NCEP). For radiation, the
model system uses the Rapid Radiative Transfer Model
for Global Climate Models (RRTMG, Iacono et al.
2008). For planetary boundary layer (PBL) physics, the
nonlocal Han and Pan (2011) parameterization is used.
The convective parameterization is the recently updated
scale-aware cumulus parameterization that is opera-
tional in both the GFS (Han et al. 2017) and HWRF
models. The 6-class single-moment Geophysical Fluid
Dynamics Laboratory (GFDL) microphysics is used
(Chen and Lin 2013; Zhou et al. 2019), as in the
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TABLE 1. Physical parameterizations used in this study.

Physical process Scheme Reference

Convection Scale-aware SAS Han et al. (2017)
Microphysics GFDL Chen and Lin (2013)
PBL GFS Han and Pan (2011)
Radiation RRTMG Iacono et al. (2008)

operational GFS. This scheme is similar to the 6-class
scheme of Lin et al. (1983). The physical parameteriza-
tions are summarized in Table 1.

For this study, a high-resolution 3-km nested grid
covering most of the North Atlantic is embedded in a
13-km uniform global grid. There is two-way feedback
between the nested grid and the global grid (Harris and
Lin 2013). Both the global and nested grids use 63 ver-
tical levels. A similar setup (although with a slightly
different nested grid) was used in Hazelton et al. (2018b)
in a large set of hindcasts from the 2017 Atlantic hurri-
cane season, and demonstrated skill in forecasting TC
track, intensity, and structure. The horizontal resolution
of ~3km should be able to capture most of the inner-
core structure, although the smallest inner core features
(such as small-scale eyewall asymmetries) may not be
resolved. Figure 1 shows the global grid layout in both a
cube and “‘unwrapped” perspective and also highlights
the region covered by the Atlantic nest.

c. Ensemble setup

The current version of FV3GFS does not have a
separate data assimilation system, but rather uses the
initial conditions from the GFS analyses;1 thus, in order
to construct an ensemble system, 40 members are ran-
domly selected from the Global Ensemble Forecast
System (GEFS) analyses. These 40 members come from
an 80-member ensemble Kalman filter (EnKF) data
assimilation system (Zhou et al. 2017). A deterministic
HFV3 forecast is also included at the same model res-
olution, initialized with the full-resolution operational
GFS analysis. This makes a total of 41 high-resolution
forecast members for this case. The members were
“cold-started” from the GEFS analyses, with no artifi-
cial vortex modification. The members were run out to
120h, covering a period including the track of Michael
across the GoM to landfall along the northern Gulf
Coast, and extending inland over the eastern United
States after landfall. The initial sea surface temperature

! The FV3GFS became operational on 12 June 2019 (i.e., GFS).
Before that date, the GFS was referred to as the Global Spectral
Model operated in NCEP. The GFS analysis was the high-
resolution analysis based on operational GFS on that date.
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FIG. 1. (a) Terrain from the 6 global tiles of the FV3 dynamical
core used in this study, represented as a cube. (b) As in (a), but
“unwrapped” and with light blue shading highlighting the high-
resolution Atlantic nest.

(SST) from the GEFS fields is kept constant throughout
the simulation, as ocean coupling is a capability still in
development. The SST along the path of Michael were
1°-2°C higher than average (not shown), and the rela-
tively fast movement of the TC meant that ocean cooling
was likely not a substantial hindrance to intensification.

3. Results

a. Basic ensemble statistics

1) TRACK AND INTENSITY

Figure 2 shows the tracks of all 40 members from the
ensemble forecast and the deterministic forecast. The
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FIG. 2. The 5-day forecast tracks of all 40 HFV3 ensemble
members (red) and the deterministic HFV3 forecast for Hurricane
Michael (blue) initialized at 1800 UTC 7 Oct 2018. The observed
track (best track) is shown in black.

tracks are generally close to the observed track of
Michael, although there is a left bias with all members
falling along or left of the observed. The tight clustering
with a relatively consistent bias may be indicative of
under dispersion in track forecasts due to the initiali-
zation from GEFS (e.g., Zhou et al. 2017; Buizza et al.
2000), which was similarly underdispersive in track (not
shown). Figure 3 shows the intensity forecasts from all
41 forecasts. In contrast to the track forecasts, there was a
large spread in intensity forecasts, with peak wind speed
ranging from 77 to 159kt (39-82ms™'). Previous work
has shown that shear decreases the predictability of TC
intensity (e.g., Zhang and Tao 2013), so this large inten-
sity spread is not surprising. In general, most members
slightly underpredicted the intensity; however, many did
show quick deepening before landfall, and about 20%—
25% did reach or exceed the observed peak intensity.

Rapid intensification (RI) is defined as an increase in
maximum sustained winds of 30kt (15ms™! in 24h
(Kaplan et al. 2010). Two periods of intensification are
examined: hours 12-36 and 36-60. The structure at the
start of these periods will be a focus later. The observed
TC fell just short of the RI threshold for the first period,
with an increase of 25kt (13ms™ ') but met it for the
second, with an increase of 35kt (18 ms™!). Of the en-
semble members, 8/41 met the RI threshold during the
first period, while 20/41 met the threshold during the
second period. This provides further evidence that
the ensemble set reasonably reflected the overall in-
tensity evolution of Michael.
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FIG. 3. (a) Maximum wind speed and (b) minimum central pressure of all 40 HFV3 ensemble
members (red) and the deterministic HFV3 forecast for Hurricane Michael (blue) initialized at
1800 UTC 7 Oct 2018. The observed track (best track) wind speed and pressure is shown

in black.

2) WIND RADII

To examine the ensemble spread in more detail, the
wind radii were also calculated. Figure 4 shows box plots
of the forecast and observed radius of maximum wind
(RMW) and radius of 34-kt wind (R34). While analyzed
wind radii can have large errors in some cases, ana-
lyses from Michael were likely more accurate due to a
plethora of aircraft observations (e.g., Cangialosi and
Landsea 2016), with four NOAA Hurricane Hunter P-3
flights and eight Air Force C-130 Hurricane Hunter
flights providing near-constant sampling of the storm’s
inner and outer wind radii from genesis through landfall.

