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ABSTRACT: As a part of the Tropical Cyclone Rapid Intensification Project (TCRI), observations were made of the
rapid intensification of Hurricane Sally (2020) as it passed over the Gulf of Mexico. High-altitude dropsondes and radar
observations from NOAA'’s Gulfstream IV, radar observations from WP-3D aircraft, the WSR-88D ground radar network,
satellite images, and satellite-detected lightning strikes are used to apply recently developed theoretical knowledge about
tropical cyclone intensification. As observed in many other tropical cyclones, strong, bottom-heavy vertical mass flux pro-
files are correlated with low (but positive) values of low- to midlevel moist convective instability along with high column
relative humidity. Such mass flux profiles produce rapid spinup at low levels and the environmental conditions giving rise
to them are associated with an intense midlevel vortex. This low-level spinup underneath the midlevel vortex results in
the vertical alignment of the vortex column, which is a key step in the rapid intensification process. In the case of Sally, the
spinup of the low-level vortex resulted from vorticity stretching, while the spinup of the midlevel vortex at 6 km resulted
from vorticity tilting produced by the interaction of convective ascent with moderate vertical shear.

SIGNIFICANCE STATEMENT: The purpose of this study is to investigate the rapid intensification of Hurricane
Sally as it was approaching the Florida Panhandle. We do that by analyzing an unprecedented dataset from the NOAA
WP-3D and Gulfstream-IV aircraft, together with ground-based radar and satellite data. We find that both the dynam-
ics (vorticity structure and evolution) and thermodynamics (instability index, saturation fraction, heating/mass flux pro-
files) need to be considered in diagnosing intensification processes. Further field projects with continuous high-altitude
dropsondes and research are needed to see if these are applicable to other reformation events as well as genesis.

KEYWORDS: Convection; Hurricanes/typhoons; Potential vorticity

1. Introduction

Forecasting the intensification of tropical cyclones (TCs),
especially rapid intensification (RI), is a difficult problem and
progress has been slow (Cangialosi et al. 2020). Though TC
intensification is often measured in terms of maximum winds
or minimum surface pressures, the variable most closely re-
lated to the physical process of intensification is the absolute
vorticity. Nondivergent horizontal motions can move air par-
cels around, but they cannot change the magnitude of parcel
vorticity. For this reason, convection, with its vertical motions
and associated horizontal divergence, plays a key role in
cyclone intensification. Two factors are important for cyclone
intensification: how the environment controls the location,
strength, and form of convection and how convection affects
the absolute vorticity.

Wind shear is often cited as a factor in suppressing cyclone
intensification (e.g., DeMaria et al. 2005; Rios-Berrios and
Torn 2017). With shear, low and midlevel vortices are often
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misaligned, with intensification thought to occur when these vor-
tices come into vertical alignment by some process. Rios-Berrios
et al. (2018) present a review of attempts to understand TC inten-
sification in shear as well as similar hypotheses for how this
works. In particular, on the basis of ensembles of numerical simu-
lations, they conclude that vortex alignment occurs as the result
of reformation of the low-level vortex underneath the existing
midlevel vortex via vertical stretching and possibly tilting induced
at low levels. They infer that horizontal advection of the vortices
is less important in this process.

Our recent observational work on tropical convection, much
of it involving TCs, employs grids of dropsondes deployed from
high altitude. Thermodynamic and wind fields are analyzed
with roughly 100-km resolution (Raymond and Lépez Carrillo
2011; Lopez Carrillo and Raymond 2011; Raymond et al. 2011;
Gjorgjievska and Raymond 2014; Juraci¢ and Raymond 2016;
Fuchs-Stone et al. 2020; Raymond and Fuchs-Stone 2021a).
These observations cannot resolve convective cells individu-
ally. However, they show the collective effects of convection
important to TC dynamics and reveal emergent patterns of be-
havior pertinent to intensification that are not obvious from
convective-scale observations or models. We use this tech-
nique to study the formation of Hurricane Sally (2020), which
underwent a sudden vortex alignment near the start of a pe-
riod of RI. These observations lend support to the hypothesis
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of Rios-Berrios et al. (2018) and show more fully how this
occurred in Sally.

The most important characteristics of mesoscale convective
evolution on the 100-km scale inferred from the above work
are the vertical mass fluxes, assumed to be largely associated
with convection. These patterns are found not to be random,
but are related to certain characteristics of the thermody-
namic environment.

Of particular importance are the column relative humidity
or saturation fraction (Sherwood 1999; Bretherton et al. 2004;
Raymond et al. 2007; Neelin et al. 2009; Raymond and
Fuchs-Stone 2021a) and the so-called instability index
(Raymond et al. 2011). Saturation fraction is defined as

SF = Jprdz/f pridz, 1)

where p is the density, 7 is the water vapor mixing ratio, r" is
the saturated mixing ratio, and the integral is over the depth of
the troposphere. The instability index, a measure of the low to
midtropospheric moist convective instability, is defined as

I = 53, = Syis @

where s, and s;; are, respectively, the 1-3- and 5-7-km means
of specific saturated moist entropy, where the entropy defini-
tion is that of Emanuel (1994). Increased humidity is associ-
ated with stronger vertical mass fluxes. Counterintuitively,
lower (but still positive) convective instability is also a predic-
tor for stronger fluxes that in addition are more bottom-heavy
(Raymond et al. 2014; Sessions et al. 2015; Senti¢ et al.
2015; Raymond and Flores 2016; Raymond and Kilroy 2019;
Raymond and Fuchs-Stone 2021a), i.e., with mass flux peak-
ing at lower elevations.

Convective instability, as defined in this case, must be dis-
tinguished from conditional instability, which measures the
buoyancy of boundary layer parcels against the free tropo-
spheric temperature profile. As defined in the above-cited
work, the instability index compares the saturated moist en-
tropy of the lower troposphere just above the boundary layer
to that of the middle troposphere. This parameter thus
depends solely on the temperatures of these two levels and
excludes boundary layer processes. The counterintuitive fact
that a more bottom heavy mass flux is associated with a lower
instability index was shown by Raymond and Sessions (2007)
in weak temperature gradient simulations, and confirmed in a
number of numerical and field data studies cited above.

Boundary layer effects are encompassed in the third vari-
able, deep convective inhibition:

DCIN = s, — sy, 3)

where sy, is the 0-1-km average of moist entropy and sy, is the
1.2-1.5-km average of the saturated moist entropy.! DCIN is
an approximate measure of the maximum buoyancy deficit

! Different versions of DCIN define slightly different altitude
ranges for s,
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encountered by parcels ascending from the 0-1-km layer
where positive values indicate greater convective inhibition.
This deep layer was used by Raymond et al. (2003) in the
original definition of DCIN since it was more representative
of the layer tapped by deep convection compared to more tra-
ditional definitions of convective inhibition.