The RMW (Fig. 4a) has a fairly large spread early in
the forecast, as a small inner core developed within a
broader, gyre-like circulation (e.g., Papin et al. 2017);
however, after the first ~24 h, the variability decreases,
and the observed RMW is close to the median of the
ensemble envelope. Interestingly, the RMW remains
relatively constant after hour 36 in both the model and

observations. The intensity change at various periods
will be examined later in the paper. The radius of 34-kt
winds (R34, Fig. 4b) is generally too large early in the
forecast period. However, it is close to the observed
after hour 48, with a marked increase in R34 (as well
as RMW) after landfall as extratropical transition
occurred.

b. Synoptic overview

First, the synoptic upper-level pattern surrounding
Michael is examined, to help understand some of the
large-scale factors affecting Michael’s intensity change
and to begin to explore differences between the mem-
bers. Figure 5 shows the 850-200-hPa shear and 200-hPa
streamlines from a representative ensemble member,
every 18 h from 6 to 60 h. Initially, the TC was sheared by
upper-level flow around an anticyclone to its southwest.
Shear from anticyclones has been shown to be shallow
and less hostile to TC development than deep-layer
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FI1G. 4. (a) Boxplot of the radius of maximum wind of all 41 HFV3 ensemble members ini-
tialized at 1800 UTC 7 Oct 2018. The open circles represent outlier members. The observed
track (best track) radius of maximum wind is shown in black. (b) As in (a), but for radius of

34-kt (17ms~ ') wind.

shear from troughs (e.g., Ryglicki et al. 2018a). In ad-
dition, there was a large area of upper-level diffluence to
the northeast of the TC, with an outflow jet enhanced by
an upper-level low east of the Bahamas. This provided
an environment favorable for convection to help the TC
resist the shear. Later on, the outflow jet to the east of
the TC continued, and outflow was also enhanced north
of the TC due to an approaching upper-level trough.
However, outflow was restricted on the west side of the
TC due to the approaching trough.

To explore whether differences in the TC location
relative to the trough may have contributed to the in-
tensity differences, Fig. 6 shows the ensemble tracks,
colored by the lifetime minimum pressure of each
member. The weakest members (970-980 hPa) do ap-
pear on the west edge of the ensemble suite. However,
4-5 of the weaker members (950-970 hPa) also appear
in a similar location to many strong members. So, the
location of the TC relative to the trough may have

played some role but was likely not the sole factor
contributing to intensity change. To further illustrate
this, the large-scale vertical wind shear is also calculated.
The shear is defined, using a methodology similar to the
SHIPS model (e.g., DeMaria and Kaplan 1994), as the
850-200-hPa shear in an annulus of 200-800 km from
the TC center. Figure 7 shows the evolution of minimum
central pressure and the simultaneous changes in the
shear. The large-scale shear was in the moderate to
high range for the first 48h of the forecasts in both
the ensembles and observations, as defined by SHIPS.
Despite this shear, the TC intensified to 950 hPa in these
48h. Bhatia and Nolan (2013) noted that strong TCs
[>70kt (36 ms ') intensity] in moderate shear [10-20 kt
(5-10ms~")] presented one of the biggest challenges to
model forecasts of TC intensity, which is reflected in the
large intensity spread seen here. The intensification was
captured by a few, although not the majority, of the
members. After hour 48, in both the model members
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FIG. 5. (a) The 850-200-hPa shear (shaded) and 200-hPa streamlines at 6 h from one of the ensemble members.
(b) Asin (a), but at 24 h. (c) As in (a), but at 42 h. (d) As in (b), but at 60 h.

and observations, the shear decreased and the intensi-
fication continued at a faster pace, although there was a
slight spread in shear, which seemed to be associated
with proximity to the trough. The overall consistency
between the model and observed shear, as well as the
large intensity spread despite relatively small shear
spread, gives confidence that changes in TC intensity are
related to other factors besides just differences in large-
scale flow.

c. Structure metrics

Some recent studies examining various sheared
TCs in both observational and model frameworks
(e.g., Zawislak et al. 2016; Munsell et al. 2017; Nguyen
et al. 2017; Shimada et al. 2017; Rios-Berrios et al.
2018; Tao and Zhang 2019) have shown that two key

processes in intensification of TCs in sheared envi-
ronments are symmetrization of the vortex and re-
duction of the vertical tilt. In this study, we expand
on these ideas by calculating specific structure metrics
to examine these two processes in the simulations,
to quantitatively examine whether vortex dynamical
and/or thermodynamic structure were important in
the evolution of Michael. The metrics evaluated were
as follows.

Tilt is defined as the distance between the 850- and
500-hPa centers (to represent the low and midlevel
centers, calculated using the geopotential centroid
method of Alaka et al. 2019):

Tilt = \/(xsso - x500)2 + (Vgso 500)2 ) (3.1)
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FIG. 6. Tracks of all ensemble members, colored by the lowest
minimum central pressure (hPa) of each member during the entire
forecast.

where xgso/ysso and xsoo/yspoare the center locations at
each height.

Symmetry is based on 4-km reflectivity (midlevel,
but below the melting level) and is defined as the ratio
of the wavenumber-0 field to the total field. This is
similar to a metric based on vorticity in Miyamoto and
Takemi (2013):

14

§=—-3 | 32

W, +2W, G2)
where W, is the wavenumber-0 component, and is
compared with the sum of the higher-wavenumber
terms (W,,) from a Fourier decomposition. The wave-
numbers are calculated in the eyewall region, defined as
R* = 0.75 RMW85O to R* = 1.25 RMW&;(), where
RMWgss is the radius of maximum winds at 850 hPa.
Two measures of symmetry are discussed below: Sy,
which calculates the ratio of the symmetric field to the
total field including all asymmetric components, and Sy,
which calculates the ratio of the symmetric field to the
combination of the symmetric and wavenumber-1 field.
This is useful in the context of this study because the
precipitation structure of sheared TCs often exhibits
a wavenumber-1 asymmetry (e.g., Chen et al. 2006;
Reasor et al. 2013).