Two more variables that are important to tropical cyclogen-
esis and intensification are the surface moist entropy flux and
the sea surface temperature (SST). Algorithms for calculating
surface fluxes are well established and are not repeated here
(Raymond 1995; Maloney and Esbensen 2003; Maloney and
Sobel 2004; Raymond et al. 2006, and others). The SST makes
a strong contribution to the moist entropy flux but is only one
factor; the boundary layer wind and moist entropy affect the
flux as well. The moist entropy flux specifies the amount of
entropy added to the atmosphere, whereas the SST to a large
extent controls parcel buoyancy.

As shown by Singh and O’Gorman (2013), smaller buoyan-
cies require moister environments for convection to survive
the entrainment of environmental air [see also James and
Markowski (2010)]. If it is too dry, convection fails, but mois-
tens the environment, thus making conditions more favorable
for subsequent convection. If the environment is too moist,
the convection produces excess precipitation, which then
leads to drying of the column (Raymond et al. 2009; Raymond
and Fuchs-Stone 2021a). The result is evolution of the envi-
ronment toward an optimal value of column moisture, which
is greater for smaller parcel buoyancy. For dry environments
with weak convection, the moistening of the environment is
weak and the optimum moisture may not be reached in a rea-
sonable period of time. However, moisture evolution toward
equilibrium is more rapid in strongly convective environments
(Raymond 2000), which means that strongly convective envi-
ronments rarely exhibit saturation fractions exceeding the
equilibrium value. This “moisture quasi-equilibrium” process
therefore sets a limit on the ability of convection to moisten
the environment. This limiting moisture is an inverse function
of the instability index—low values of the instability index re-
sult in higher equilibrium values of saturation fraction and
vice versa.

Modeling provides useful insights into the thermodynamic
control of convection. Raymond and Sessions (2007) and
Sessions et al. (2015) explored the effect of variations in col-
umn moisture and low- to midtropospheric convective insta-
bility in weak temperature gradient simulations of convection
(Raymond and Zeng 2005; Herman and Raymond 2014;
Daleu et al. 2016; Raymond and Fuchs-Stone 2021b). De-
creasing instability index and increasing saturation fraction
both lead to increases in modeled precipitation rate. In addi-
tion, the decrease in instability index leads to more bottom-
heavy convective mass flux profiles, i.e., with maximum mass
flux in the lower troposphere, whereas the increase in humid-
ity by itself does not (moisture quasi-equilibrium is suppressed
in these simulations by independently specifying ambient tem-
perature and humidity profiles).

Raymond and Kilroy (2019) analyzed the effect of satura-
tion fraction, instability index, as well as deep convective inhi-
bition on precipitation and lower tropospheric vertical mass
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flux in three different simulations of tropical cyclogenesis
(the SST dependence was not studied because the same SST
was used for all simulations). The three simulations were
described in three different papers. All simulations were set
in a large unsheared domain with a stretched grid and were
initiated using the same initial weak vortex. Kilroy et al.
(2017a) used warm rain cloud physics while Kilroy et al. (2018)
employed full ice cloud physics. The third, Kilroy et al. (2017b)
was a warm rain simulation in which boundary layer friction
was turned off, resulting in spin up of a cyclone with rather odd
structure. For each simulation, two time series were analyzed,
an average over an inner core circular region 50 km in radius,
centered in the computational domain, and an encompassing
outer ring with radius range 50 < r < 100 km. The inner core
contained any eyewall that developed for the full period of all
cases. The outer ring encompassed much of the outer rainband
convection.

The six time series from the three simulations, taken jointly,
provide a broad spectrum of convection against which to test
the hypothesis that the variables discussed above, and in par-
ticular saturation fraction and instability index, are sufficient
to predict the characteristics of convection in all stages and re-
gions of TC. Surprisingly, these variables captured a large
part of the variance in the 3-5-km layer-averaged vertical mass
flux of convection, including that in the eyewall, early stage con-
vection, and convection occurring in the outer rainbands.

The potential vorticity g connects the convective environ-
ment with the vorticity dynamics of the surrounding atmo-
sphere. It may be approximated as

-k @)

p

in most tropical environments, where p is the density, I' = 96/0z
is the vertical potential temperature gradient, and £, is the verti-
cal component of absolute vorticity. In a balanced state, larger g
is distributed between larger I' and larger ¢, with greater weight-
ing of I" for potential vorticity anomalies with larger horizontal
dimensions. Larger I' in the low to midtroposphere corresponds
to smaller instability index and smaller parcel buoyancies at mid-
dle and upper levels relative to low-level values, resulting in
more bottom-heavy convection.

The instability index is a key predictor of strong upward mass
flux in the inner core of all simulations, with a very nonlinear re-
sponse. The strongest mass fluxes occur for I < 12T K ' kgL
Instability index lower than this threshold also correlates with
the onset of strong surface moist entropy fluxes, a good indica-
tor of the spin up of the low-level cyclone. Since the instability
index is a function of the strength of the cyclone vortex via the
thermal wind equation, this is to be expected. In the outer ring,
the saturation fraction is a somewhat stronger predictor of mass
flux than the instability index, though the latter variable is still
important.

The following picture emerges from the above results (Raymond
et al. 2015). In a dynamically balanced environment the bal-
anced temperature structure of the atmosphere is defined by
the pattern of potential vorticity (Hoskins et al. 1985; Haynes
and Mclntyre 1987, 1990; Raymond 1992, 2012). Thus, via its
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effect on the temperature structure, the potential vorticity
controls the instability index, which in turn sets an upper
bound on the saturation fraction. The combination of these
two parameters controls the statistical characteristics of con-
vection in this picture.

Convection in turn modifies the vorticity structure via the
advective, stretching, and tilting processes produced by the
horizontal winds and the convective mass fluxes. These pro-
cesses are encompassed in the flux form of the vorticity ten-
dency equation (Haynes and McIntyre 1987; Raymond 1992;
Raymond et al. 2014):

—i=-v,-Z, )

where V), is the horizontal gradient, and

Z=v,(, —&v, +kX(F—-aVp) (6)

is the horizontal flux of vertical absolute vorticity. In this
equation (vy, v,) is the wind velocity, &, is the horizontal com-
ponent of absolute vorticity, F is the horizontal component of
friction, such as might occur due to eddy momentum fluxes in
the boundary layer, «’ is the deviation from the vertical pro-
file of horizontally averaged specific volume, and p is the pres-
sure. We ignore the frictional term since we do not consider
frictional convergence in the boundary layer directly but as-
sume that the low-level lifting due to frictional convergence is
encapsulated in its effect on the deep convective inhibition. In
addition, since the last term is several orders of magnitude
smaller than the competing terms in our case, we ignore it
also.

The first term in (6) expresses the horizontal flux of vertical
vorticity and leads to a combination of stretching and horizontal
advection in (5). The second term is the horizontal convergence
of the vertical advection of horizontal vorticity. Physically, this
represents the tilting of horizontal vorticity into the vertical but
differs from the Lagrangian tilting term in the advective form of
the vorticity equation. The Lagrangian form represents the tilt-
ing tendency in a vertically moving parcel whereas the Eulerian
form shown here represents the tendency due to tilting at a
fixed level.

Note that Z has no vertical component, meaning that there
is no vertical flux of vertical absolute vorticity. The vorticity
tendency in (5) depends on the reference frame due to the
horizontal advection of vertical vorticity. In the present work
we choose the reference frame co-moving with the TC. Note
that the vorticity tendency in (5) is not a parcel derivative. In-
stead, it is the time derivative at a fixed point in the co-moving
reference frame.

While much of the theoretical work examining the relation-
ships among column moisture, low to midtropospheric con-
vective instability, midlevel vorticity, mass flux profiles, and
low-level vortex spinup described above was developed for
genesis events, these concepts have recently been applied to
vortex reformation events as well. Reformation typically in-
volves mid and low-level vortex centers displaced significant
distances from each other (e.g., 100 km or more), where the
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low-level vortex redevelops underneath the existing midlevel
vortex. Reformation has been observed to occur downshear
of the low-level center in the presence of deep convection and
widespread precipitation (Molinari et al. 2004, 2006; Molinari
and Vollaro 2010; Nguyen and Molinari 2015; Chen et al.
2018). In an analysis of the intensification of Hurricane Hermine
(2016), Rogers et al. (2020) noted that there was a substantial
displacement of the midlevel center of Hermine downshear of
the low-level center in the presence of persistent moderate
shear. Repeated cycles of deep convection occurred downshear
of the low-level center, which served to episodically moisten the
downshear environment and intensify the midlevel center. After
several such cycles of convective development and moistening,
the thermodynamic environment downshear was characterized
by a region of low instability index and high column moisture. A
subsequent burst of deep convection resulted in the reposi-
tioning of Hermine’s low-level center underneath the well-
developed midlevel center. This region also contained a large
amount of convection of moderate depth. Associated with this
widespread deep and moderate convection was a bottom-
heavy mass flux profile and pronounced vorticity stretching in
the lower troposphere in a mesoscale domain surrounding the
midlevel vortex. It was this bottom-heavy mass flux profile, at-
tributable to the modification of the thermodynamic environ-
ment by repeated cycles of convective development, which
was responsible for the reformation of Hermine’s low-level
vortex and subsequent intensification.

A similar evolution of initially displaced low- and midlevel
vortices was seen in the near alignment and RI of Hurricane
Dorian (2019; Alvey et al. 2022). Alvey et al. (2022) used a
novel analysis of ground-based radar in conjunction with air-
borne data and reanalysis fields of humidity to show that deep
and moderate convection, at least partly driven by terrain in-
teractions with Martinique, led to a repositioning of the low-
level vortex closer to the midlevel vortex and in a more humid
environment. Further removed from ventilation and in a
more nearly aligned state, Dorian commenced RI.

These reformation events suggest that many of the physical
processes and relationships between the thermodynamic envi-
ronment, structure of the precipitation, and kinematic re-
sponse of the vortex are similar for tropical cyclogenesis and
reformation events. Each of the cases described above, how-
ever, suffered from a lack of either temporal continuity, high
spatial resolution of observations, or deep layers of thermody-
namic measurements. Hurricane Sally (2020) was a TC that
exhibited many of the characteristics of Hermine (2016) and
Dorian (2019): a weak TC in the presence of moderate vertical
shear, a midlevel vortex displaced downshear of a low-level
vortex, and subsequent convective development, alignment,
and RI. Fortunately, this all occurred when Sally was being
sampled for a prolonged (approximately 48 h) period by
NOAA low- and high-altitude aircraft and close enough to the
U.S. coastline to be captured by ground-based radar. The anal-
ysis presented here describes the evolution of Sally’s thermody-
namic environment and inner-core kinematic structure, taking
full advantage of the continuous airborne and ground-based
observations reaching 14-km altitude. The interaction between
the thermodynamic environment, precipitation structure and
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distribution, and kinematic response of the vortex is docu-
mented below.

Thermodynamic conditions govern the structure of the con-
vection, which governs the nature of the mass flux profile,
which in turn governs the response of the vortex to the con-
vection. This chain of interactions is applicable both to genesis
and (significantly in this case) reformation/alignment and RI
onset. What we show in this paper is its applicability to that
alignment/RI onset process.

Section 2 describes data and methods used here, while
section 3 presents characteristics and time evolution of Sally.
The proposed mechanism for vortex alignment is given in
section 4 while discussion and conclusions are presented in
section 3.

2. Data and methods

To analyze Sally we use high-altitude dropsondes (from the
surface to approximately 150-170 hPa) and radar observa-
tions from the National Oceanic and Atmospheric Adminis-
tration’s Gulfstream IV, radar observations from WP-3D
(P-3) aircraft, the WSR-88D ground radar network, satellite
images, and satellite-detected lightning strikes. Here we sum-
marize those datasets.

The data collection shown here was not only contributed
by operationally tasked aircraft missions from the NCEP/
National Hurricane Center and Environmental Modeling
Center, but was also enhanced by the cooperation between
researchers from HRD’s Hurricane Field Program—
Intensity Forecasting Experiment (IFEX; Rogers et al.
2006, 2013; Zawislak et al. 2022) and the Office of Naval
Research (ONR) Tropical Cyclone Rapid Intensification
(TCRI) field program.

a. High-altitude dropsondes

Overall 134 high-altitude dropsondes were deployed dur-
ing three (NOAA) Gulfstream-IV (G-1V) flights into Sally.
Times on station while deploying dropsondes are specified
in Table 1.