Closure is also based on 4-km reflectivity and mea-
sures the percentage of the eyewall, again defined as
R* = 0.75 RMWgso to R* = 1.25 RMWgs(, where there
is a radial band of at least two grid points at a given
azimuth (at 5° azimuthal resolution) that has reflectivity
of at least 20 dBZ. This metric essentially measures how
much of the TC eyewall region consists of at least
moderate precipitation. This metric is similar to the
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FI1G. 7. Minimum central pressure (hPa) of the 41 Michael
forecasts used in this study. The lines are shaded by the 850-
200-hPa vertical shear magnitude (kt, 1kt = 0.5144ms™'). The
observed pressure from best track and the observed shear from
SHIPS (every 6 h) is shown by the large diamonds.

closure metric defined in a study of Hurricane Isabel
(2003) by Matyas et al. (2018), but is more confined to
the eyewall region (R* = 0.75-1.25) than the metric in
that study:

360°
Y a (ifdBZ=20)
Closure = -~

(3.3)

360°

da
&

The metrics were calculated from the model data and
also were compared (where applicable) with the ob-
served data from the radar onboard the NOAA P-3,
which flew four times into Hurricane Michael. The
structure metric time series (Fig. 8) show that, unsur-
prisingly, symmetry increases and tilt decreases as ver-
tical shear decreases around hours 48-60; however,
there are also some differences earlier in the forecasts.
In general, members that intensified more quickly had
greater symmetry and smaller vortex tilt even when the
shear was strong early in the forecast period. There was
some relationship between the ensemble peak intensity
and the initial tilt, but it was not statistically significant
(r = 0.20, p = 0.22). This implies that the early vortex
structure evolution after initialization, rather than the
initial tilt, was key to the intensification of Michael in
shear. The structure changes and differences are further
quantified in the next section.

d. Differences between strong and weak members for
two intensification periods

To explore the environmental and structural factors
that allowed Michael to rapidly intensify despite shear
that was marginal to hostile based on traditional shear
metrics (e.g., DeMaria and Kaplan 1994), differences
between the strong and weak members were explored.
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FIG. 8. (a) Minimum central pressure (hPa) of the 41 Michael forecasts used in this study. The lines are shaded by the symmetric metric
S.n- The observed pressure and symmetry (from NOAA P-3 flights) are shown in the diamonds. (b) As in (a), but shaded by the
wavenumber-1 symmetry metric S;. (c) As in (a), but shaded by the closure metric. (d) As in (a), but shaded by the vortex tilt.

The members were defined based on the minimum
pressure at hour 60. The deterministic forecast also fell
within the “strong” set. Both composite differences and
individual differences between the sets, both early and
toward the middle of the forecasts (hours 12 and 36) are
examined next.

1) COMPOSITES OF STRONG AND WEAK MEMBERS

As mentioned above, there were no major differences
in the large-scale shear evident in the time series. Spatial
composite comparisons of shear (not shown) were also
very similar in the strong and weak sets. While it is
possible that some of the shear experienced by the TC
occurred outside this 850-200-hPa layer, deep-layer
soundings averaged over the large-scale environment
showed similar environmental wind profiles for both
strong and weak members (not shown). Thus, the dif-
ferences in large-scale shear did not appear to be a major
distinguishing factor in the early intensification period.

The traditional large-scale shear metrics may have
overestimated the shear for Michael, which was located
on the edge of a shear gradient (see Fig. 5). Also, as
noted in Ryglicki et al. (2019), sometimes convectively
induced outflow can “push back’ against the large-scale
shear and insulate the core. We wanted to explore
whether this led to reduced “‘local’ shear for the strong

members. For both sets, “local” shear was defined by
the shear in r = 0-200km annulus. Table 2 shows the
mean values for the strong and weak members at hours
12 and 36. The “local”” shear was indeed at least 4-5kt
lower than the large-scale shear. However, the differ-
ences between strong and weak members in local shear
were insignificant at both forecast hours. This seems to
imply that other synoptic or structural variables were
more important to the evolution of Michael.

One synoptic variable that has been shown to be im-
portant in some high-shear RI cases is low- to mid-
tropospheric moisture (e.g., Rios-Berrios et al. 2016a,b;
Zawislak et al. 2016; Nguyen et al. 2017; Leighton et al.
2018). Given that the local and large-scale shear differ-
ences between members were not huge, this was seen
as a potential large-scale difference in Michael that was
worthy of further exploration. Figures 9 and 10 show
composites of precipitable water and 500-hPa relative
humidity for the strong and weak members, as well as
the difference composites. In this composite, the hori-
zontal coordinates are normalized by the 850-hPa RMW
to prevent artifacts from TCs of different size.

At hour 12, prior to early intensification, both com-
posites show an area of midlevel dry air near the core of
the TC on the west/upshear side. However, the differ-
ence plot shows that the strong members tend to be
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TABLE 2. Mean values of structure metrics tilt (km), symmetry, and closure, as well as basic metrics minimum central pressure (hPa),
RMW (km), and shear (kt, 1kt = 0.5144ms ') at hours 12 and 36 for the strong and weak members (defined based on intensity at hour

60). The statistical significance of the difference between the groups is shown in the bottom row, and significant relationships are listed in

italics.

Pmin (hPa) RMW (km) Shear (kt) Tilt (km) San S1 Closure Local shear
Hour 12
Mean strong 986.9 65.3 21.8 27.0 0.19 0.31 0.54 16.8
Mean weak 991.7 74.1 22.5 33.5 0.17 0.27 0.49 15.2
P value 0.001 0.11 0.14 0.13 0.34 0.27 0.13 0.14
Hour 36
Mean strong 973.2 44.7 23.1 12.4 0.26 0.37 0.53 19.6
Mean weak 981.8 54.1 24.9 21.9 0.15 0.22 0.47 19.7
P value 0.000 003 0.007 0.06 0.000 007 0.001 0.0005 0.05 0.32
moister in this region as well as in the north/left-of- have more precipitation in the outer core (R* = 4-6)

shear quadrant. The differences are even more pro-
nounced when looking at the precipitable water. There
is an area of dry low- to midlevel air on the west side, but
it is more pronounced in the weak members, and the
difference plots show that the strong members have
much higher moisture in this area.

At hour 36, the strong composites again show much
greater low- and midlevel moisture than the weak
composites. The difference composites highlight two
key regions that are particularly different between the
sets. Close to the storm center (R* = 2-4), there is a
region of higher moisture wrapping from the southeast
side/downshear-right to the northwest side/upshear-left.
This is consistent with the idea of wrapping of convec-
tion in intensifying cases that was discussed in Leighton
et al. (2018). However, an even greater difference exists
in the large-scale moisture at a larger distance (R* =
5-10) from the TC center. The intensifying TCs have
greater moisture in the upshear regions, wrapping
around the south side of the storm. This implies that
despite similar shear in the two cases, the moisture
content in the upshear region was critical for allowing
the TC to build a core and intensify despite the shear
(e.g., Rogers et al. 2016). To confirm whether there was
greater precipitation wrapping into the upshear region
in the strong cases, Figs. 11 and 12 show the composite
4-km simulated reflectivity for the strong and weak
members, as well as the differences between the mem-
ber composites.

Athour 12, the composites appear fairly similar at first
glance, a very asymmetric precipitation distribution with
precipitation focused on the east/downshear side. This is
due to the typical shear-relative precipitation pattern
that has been well documented (e.g., Corbosiero and
Molinari 2002; DeHart et al. 2014). However, there
are some subtle differences between the composites,
which are particularly highlighted in the difference
plot (Fig. 11c). The strong members (from hours 12-36)

region left-of-shear (on the north side), and also more
precipitation in the inner-core region right-of-shear.
However, the differences upshear are fairly small at
this lead time.

At hour 36, there are again some similarities between
the composites, especially the tendency for precipitation
on the east/downshear side. This asymmetry was also
seen in the observed TC, as shown later. However, there
are some differences that stand out, especially in the dif-
ference plot (Fig. 12c). The composite for the strong cases
features a ring of 20 dBZ reflectivity wrapping around the
west/upshear side of the core. In addition, precipitation is
stronger in the northeast quadrant/downshear-left for the
strong members, but in the southeast quadrant/downshear-
right for the weak members. The precipitation was able to
form downshear-right but wrap upshear to the west side of
the storm in the strong members, but remained more
confined to the downshear region in the weak members.
This will be quantified in the examination of structure
metrics in weak/strong cases in the next section.

The impact of upshear humidity on TC intensification
has been documented in other cases, as noted above.
However, this ensemble set provides a unique oppor-
tunity to examine this evolution over a wide intensity
range. To further examine the role of moisture and how
this changed over time, time series of precipitable water
and 500-hPa relative humidity from hours 0 to 60 were
created for the means of the strong and weak members.
These are shown in Fig. 13. As will be seen in a cross
section later, the biggest differences between the strong
and weak members seemed to be in the mid- to upper
levels, which is why 500 hPa was chosen, but the pre-
cipitable water also gives an idea of the overall moisture
environment near and around the TC. Time series were
shown of the relative humidity and precipitable water
averaged over a 200-600km annulus around the TC,
and were calculated for both the western/upshear and
northeastern/downshear-left quadrants of the TC.
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FIG. 9. (a) Composite precipitable water (mm) at 12 h for the 20 “‘strong’” members based on intensity at
60 h. The coordinate system is normalized by the 850-hPa radius of maximum wind (RMW). The mean
shear vector from the strong members is shown in the black arrow. (b) Asin (a), but for the 500-hPa relative
humidity. (c) Asin (a), but for “weak’” members. (d) Asin (b), but for “weak members. (e) The difference
in precipitable water between the strong and weak members. (f) The difference in relative humidity be-
tween the strong and weak members.
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FIG. 11. (a) Composite of 4-km reflectivity (dBZ) at 12 h for the 20 “‘strong”” members based on intensity at hour 60. The horizontal
coordinate system is normalized by the 850-hPa radius of maximum wind (RMW). The mean shear vector from the strong members is
shown in the black arrow. (b) As in (a), but for the “weak” members. (c) The difference in reflectivity between the strong and weak

members.

Consistent with the composite figures, there is virtually
no difference in the downshear moisture. However, in
the west/upshear region, starting at around 12 h, there is
an appreciable difference between the strong and weak
members, with the strong members having more mois-
ture. However, based on one-tailed ¢ tests, the differ-
ences did not become statistically significant until
around 30 h. The fact that the difference is not significant
initially implies that the change in moisture is potentially
related to other structural evolution of the TC, which
will be quantified next. The overall trend is for the
western and northeast humidity to approach each other
as the TC symmetrizes throughout the forecast period.
This process happens in both strong and weak members,
but is more rapid in the strong members.

2) STRUCTURE METRICS

To further quantify the structural differences seen in
the strong/weak composites, comparisons of the structure

metrics listed above (vortex tilt, symmetry, and closure)
were made between the strong and weak members. The
comparisons for the strong and weak members are
shown in Table 2 based on the structure metrics at hours
12 and 36 (compared with the full time evolution shown
in Fig. 8). Several basic metrics (Pmin, RMW, and shear)
are also listed. The differences between the strong and
weak groups are evaluated by one-tailed ¢ tests.