Three-dimensional variational analysis (3DVAR) is per-
formed on 129 G-IV dropsondes (5 sondes did not pass the
3DVAR control) to obtain regular grids of data (Ldpez
Carrillo and Raymond 2011; Raymond and Lépez Carrillo
2011). This resulted in 54 dropsondes in the first flight
(Sallyl), 56 in the second (Sally2), and 19 in the third
(Sally3) flight. In 3DVAR, the penalty function method is
applied with an anelastic mass continuity constraint. A 0.25°
horizontal and 200-m vertical grid up to 13 km is used. Hori-
zontal smoothing is appropriate for 1° dropsonde spacing,
while there is minimal vertical smoothing. Mass continuity
is used to calculate the vertical mass flux. Note that no
model-derived background field is employed in the 3DVAR
analysis.

b. G-1V and P3 radar

Radar observations of the three-dimensional wind field
were collected by tail Doppler radars (TDRs) on both the
G-IV and P-3 aircraft. The TDRs are X-band, 360° vertically
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TABLE 1. Flight time specifies the interval over which dropsondes were deployed. The terms u and v are the assumed storm
motion velocity components. Reference time is the time at which the 3DVAR analysis is performed. Dropsonde positions are
adjusted to their locations in the storm reference frame at this time.

Case Flight time and date (UTC) u(ms1h v(ms Reference time and date
Sallyl 1800 UTC 13 Sep-0100 UTC 14 Sep -38 1.8 2115 UTC 13 Sep
Sally2 0630-1300 UTC 14 Sep —-23 1.2 0930 UTC 14 Sep
Sally3 1800-2100 UTC 14 Sep =21 0.9 1930 UTC 14 Sep

scanning radars, which simultaneously scan in cones oriented
approximately 20° fore and aft of a plane perpendicular to the
heading of the aircraft. Observations undergo an automated
quality control process (Gamache 2005) and are mapped onto
a Cartesian grid with grid spacing of 2 km in the horizontal
and 0.5 km in the vertical. The three-dimensional wind field is
retrieved using a variational technique following a similar
process to Gao et al. (1999). TDR analyses were created for
each TC center pass made by the P-3 or G-1V, as well as select
portions of inner-core circumnavigations made by the G-IV.
In this, the TC center is identified as the analysis grid point
that maximizes the storm-relative tangential wind, which is
determined by the application of a cost function that more
heavily weights grid points closer to the TC center and those
with stronger wind speeds. This TC center-finding process

was performed at each radar analysis height following the
methods of Fischer et al. (2022).

c¢. Ground radar

Constant altitude plan position indicators (CAPPIs) are
constructed using Radx2Grid (Bell et al. 2021) to interpolate
elevation angle scans of the reflectivity from Mobile, Alabama
(KMOB), Eglin Air Force Base, Florida (KEVX), and
Tallahassee, Florida (KTLH), ground radars into 0.5-km ver-
tical and 2-km horizontal resolution Cartesian grids. A com-
posite of the three radars is then constructed by taking the
maximum reflectivity value of the three radars at each grid
point. In regions of sufficient geometrical radar coverage
overlap, the Fast Reorder and Custom Editing and display of
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FIG. 1. NHC best track for Sally. TD stands for tropical depression, TS for tropical storm,
H for hurricane, and PTC for posttropical cyclone. Gray columns indicate the G-IV flights into

Sally, denoted as Sally1, Sally2, and Sally3.
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FIG. 2. SHIPS analyses (blue lines) of the (a) 850-200-hPa vertical wind shear magnitude (m s~ 1), (b) 850-200-hPa vertical wind shear
direction (meteorological direction), (c) 700-500-hPa layer-averaged relative humidity (%), (d) 850-700-hPa layer-averaged relative hu-
midity (%), (e) sea surface temperature (°C), and (f) oceanic heat content (kJ cm™2). Analyses span the lifetime of Sally. In some instan-
ces, the values of sea surface temperature and oceanic heat content are missing due to the proximity to land. The best track intensity of
Sally (m s~ 1) is shown in the dashed, orange line. The horizontal red lines show the mean environmental value for all RI cases between

the years 1982-2020 using the SHIPS database.

Reduced Information in Cartesian Space (CEDRIC) technique
is implemented for multi-Doppler wind retrieval (Bell et al.
2021; Razin and Bell 2021). Center locations are identified us-
ing the same algorithm as that used for the airborne Doppler
data. Because the lowest elevation angle scan of the radars is at
3—4-km altitude near Sally, low-level center locations could not
be identified from the ground radars. Instead, low-level center
locations are determined by interpolating between Air Force
Reconnaissance flight-level center fixes (1.5-3-km altitude) and
TDR analysis centers. Similar to Rogers et al. (2020), precipita-
tion types are delineated using the CAPPIs and a modified
Steiner et al. (1995) algorithm as outlined in Alvey et al. (2022).
Precipitation is first characterized as either stratiform or convec-
tive using the 3-4-km CAPPIs within 250 km and 6-km CAPPIs
for radii > 250 km. Convective pixels are further categorized
using the 20-dBZ echo top height as either shallow (<6.5 km),
moderate (6.5-10 km), or deep (>10 km).

d. Satellite

Infrared (IR) satellite brightness temperatures were ob-
tained from the global merged geostationary satellite infrared
brightness temperature (Tb) dataset (Janowiak et al. 2017),
which features globally gridded satellite observations with a
horizontal resolution of approximately 4 km every 30 min.
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For figures combining IR brightness temperatures with TDR
analyses, the IR observation time nearest to the TDR analysis
time was selected.

We also use time series of Geostationary Lightning Mapper
(GLM) detected flash counts.

3. Characteristics of Sally
a. Synoptic scale

Figure 1 shows the best track position and intensity for
Sally from the NOAA National Hurricane Center (NHC) TC
Report, while Fig. 2 shows Statistical Hurricane Intensity
Prediction Scheme (SHIPS) analyses of key environmental
parameters and the best track intensity during the lifetime of
Sally.