At hour 12, there are surprisingly very small differ-
ences between the sets. The shear is nearly identical,
over 22kt (11ms ") for both groups. The initial RMW
is slightly smaller for the strong group, indicating de-
velopment of a more compact core. This earlier con-
traction of the RMW could be part of the reason for the
earlier/stronger intensification (e.g., Chen et al. 2018).
However, this difference is not statistically significant.
In addition, none of the structure metrics show sta-
tistically significant differences. With the composites
showing more moisture and enhanced precipitation for
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FIG. 12. As in Fig. 11, but valid at 36 h.
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F1G. 13. (a) Time series of precipitable water in the northeast (solid) and west (dashed)
quadrants for the strong and weak member means. The precipitable water is averaged over an
annulus from 200 to 600 km from the TC center. Black brackets denote forecast hours (in 6-h
increments) where the differences are statistically significant (p < 0.05). (b) As in (a), but for

500-hPa relative humidity.

the strong members, it appears that this was not yet re-
flected in the structure of the inner core, at least not in
all cases.

At hour 36, the picture is very different. As shown in
the composites, the shear was slightly lower for the
strong members, but still over 22kt (11ms™~'); which
was stronger than at the beginning of the RI period at
hour 12. The RMW was smaller and Pmin lower for the
strong members, indicating that these members already
had a more developed TC with a more robust core that
was able to strengthen further despite marginal con-
ditions in the large-scale environment. The strong

members, unsurprisingly, had a significantly smaller
vortex tilt. This is generally consistent with the idealized
ensemble shown in Miyamoto and Nolan (2018), in
which ensemble members with a more upright vortex
and smaller RMW were more likely to experience rapid
intensification. The structure metrics show several other
key differences as well. The precipitation symmetry
was significantly greater for both metrics for the strong
cases, as well, indicating more wrapping of precipitation,
consistent with the reflectivity composites shown above.
The closure metric was also slightly higher for the
strong case average, although the differences were only
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marginally significant for this metric. Based on the lack
of significant differences in the strong and weak groups
at hour 12, but much stronger relationships at hour 36, it
appears that the period between hours 12 and 36 was key
for evolution of the vortex.

3) LAG RELATIONSHIP BETWEEN VORTEX TILT
AND UPSHEAR HUMIDITY

The analysis above highlights the importance of both
vortex dynamical structure (i.e., tilt) and thermody-
namic parameters (moisture). However, this leads to the
question of how these two aspects are related, and what
the relative lag is between the two. To help answer that
question, Fig. 14 shows lag correlations between the
500-hPa humidity in the western/upshear quadrant and
the vortex tilt metric. The correlations are presented as
box plots illustrating the relationship for each member
between —6h lag (humidity leading) and +6h lag (tilt
leading). The plots are also separated into the strong and
weak members. The correlations are relatively strong at
all leads, due to the overall trend for a decrease in tilt
and increase in upshear moisture (Fig. 13) seen in most
or all members. For the strong group, the highest cor-
relation and lowest spread is at +2h, and the correla-
tions with positive lag are generally slightly larger than
those with negative lag. For the weak group, the overall
correlations are slightly lower and the spread is slightly
higher, indicating a more diverse structure response.
The strongest relationship is still at +2 h, which indicates
that for this particular case the tilt seemed to be the
leading indicator, with the changes in moisture follow-
ing. However, given that large changes in vortex struc-
ture, humidity, and intensity were ongoing during this
period for Michael, a feedback between these processes
was certainly occurring. It is also worth noting that this
analysis only considers tilt magnitude. Further analysis
that also examines whether tilt orientation has any re-
lationship with humidification is beyond the scope of this
study but would be worthy of exploration.

4) IMPACT OF INITIAL CONDITIONS AND EARLY
EVOLUTION

The lag correlations and other analyses lead to the
question of how much of the differences between en-
semble members was due to differences in the initial
vortex structure versus how the vortex evolved after
initialization. To help address this question, several
structure and environmental variables are correlated
with the intensity at 60h. Specifically, the 850-hPa
RMW, 850-hPa vorticity within a radius of 50km from
the center, and precipitable water in the western quad-
rant in a region 50-100km form the center are evalu-
ated. The correlations are calculated at the first output

HAZELTON ET AL.

2023

time (1h) and then every 6 h from 6 to 60 h. Results are
shown in Table 3. For all variables, the correlations are
strongest closer to 60 h and weaker closer to initializa-
tion, indicating that vortex evolution despite the shear
was a key aspect of member differences. However, there
are some indications that early vortex structure was
important as well. Specifically, 850-hPa vorticity at the
initial time (1h) was significantly correlated with the
60 h intensity. This indicates that a stronger early vortex
was more likely to resist the shear and intensify later.
However, the correlation for RMW is not significant at
1h but becomes significant around 18 h, indicating that
the early evolution after initialization was also impor-
tant. Finally, although upshear moisture in the near-
storm environment was a factor, as evidenced by the
correlations at hours 30-48, there was little relationship
between the peak intensity and the early moisture. This
seems to indicate, as the lag correlations also showed,
that moisture was responding to the initial strength and
subsequent evolution of the vortex as it resisted the
shear and attempted to align and intensify.

5) CASE STUDY OF A STRONG AND WEAK MEMBER

To further explore the structural differences illus-
trated in the strong/weak composites and metric com-
parisons, two individual members are selected, one from
each of the strong/weak groups. The first member
(Strong01) deepened by 23 hPa between hours 12 and 36
and then 43 hPa between hours 36 and 60 (Fig. 15a). It
reached a peak intensity of 922 hPa at hour 62, close to
the observed minimum pressure of 919 hPa. The other
member (Weak01) only deepened by 7hPa from hours
12-36 and only deepened by 10 hPa from hours 36-60.
The minimum pressure of 977 hPa at hour 63 was 58 hPa
weaker than the observed minimum of 919hPa. The
synoptic and structural evolution of the two members
are compared and also compared with observations
from NOAA reconnaissance flights when available.

Figure 15 shows time series of minimum pressure,
shear, mid- and low-level vortex strength as measured
by the mean tangential wind at the RMW, vortex tilt,
symmetry, and closure for the strong and weak mem-
bers from hours 1-72, past the landfall for both cases.
The shear evolution was very similar between the two
members, with shear starting off high [>20kt (10ms~")]
and then decreasing later in the forecast period. In fact,
the shear was slightly greater for Strong01 during the
period from hours 24-48 when the two members di-
verged in intensity. Despite the similar large-scale shear,
the mid- and low-level vortices strengthened much more
in Strong0l1. In this “moderate shear regime,” slight
differences in shear and the TC response may manifest
in large structural differences. For example, the tilt
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FIG. 14. (a) Boxplots of the correlation between vortex tilt and western quadrant 500-hPa
humidity for the strong members. Positive lag indicates tilt leading, negative lag indicates
humidity leading. The orange line shows the median. (b) As in (a), but for the weak members.

decreased in both members from hours 12-24, but
spiked back up in the weak member around the same
time intensification leveled off. The storm also took
much longer to symmetrize in the weak member, with an
initial symmetrization attempt around hours 18-24 that
was not sustained. In Strong01, the symmetry reached
~0.5 several times from hours 12-36 during a period of
significant intensification, but it did not reach 0.5 in the

weak member until hour 60 as the storm approached
landfall. A similar divergence in closure was noted after
hour 24, where the eyewall in Strong01 was 50%-100%
closed for the rest of the period before landfall, but
closure did not reach 50% until just prior to landfall in
Weak01. Table 4 lists the structure metrics for each
member at hour 12 and 36. At hour 12, in strong mem-
bers, the tilt was about half as small, and the eyewall was
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TABLE 3. Correlations between several variables at different
forecast hours of the ensemble set and the peak intensity at 60 h.
The variables correlated with peak wind are the 850-hPa RMW,
850-hPa vorticity in the region from the center to r = 50 km, and
precipitable water in the western quadrant from r = 50-100 km.
Relationships that are significant at the 95% level are italicized,
and relationships that are significant at the 99% level are bold and
italicized.

Correlation Correlation Correlation with
Forecast ~ with 850-hPa  with 850-hPa west quadrant

hour RMW vorticity precipitable water
1 -0.27 0.42 0.18
6 —0.35 0.59 0.08
12 -0.24 0.47 0.34
18 -0.52 0.58 0.29
24 —-0.41 0.58 0.09
30 -0.45 0.70 0.49
36 -0.53 0.70 0.58
42 -0.76 0.78 0.41
48 -0.73 0.83 0.61
54 -0.78 0.88 0.123
60 -0.72 0.87 0.27

about 4 times as symmetric as the weak ones. In addi-
tion, the eyewall was almost half closed (0.49) in the
strong member but just over a third closed (0.38) in the
weak member. At hour 36, the vortex had almost no tilt
(6.7km) in the strong member, but was still tilted
(26.9km) in the weak member. The eyewall reflectivity
was much more symmetric in the strong member, and
the eyewall was almost 3/4 closed, while in the weak
member the eyewall was extremely asymmetric and still
only about 1/3 closed. These structural differences did
not appear to be due to any differences in large-scale
shear, as the shear at hour 12 was only 0.7kt (0.4ms ")
higher for Weak01, and was actually 2.7kt (1.4ms™ ')
higher for Strong01 at hour 36. The ability of the TC to
vertically align and symmetrize despite the strong large-
scale shear played a key role in the speed of deepening.

To assess whether the forecast structural changes
were consistent with what occurred in the real TC, the
model forecasts were compared directly with radar ob-
servations from the NOAA P-3 flights into Michael.
Figures 16a—c show the 4-km radar reflectivity from the
strong and weak members, and also from a pass across
the eye from one of the flights around 0100 UTC
9 October This is 31 h of the forecasts, as there was no
flight at 36 h. The radar coverage does not fully capture
the entire storm, but is enough to capture the eyewall
region used to evaluate the structure metrics (black
circles). The strong member is more in line with obser-
vations, with asymmetric stronger precipitation in the
northeast quadrant and a core of strong precipitation
wrapping around most of the eyewall on the west side
(upshear). In the weak member, both the inner core and
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outer core differ from observations, with no precipita-
tion wrapping around the west side of the eyewall, and
most of the outer-core precipitation confined to the
southeast quadrant. This difference is consistent with
the findings of Rogers et al. (2016) and Leighton et al.
(2018) in Hurricane Edouard, where intensification was
associated with convection wrapping into the upshear
quadrant. Figures 16d—{f illustrate the vortex tilt from the
model and radar at the same time period, showing the
850- and 500-hPa winds from the model (1.5 and 5.5km
from the radar). Although the coverage is not perfect,
the radar shows that Michael’s low-level and midlevel
centers were close to vertically aligned at this time, as in
the strong member. In the weak member, the misalign-
ment is apparent, with the 500-hPa center noticeably
displaced to the southeast (generally downshear). This
consistency in structure between the strong member and
the observed TC provides confidence that the structural
changes leading to RI in the strong members were
similar to those in the real TC.