Sally formed from a trough axis that moved through the
Bahamas, where it was declared a tropical depression by the NHC
near the coast of southeast Florida at 1800 UTC 11 September
(Berg and Reinheart 2021). Sally continued tracking west-
northwest into the southeastern Gulf of Mexico over the next
several days. Moderate northwesterly shear [Rios-Berrios and
Torn (2017) define it as ranging from 4.5 to 11 m s~ !] pre-
vented substantial strengthening of Sally (Fig. 2b) as it moved
northwestward, but that shear decreased as deep convection
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FI1G. 3. (left) Sallyl, (center) Sally2, and (right) Sally3: (a)-(c) saturation fraction, (d)—(f) instability index, and (g)-(i) DCIN. The 4-km
vertical mass flux is given in cyan (from 0.1 kg m ™2 s~ !, with 0.1 kg m % s~ ! increments) in all panels. The arrows show 4-km storm relative
winds. Red dots in(a)—(c) show location of dropsondes. The deep-layer shear vectors (m s~ ') are shown in (a)—(c) at the bottom left of

each panel.

developed east of the low-level center, during which time Sally
underwent a brief period of RI about 200 km south of the
Florida Gulf Coast on 14 September. Sally’s peak winds in-
creased by 20 kt (1 kt ~ 0.51 ms™') on 14 September over the
12-h period from 0600 to 1800 UTC. Shear then increased
again, limiting further intensification. A second brief period of
RI marked by enhanced upper-level divergence occurred just
prior to landfall along the Alabama Gulf Coast. We acknowl-
edge Sally did not satisfy the RI definition introduced in
Kaplan and DeMaria (2003), nevertheless, the observed inten-
sification rate did satisfy the 25 kt in 24 h and 20 kt in 12 h RI
definitions examined in Kaplan et al. (2010, 2015). Sally was
sampled by NOAA and Air Force aircraft during much of this
period, including a set of three missions by the G-IV aircraft
prior to and during the first RI period (Fig. 1b). Dropsonde
and tail Doppler radar data from these G-IV missions and a P-
3 mission will be examined here, as will flight-level data from
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the Air Force C-130s, ground-based radar along the Gulf
Coast and GOES satellite images. These datasets and the anal-
yses arising from them were described in the section above.

The SHIPS analysis environmental parameters from Fig. 2
show that deep-layer shear steadily increased to >10 m s !
between 13 and 15 September, the time of the initial RI pe-
riod and aircraft missions examined here. Although shear of
this magnitude is stronger than the environmental shear of
the typical RI case (Fig. 2a), SHIPS analyses show Sally was
in a favorable synoptic-scale environment from a thermody-
namic perspective. Both midlevel (Fig. 2c) and low-level
(Fig. 2d) relative humidity were near or above the mean values
of RI cases during Sally’s intensification. Additionally, Sally
was over warm waters with sea surface temperatures approxi-
mately 1°C higher than mean value for RI cases (Fig. 2e), and
oceanic heat content similar to the mean value observed during
RI (Fig. 2f).



938

Sally 1, absolute vorticity (1/ks)

MONTHLY WEATHER REVIEW

Sally 2, absolute vorticity (1/ks)

VOLUME 151
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latitude (deg)

latitude (deg)

latitude (deg)

24 I I I I
-90 -88 -86 -84 -82 -90
longitude (deg)

-88 -86 -84 -90 -88 -86 -84
longitude (deg)

longitude (deg)

FIG. 4. Absolute vorticity (ks ') in blue/yellow contours at (a)~(c) 2, (d)~(f) 4, and (g)~(i) 6 km. The vertical mass flux is given in cyan
(from 0.1 kg m 2 s~ !, with 0.1 kg m~? s~ ! increments) at the same levels. White boxes indicate the area of the strongest vertical mass flux
at 4 km. Velocity vectors are scaled as in Fig. 3. The shear vectors (m s~ ') are shown in (a)—(c) at the bottom left of each panel.

b. Mesoscale structure and evolution

Here we look at the mesoscale structure and evolution as
described by the thermodynamic variables from the introduc-
tion, including the saturation fraction, the instability index
and DCIN, as well as the absolute vorticity and vertical mass
flux from the 3DVAR from high-altitude dropsondes de-
scribed in the previous section. The results presented here are
in the storm moving reference frame with storm velocities
u and v given in Table 1 obtained from the NHC TC Report.
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Since dropsondes are deployed at different times, their positions
are adjusted to their locations relative to the moving disturbance
before incorporation into the 3DV AR analysis.

The first G-IV flight into pre-Hurricane Sally (Sallyl) de-
ployed dropsondes from 1800 UTC 13 September to 0100 UTC
14 September. The second flight (Sally2) deployed dropsondes
from 0630 to 1300 UTC 14 September and the third and final
G-IV flight into Sally (Sally3; now a hurricane) deployed drop-
sondes from 1800 to 2100 UTC 14 September.
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Figure 3 shows the patterns of saturation fraction, instabil-
ity index and deep convective inhibition for Sally1, Sally2 and
Sally3. Superimposed in Figs. 3a—c are red dots indicating the
locations of dropsondes. The arrows show 4-km storm relative
winds. Overlapped over saturation fraction and instability in-
dex in cyan is the 4-km vertical mass flux, a good proxy for
convection. Figure 4 shows patterns of absolute vorticity and
vertical mass flux at 2, 4, and 6 km for these cases. Compari-
son of these figures illustrate the relationships between the
patterns of mass flux, absolute vorticity, and thermodynamic
variables.

For Sallyl, Fig. 3 shows that large values of saturation frac-
tion are spread broadly over the region of strongest upward
mass flux at 4 km, an indicator of area of strong convection,
which is located in the eastern part of the domain. We see
that the strongest mass flux occurs south-east of the smallest
instability index, where values range from 10 to 15J K~ ' kg ™!,
in the downshear portion of the storm. The largest values of
instability index nearly coincide with the largest values of
DCIN in the area that is generally free of convection. The
lowest values of DCIN occur upstream of the region with
strong mass fluxes. This is consistent with the idea that con-
vective cells are initiated in regions of low DCIN, which
then advect with the flow into the region of strongest mass
fluxes. The 2- and 4-km absolute vorticity maxima are ap-
proximately aligned, but the weaker 6-km vortex is some-
what ill-defined and is generally located to the northeast of
the lower-level vortices (Fig. 4) or downshear-left of the
low-level center (Fig. 2). This configuration is consistent
with the preferred shear-relative tilt orientation from previ-
ous climatological observational studies (Reasor et al. 2013;
Fischer et al. 2022).

In Sally2, the strong convection is also in the east part of
the domain, where large saturation fraction and small instabil-
ity index are collocated with strong mass flux at 4 km. The
strongest mass flux also occurs where the instability index
ranges from 10 to 15 J K™! kg™ !. The lowest values of DCIN
occur upstream of the region with strongest mass fluxes, as in
Sally1. Figure 4 shows significantly stronger maximum vertical
mass flux in Sally2 than in Sallyl. The absolute vorticity max-
ima at 2 and 4 km are also stronger in Sally2 and are located
150 km to the west of the strong convection. However, the
6-km vorticity maximum is collocated with the convection.

In Sally3 we see that large values of saturation fraction are
spread broadly over the maximum vertical mass flux, as in the
earlier cases. Convection is collocated with small values of
instability index as well. The lowest values of DCIN occur in
the southeast quadrant, upstream of the region with strong
mass fluxes, as in Sallyl and Sally2. However, unlike the ear-
lier cases, the vorticity maxima at all three levels are nearly
aligned (Fig. 4). The maximum vertical mass flux is located at
the east edge of the region of strong 6-km absolute vorticity.

Figure 5 shows the vertical mass flux profiles for the Sally
observational periods, averaged over degree by degree white
boxes, selected to coincide with the location of peak 4-km
mass flux, shown in Fig. 4. Sally2 exhibits the strongest verti-
cal mass fluxes, but all profiles are bottom heavy with maxi-
mum vertical mass flux at 4-5-km altitude.
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FIG. 5. Vertical mass flux profile averaged over the white boxes
from Fig. 4 for Sally1, Sally2, and Sally3.

In all three cases the strongest mass fluxes occurred to the
east or southeast of the 2-km circulation center, consistent
with preferentially downshear convection (Corbosiero and
Molinari 2002), and was nearly collocated with the 6-km abso-
lute vorticity maximum, especially for Sally2 (Fig. 4). This
supports the hypothesis that the midlevel vortex favors the
formation of strong convection with a bottom-heavy mass flux
via its effect on decreasing the instability index.

Figure 6 shows the averaged absolute vorticity vertical
profiles within the region of strongest mass flux (in red)
noted by white boxes in Fig. 4 and over the 1° box covering
the center of low-level circulation (in blue) for Sallyl,
Sally2, and Sally3 for comparison. Figure 6 tells us two im-
portant things. First that in the area of convection, the abso-
lute vorticity peak at 6 km is well defined for Sally2, while
that is not the case in Sallyl. Together with the strong
bottom-heavy vertical mass flux that occurred in Sally2, this
sets favorable conditions for RI (Raymond et al. 2014;
Rogers et al. 2020). In Sally3 the absolute vorticity is strong
at levels below 6 km as by that time the vortices have aligned.
The second thing that we learn from this figure is that if we look
only at the absolute vorticity profiles centered around the low-
level circulation center, we lose an important piece of the puzzle,
which is the importance of the presence of a midlevel vortex.

The importance of the midlevel vortex is also illustrated by
airborne and ground-based radar observations discussed in
the next section.

c¢. Convective-scale evolution during vortex reformation

As described in the previous subsection, the mass flux at
4-km altitude, which is a proxy for convective strength, was at
its strongest during the Sally2 mission. It was during this mis-
sion that Sally underwent a dramatic evolution, organizing
from a misaligned, asymmetric weak tropical storm into an
aligned, rapidly intensifying hurricane over a matter of hours.
This section will document this evolution, focusing on the
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FIG. 6. Absolute vorticity vertical profiles averaged over the white boxes from Fig. 4 in red and averaged over the center of the low-level
circulation in blue for (a) Sally1, (b) Sally2, and (c) Sally3.

kinematic and precipitation structure and evolution during
Sally2 and how those changes were related to Sally’s align-
ment and intensification.

Snapshots of satellite imagery show the convective evolution
beginning from late on 13 September through 14 September
(Fig. 7). Initially, the convective structure of Sally is asym-
metric, with the coldest IR brightness temperatures and
lightning activity displaced to the east (downshear; Fig. 2b)
of the low-level TC center (Figs. 7a-d). After approximately
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0900 UTC there is a significant decrease in the minimum IR
brightness temperatures and an areal expansion of tempera-
tures < —70°C, consistent with an increase in convective
activity. This convective activity occurs near the location of
the 6-km TC center position identified from ground radar
velocities (Fig. 7d).

By 1300 UTC, near the end of Sally2, GLM-detected light-
ning activity had dramatically increased within 100 km of the
6-km TC center (cyan markers in Fig. 7f). The large increase

c) 04:00 UTC 14 Sep d) 07:00 UTC 14 Sep
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FIG. 7. (a) IR brightness temperatures (°C; shaded) at 2200 UTC 13 Sep. The interpolated best track position is shown by the white
“X,” the ground-radar derived TC center at a height of 6 km is shown by the white “+,” and all GLM-detected lightning flashes within
*+15 min of the IR image are shown by the cyan circles. White radial rings are shown at 100 and 200 km from the 6-km circulation center.
(b)-(h) Asin (a), but for analyses over the next 21 h (through 1900 UTC 14 Sep), shown every 3 h.
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FIG. 8. (a) Time series of GLM-detected flash counts over event-centered 30-min intervals
within 0-100 km (blue line) and 100-200 km (orange line) from the TC center at a height of
6 km during 14 Sep. Time series of the area-averaged IR brightness temperatures (°C) within
200 km of the 6-km TC position over the same period is shown by the black line. (b) The corre-
sponding best track intensity evolution (m s~ ') for the same period shown in (a).

in lightning activity and decrease in area-averaged IR bright-
ness temperatures around this time are more evident in the
time series shown in Fig. 8a. Over a 2-h period between 1100
and 1300 UTC, the 30-min total flash count increased about
tenfold, from just under 1000 to over 11000. This evolution
suggests that a significant convective burst occurred near the
midlevel TC center during that time interval. Thereafter, the
IR signature became increasingly symmetric, with an en-
hancement of relatively low IR brightness temperatures left
of shear and upshear of the interpolated best track position
(Figs. 7d-f), as Sally experienced a period of rapid intensifica-
tion (Figs. 1 and 8b).

Interestingly, the 6-km TC center position prior to the time of
the convective burst (Figs. 7a—f) was consistently displaced down-
shear of the TC surface center, as estimated from best track. The
tilted nature of the TC vortex is consistent with the variational
analyses shown in Fig. 4. By 1600 UTC 14 September, however,
the vortex becomes better aligned (Figs. 7g,h).