To further investigate the structural differences
between Strong01 and WeakO01, and connect the dif-
ferences to the composites, the moisture differences
between the two members are analyzed next. Figure 17
shows radius-height cross sections of relative humid-
ity in the along-shear and across-shear directions for
Strong01 and Weak01 at hour 36. Interestingly, the
overall pattern is very similar between the two members,
with a generally moist deep-layer column left of shear
and downshear, with an area of dry air protruding to-
ward the core between about 500 and 300hPa. Past
studies have suggested that such dry air can inhibit TC
intensification or cause weakening as it approaches the
inner-core region (e.g., Shu and Wu 2009; Ge et al.
2013), especially if the boundary layer fluxes are not
sufficient for recovery of 6, (e.g., Zhang and Rogers
2019). Midlevel dry air like this can also cause ventila-
tion and associated downdrafts that (e.g., Tang and
Emanuel 2012) that hinder development of TCs in
shear. Based in on the data, one key difference between
the members is that the dry-air intrusion penetrates all
the way to the center (r = 0) in WeakO01, with dry air
puncturing the eyewall on the upshear/left-of-shear side.
This could be due to a combination of stronger radial
inflow and/or the vertical tilt of the vortex. However, in
Strong01, the dry air and inflow stops at ~60km from
the surface center, and the eyewall is still intact. The
intact core allows this member to continue to intensify
at a stronger rate. This analysis does not show details of
the exact timing and causality of the relationship be-
tween vortex tilt and development of upshear precipi-
tation, but the lag correlations discussed previously
indicate that the change in tilt may be the leading driver.
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FIG. 15. (a) Minimum central pressure (hPa) from hours 1-72 for Strong01 (dashed) and Weak01 (dotted). (b) As
in (a), but showing 850-200-hPa vertical wind shear. (c) As in (a), but showing 850-hPa vortex strength defined by
the mean tangential wind at the 850-hPa RMW. (d) As in (a), but showing 500-hPa vortex strength defined by the
mean tangential wind at the 500-hPa RMW. (e) As in (a), but showing 850-500-hPa vortex tilt. (f) As in (a), but
showing closure. (g) As in (a), but showing S;. (h) As in (a), but showing Say.

To examine this point a bit further, area averages of
relative humidity at 500 and 850hPa were calculated
relative to the local centers, rather than the surface
center as in Fig. 17, in the r = 30-70km range. For
Strong01 at 36 h, the mean 850-hPa RH was 90.2% and
the mean 500-hPa RH was 83.7% in the tilt-adjusted
annuli. For Weak01, the mean 850-hPa RH was 92.9%
and the mean 500-hPa RH was 85.1%. The lack of dif-
ference when accounting for the differences in center
location seems to indicate that, in this case, the vortex

tilt was the main driver of the dry intrusion, consistent
with the correlations discussed previously. In the future,
it would be useful to examine the exact impact of dry air
on the structure evolution of TCs in these and other
simulations, and how vortex humidification, ventilation,
and tilt coevolve.

A final comparison between the strong and weak
members involved analysis of convective bursts in
Strong01 and WeakO1l. While it was clear from the
reflectivity and moisture composites that there was more
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TABLE 4. Structure metrics tilt (km), symmetry, and closure, as well as basic metrics minimum central pressure (hPa), RMW (km), and
shear (kt) at hours 12 and 36 for the individual strong and weak members.

Pmin (hPa) RMW (km) Shear (kt) Tilt (km) San S1 Closure
Hour 12
Strong 989 57 20.6 243 0.26 0.40 0.49
Weak 996 66 213 51.0 0.06 0.10 0.38
Hour 36
Strong 966 33 253 6.7 0.38 0.53 0.71
Weak 989 51 22.6 26.9 0.03 0.04 0.38

precipitation upshear for the intensifying members
(and this was highlighted by the comparison between
Strong01 and Weak01), it is worthwhile to examine
whether this is due to active convection upshear in
Strong01 or simply precipitation wrapping around after
being generated by updrafts downshear. Convective
bursts (CBs) were defined based on a layer-mean ver-
tical velocity (as in Hazelton et al. 2018a,b). The layer
used here was 500-200 hPa. Two separate thresholds of

vertical velocity were examined, 3 and Sms~'. Since
multiple previous studies have demonstrated that inner-
core CBs are the most favorable for intensification (e.g.,
Rogers et al. 2013), only CBs in the inner 50km were
included in the analysis.

Figure 18 shows the CB counts in each of four shear-
relative quadrants: downshear-left (DSL), upshear-left
(USL), upshear-right (USR), and downshear-right (DSR).
Counts for both thresholds are shown for Strong01 and
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o 4-km Reflectivity 031h 75 . 4-km Reflectivity 031h 75 o  4-km Reflectivity 0114 UTC October 9 75
=] . o | Q
~ 70 ~ 70 1 70
65 65 65
60 60 60
8 2 = 55 § 55
- 50 = 50 s0
- a5 _ 45 —_ . 45
Eo o Eo P §_ o a0
> E 35 > » \ 33
30 30 30
S 5 g | 5 S LY 2
- 20 - 20 - 20
15 15 15
§ 10 § | | 2 | 10 §. 10
' X (km) > ' X (km) 5 X (km) s
-200 100 0 100 200 0 -200 100 100 200 o -200 100 0 100 200" 0
d) Strong Member e) Weak Member f) Radar Observations
850-hPa Streamlines (Red), 850-hPa Streamlines (Red), 1.5-km Streamlines (Red), 5.5-km
o 500-hPa Streamline: 031h o Streamlines (Blue) 0114 UTC October 9
S - . <]
R == \\§ ~
NN
(=] o
2 3
. £
= =
8 8
- -
(=] (=]
§ §
X (km)
-200 100 0 100 200 -200 100 0 100 200 -200 100 0 100 200

FIG. 16. (a) 4-km reflectivity for the strong individual member at hour 31. The black rings show the R* = 0.75-1.25 annulus used to
calculate symmetry and closure. (b) As in (a), but for the weak individual member. (c) 4-km reflectivity from the NOAA P-3 flight for a
pass across Michael centered at 0114 UTC 10 Oct 2018. (d) 850-hPa streamlines (red) and 500-hPa streamlines (blue) for the strong
individual member at hour 31. The black rings show the R* = 0.75-1.25 annulus. (e) As in (d), but for the weak individual member.
(f) 1.5-km streamlines (red) and 5.5-km streamlines (blue) from the NOAA P-3 flight for a pass across Michael centered at 0114 UTC 10
Oct 2018. The black rings show the R* = 0.75-1.25 annulus.
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Fi1G. 17. (a) Cross-shear cross section of relative humidity (%, shading) for the strong individual member at hour 36. (b) Along-shear
cross section of relative humidity for the strong individual member at hour 36. (c) As in (a), but for the weak individual member. (d) Asin

(b), but for the weak individual member.