To further examine the vortex structural change over this
period, Fig. 9 shows a series of TDR analyses from successive
G-IV and P3 missions into Sally. Consistent with the variational
analysis from Sally2, Figs. 9a and 9d indicate a pronounced mis-
alignment of the lower-tropospheric and midtropospheric circu-
lation centers at 0645 UTC. Although insufficient coverage
precluded an objective TC center estimate at a height of 2 km,
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there are no signs of a closed circulation at a height of 2 km be-
neath the location of the objectively identified 6-km TC center.
The south-southeasterly winds at 2 km beneath the location of
the midlevel vortex suggest that any lower-tropospheric circula-
tion was displaced significantly westward of the midlevel center,
consistent with Fig. 7d. Two hours later, an additional G-IV
TDR analysis at 0840 UTC showed increased cyclonic curva-
ture of the 2-km wind field beneath a closed circulation in the
midlevels (Figs. 9b,e), although there are no obvious signs of a
closed lower-tropospheric circulation beneath the midlevel vor-
tex location at this time. Following an approximate 7-h gap be-
tween available TDR analyses, the next analysis revealed a
substantial change in vortex structure by 1540 UTC (Figs. 9c,f).
Not only had the vortex become better aligned in the vertical,
but the vortex had rapidly intensified. For instance, the maxi-
mum 2-km wind had increased by approximately 20 m s~ * be-
tween the 0840 and 1540 UTC TDR analyses. Although it is
possible that the strongest winds were not sampled in the G-IV
TDR analyses in Fig. 9, a sharp uptick in winds and an 11-hPa
decrease in central pressure were observed by an Air Force re-
connaissance mission flying at a height of approximately 1.5 km
between 1200 and 1600 UTC, which also indicate that Sally ex-
perienced a brief period of substantial intensification. Despite
the temporal gaps in coverage, the TDR analyses demonstrate
that Sally became increasingly aligned and rapidly intensified
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FIG. 9. (a) G-IV TDR analysis of 6-km Earth-relative wind (color shading and barbs) at 0645 UTC 14 Sep from the 20200914N1 (Sally2)
mission. Coincident IR brightness temperatures (°C) are shown by the grayscale shading. The maximum 6-km wind speed is displayed by
the text within the box at the bottom left of the panel. (b) As in (a), but for a G-IV TDR analysis at 0840 UTC 14 Sep. (c) As in (a) and
(b), but for the first P3 TDR analysis from the 20200911 mission at 1540 UTC 14 Sep. (d)-(f) As in (a)—(c), but for TDR analyses at a
height of 2 km. For each panel, the objectively identified TC center at the respective height is shown by the magenta circle, provided suffi-

cient data coverage exists.

during a period when there was intense convective activity
(Figs. 7 and 8).

While the aircraft missions described above had a substan-
tial temporal gap during Sally’s alignment, multi-Doppler
wind retrievals from KEVX, KMOB, and KTLH land-based
radars provide the ability to examine the relationship between
the TC convective structure, vortex misalignment, and in-
tensification during this gap in TDR coverage. The distance
of the TC from the radar sites precludes analyses of the
lower-tropospheric vortex and precipitation structure. How-
ever, the combination of 6 km AGL tangential wind and
storm-relative centers from the radars and the positions of
flight-level Air Force reconnaissance lower-tropospheric
center fixes is illuminating.

Figure 10 shows the position of the low-level center (LLC,
1.5 km AGL) and midlevel circulation (MLC, 6 km AGL)
during a 14-h period spanning Sally’s alignment, while Fig. 11
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shows time series of vortex tilt and precipitation mode from
the ground radar. At 0300 UTC 14 September a reconnais-
sance aircraft fixed the LLC approximately 70 km from the
6-km midlevel circulation (MLC), as shown in Fig. 10a. This
downshear tilted nature of the TC vortex is consistent with
the variational analyses shown in Fig. 4. Deep convection ob-
served from 0000 to 0300 UTC is followed by a rapid increase
in the stratiform precipitation coverage from 30% to 70%
from 0300 to 0630 UTC (Fig. 11b), which also coincides with
the time period between Sally 1 and Sally 2 during which an
amplification and deepening of the midlevel vortex is identi-
fied (Figs. 6 and 11a). Following the peak of stratiform precip-
itation (0700 UTC), the kinematic organization of the MLC
slightly deteriorates (Fig. 10b), the depth and strength of mid-
to upper-level vorticity (Fig. 11a) slightly decreases, and the
displacement from the LLC increases (Figs. 11a,b). However,
deep convection redevelops by 0900 UTC within 50 km of the
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F1G. 10. (a)-(h) Reflectivity (color fill) at 4 km AGL from ground based radar and 6 km
AGL storm-relative wind (barbs) derived using Fractl on 14 Sep. Reformation-relative times
are indicated in brackets. Red circles (“M”) indicate 6-km centers and black circles (“L”) de-
note low-level aircraft reconnaissance center fixes for all times except 0900 UTC [in (c), because
an objective center estimate could not be determined].

Brought to you by NOAA AOML Library | Unauthenticated | Downloaded 04/03/23 11:11 AM UTC



944 MONTHLY WEATHER REVIEW VOLUME 151
a) Ground Radar Vorticity and 2-6 km Tilt [km]
x107° 571
100
40 £
X
g 50
20 T
I
0

03

06 09
b) Ground Radar Precipitation Partition

12 15 18 21 UTC

o
o
1

N
o
1

[%] within 100 km
&
o

[ Stratiform
[0 Convection

21 00 03 . 18 21 UTC
30 c) Ground Radar Convection Partition
€ Shallow
~ Moderate
2 20 A [ Deep
£
£
]
E 10
R
0 T T T T T T T T
21 00 03 06 09 12 15 18 21 UTC

FI1G. 11. (a) Hovmoller/plot with respect to height of relative vorticity (color shading) averaged
within 100 km of the midlevel center using ground based radar multi-Doppler wind retrievals on
14 Sep. Vortex tilt is calculated as the distance between the 2-6-km (blue line) centers. (b) The
percent areal coverage for partitions of stratiform (green) and convection (red) within 100 km of
the 6-km center using a composite of KEVX, KMOB, and KTLH radars on 13-14 Sep. (c) The
percent areal coverage of shallow convection (yellow), moderate convection (orange), and deep
convection (red) within 50 km of the 6-km center.

MLC center (Fig. 11c) and significantly increases in strength and
areal coverage through 1600 UTC. Furthermore, the separation
between the low-level and midlevel vortex centers decreases dra-
matically between 1200 and 1600 UTC from in excess of 100 km
to about 20 km, bringing them into near alignment.

The vorticity of the MLC increases rapidly from ~20 X
107* to >30 X 10~* s~ ! after 1200 UTC, as seen in Fig. 11a.
This increase is most likely due to the intensified convection
near the MLC core. Midlevel vorticity continues to rapidly in-
crease in the period from 1600 to 1900 UTC from 30 X 10~*
to >50 X 10~* s~ ! in the 4-9-km vertical layer.

The combination of increased coverage of both moderate
and deep convection around the MLC prior to and during
alignment (Fig. 11c) is similar to what was seen in Hermine
(2016, Rogers et al. 2020).