Weak01. For both members, the biggest initial peak
is around 36h, the period examined in detail above.
However, the spatial distribution of CBs is very different
between the two members. For Weak01, almost all of
the 5ms~! CBs were in the DSL quadrant, typically the
shear-relative quadrant where convection is strongest
(e.g., Rogers et al. 2013; Reasor et al. 2013). Even for the
3ms~! threshold, most CBs were located DSL, and
there were very few USL, and none USR or DSR.
Clearly, there was a strong shear-relative gradient in
convective activity for this member. For Strong01, the
CB pattern is much different. The peak in CBs at the
5ms™ ! threshold is actually in the USL quadrant, and
there are even a few in the USR quadrant, which typi-
cally is the least convectively active due to shear-relative
asymmetry. Using the 3ms~! threshold, there are CBs
in all 4 shear-relative quadrants for Strong01 at 36 h, and
the total number are also greater than in Weak01. The
pattern is similar at other forecast hours. This indicates
that Strong01 had more inner-core convective activity
than Weak01, and the convective activity was also dis-
tributed more symmetrically around the eyewall, de-
spite the shear being very similar between the two
members. The precipitation symmetry differences were
therefore likely not just due to differences in how

precipitation wrapped upshear, but also local generation
of precipitation by strong updrafts. The greater number
of total CBs, which is likely both a cause and result of the
greater upshear humidity, also provides more heating in
Strong01, allowing it to intensify despite the shear.

4. Discussion and conclusions

The results of this study demonstrate the capability of
an FV3GFS ensemble system to simulate the structure
and intensity change of Hurricane Michael in moderate
to high vertical shear. The track forecasts of Michael
were slightly under dispersive, but the wide range of
intensity forecasts from the ensemble members allowed
for detailed analysis of the differences between strong
and weak members. To quantify the structural evolu-
tion, structure metrics were derived, including vortex tilt
as well as symmetry and closure metrics to examine the
evolution of inner-core precipitation. We found that TC
intensified as the symmetry increased and tilt decreased
and then continues to strengthen and become more
symmetric as shear decreases prior to landfall. Tilt is the
leading factor with the changes in moisture following.
As Rappaport et al. (2010) showed, most major hurri-
canes approaching landfall in the Gulf of Mexico tend to
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weaken prior to reaching land, due to a combination of
upwelling and increased vertical shear. In contrast, our
current study showed Michael was able to strengthen
despite moderate vertical shear through the alignment
and humidification of the vortex. In addition, the
large-scale reduction in shear and favorable jet in-
teraction as Michael approached the coast further
aided the final period of intensification. Future work
will focus more on this last stage of intensification
associated with the trough interaction and the oceanic
effects.

By grouping strong and weak members, some of the
key factors that allowed Michael to intensify despite the
potentially adverse shear were revealed. For the mem-
bers that intensified the most from hours 12-36, differ-
ences in environmental moisture were key, with shear
and structural differences relatively small between weak
and strong members; however, by hour 36, the structural
evolution of the storm became more important. The
members that intensified the most from hours 36-60
had a more symmetric and closed eyewall and, also, a
more upright vortex. This development of an aligned
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and symmetric core appears to be a key for RI of
moderately sheared TCs, as suggested by other studies
using both real and idealized numerical simulations
(e.g., Miyamoto and Nolan 2018). The low- to midlevel
moisture continued to be a significant difference, with
stronger members having more moisture upshear.
Similar differences in upshear moisture, convection, and
precipitation have been noted in observational studies,
both case studies (e.g., Rogers et al. 2016; Nguyen
et al. 2017) and studies based on multiple TCs (e.g.,
Zagrodnik and Jiang 2014; Alvey et al. 2015). In this
study, we further examined this relationship by ex-
ploring the lag correlation between vortex tilt and
upshear humidification. While the relationship was
strong for various lags and leads, the strongest rela-
tionship was found with tilt leading. Interestingly, the
relationship was stronger for the strong ensemble
members, indicating a more robust response of the TC
precipitation to the vortex structure. The details of
this complex interaction are worthy of further inves-
tigation but beyond the scope of this study.

The further detailed examination of a typical strong
member (Strong01) and a weak member (Weak01) of 41
ensemble members highlighted such a structural evolu-
tion that enabled the storm to intensify. Strong01 be-
came aligned much more quickly than WeakO01, and its
precipitation also symmetrized much faster. A com-
parison with NOAA P-3 radar data indicated that the
wrapping precipitation in the upshear region and vortex
tilt in Strong01 was more consistent with the observed
TC as has been observed in other TCs that intensify in
shear (e.g., Chen and Gopalakrishnan 2015; Zawislak
et al. 2016; Nguyen et al. 2017; Zhang and Rogers 2019).
Both environmental moisture and vortex-scale pro-
cesses appear to be key in these differences between the
members. Mid- to upper-level dry air presented in the
near-storm environment for both members, but pene-
trated to the core only in WeakO1. In Strong01, this was
likely due to the earlier vortex alignment that built the
resilience of intensification to the dry-air intrusion al-
though the two processes feedback on each other. The
environment was also favorable in Strong01 for the de-
velopment of convective bursts, which were both more
numerous and much more symmetrically distributed
around the TC than in Weak01. The convective burst
provides the additional energy to maintain intensifica-
tion in the sheared environment.

In addition to highlighting some of the important
structural changes that can lead to rapid intensification
in shear, this study shows that FV3GFES is capable of
simulating fundamental processes in TC evolution, such
as the complicated interplay between the synoptic en-
vironment and inner-core structure in such sheared
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environments. The ensemble approach employed in this
study will be refined as a rudimental approach for a new
sophisticated data assimilation system currently under
development. Along with the rapid improvements of the
dynamics, physics and other aspects of FV3GFS, the
approach and analysis techniques will eventually be
transitioned to the next-generation Hurricane Analysis
and Forecast System (HAFS).
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