4. Mechanism of vortex alignment

As shown during the Sally2 mission, Sally underwent a sig-
nificant structural evolution, with the low and midlevel vorti-
ces becoming aligned over a short (~3 h) time period. There
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have been several studies that have looked at what causes
this alignment for weak tropical cyclones (e.g., Nguyen and
Molinari 2015; Rogers et al. 2020; Schecter and Menelaou
2020). Nguyen and Molinari (2015) and Rogers et al. (2020)
emphasize stretching, and to a lesser extent tilting, as mecha-
nisms leading to vortex alignment. Schecter and Menelaou
(2020) investigate the role of the irrotational velocity field in
vertically aligning the vortex of a simulated tropical cyclone
with initially misaligned circulations at low and midlevels.
In their analysis, they split the horizontal wind field into so-
lenoidal and irrotational parts. Without the primary part of
the irrotational flow, which is mostly produced by convec-
tion, this alignment does not occur. They do not split the
horizontal flux of absolute vorticity into advective and
stretching parts, so it is hard to tell from their analysis
whether advection simply moves the low-level vortex to-
ward the upper-level vortex or whether stretching by con-
vection causes regeneration of the low-level vortex there.
Nevertheless, their analysis shows that dry adiabatic flows,
which are mostly solenoidal, are unable to produce the alignment
observed in their simulation; convectively induced irrotational
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FIG. 12. Sallyl: (a),(c) Absolute vorticity (grayscale; ks 1) and total vorticity tendency (vtend; cyan), and
(b),(d) its components vorticity convergence tendency (ctend; red) and tilting tendency (ttend; blue). Patterns at (top) 2
and (bottom) 6 km are shown. The contour interval for all tendencies is 0.006 ks > with solid and dashed contours indi-

cating positive and negative values, respectively. Zero contours are omitted.

flows linked to vertical convective motions by mass continuity
are needed.

The development of the simulated cyclone of Schecter and
Menelaou (2020) with its rapid final alignment phase bears a
strong resemblance to Sally’s behavior. As noted in section 3c,
the low-level vortex in Sally appeared to move into alignment
with or reform underneath the midlevel vortex in only a few
hours, preceded by a long period in which the low-level vortex
actually moved away from the midlevel vortex. This realign-
ment occurred toward the end of the Sally2 observational
period (Fig. 11 and Table 1). Thus, Sally2 dropsondes and
surface and airborne radar observations fortuitously cap-
tured the strong convection associated with the alignment of
the vortex column in Sally. As Figs. 4 and 5 show, the verti-
cal mass flux in Sally2 was significantly stronger than in
Sallyl and Sally3.

As discussed in section 1, (5) and (6) govern the time ten-
dency of the vorticity field in a tropical cyclone, given the ve-
locity field. Figures 12a,c, 13a,c, and 14a,c show the absolute
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vorticity (gray shading) and the total vorticity tendency (cyan
contours) at 2 and 6 km, derived from the dropsonde analyses
for the 3 Sally cases. Figures 12b,d, 13b,d, and 14b,d show the ab-
solute vorticity as well as the components of the total tendency,
including that due to absolute vorticity convergence —V, - (v,£.)
(red contours) and tilting V, - (£, v_) (blue contours).

As Fig. 12 shows, maximum total vorticity tendency at 2 km
in Sallyl occurs near 27.5°, —85.8° while the 6-km maximum
occurs further east near 27.5°, —84.8°. In agreement with the
mass flux profile for Sallyl (Fig. 5), which shows increasing
mass flux with height below 4 km, implying mass conver-
gence, the total tendency there is dominated by positive
vorticity convergence, though there is a weak positive con-
tribution from tilting as well. In contrast, at 6 km the mass
flux decreases with height, resulting in mass divergence and cor-
responding vorticity divergence. However, this negative ten-
dency is overcome by a strong positive tendency due to tilting.
At both 2 and 6 km, the maximum tendencies are located to the
south of the existing absolute vorticity maximum.
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Fi1G. 13. As in Fig. 12, but for Sally2.

In Sally2 (Fig. 13) the vertical mass flux is nearly 3 times
that seen in Sallyl, with corresponding increases in both con-
vergence and tilting tendencies. As in Sallyl, convergence
dominates at 2 km while tilting dominates at 6 km. However,
unlike Sallyl, the maximum 2-km tendency is located about
1.5° to the east of the existing vorticity maximum. Given the
maximum magnitude of approximately 0.03 ks~ for the 2-km
tendency, this would lead to the regeneration of the 0.4-ks ™"
vorticity maximum at 2 km in its new location in approxi-
mately 13 ks = 3.6 h. This regenerated vortex would be lo-
cated slightly to the south of the preexisting 6-km vortex in
the direction of the maximum 6-km vorticity tendency. The
eastward reformation of the 2-km vortex plus the slight south-
ward reformation of the 6-km vortex can therefore explain
the observed rapid alignment of the vortices at the two levels
into a single vertical column.

The strong positive vorticity tendency at 6 km in Sally2 due
to tilting is a bit of a surprise, in that it is sufficient to over-
come the negative stretching tendency at this level that comes
from the decrease in mass flux with height there. This means
that a top-heavy mass flux profile with mass flux increasing
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with height at midlevels and associated positive stretching is
not needed to spin up a midlevel vortex as long as a suffi-
ciently strong tilting tendency exists. In Sally2 this tendency
comes from the combination of upward motion and strong
anticyclonic vertical shear of the horizontal wind.

Examination of Fig. 14 shows that the vertical alignment
of the 2- and 6-km vortices has been maintained in Sally3.
Furthermore, the maximum 2-km vorticity tendency, due to
strong vorticity convergence and a weak positive tilting contri-
bution, is nearly aligned with the vortex column, implying
rapid strengthening of the vortex at this level. At 6 km the
vorticity convergence and tilting contributions nearly cancel
at the vorticity maximum, though there appears to be a posi-
tive tendency somewhat to the east of the maximum. Subse-
quently Sally underwent additional rapid intensification, but
detailed dropsonde measurements were not available at that
point.

The vorticity convergence tendency may be decomposed
into stretching and advective tendencies:

=V, 0,0 ==LV, v, = v, VL. )
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FI1G. 14. As in Fig. 12, but for Sally3.

As an example, Figs. 15a and 15b show this decomposition at
2 and 6 km for Sally2. Both terms contribute significantly to
the vorticity convergence tendency. The advective tendency
at 2 km reflects the effect of the cyclonic circulation around
the vorticity maximum at that level but does not contribute
significantly to the alignment of the vortex column, which is
accomplished primarily by stretching at this level according to
the Sally2 3DVAR analysis.

Similarly, the Eulerian tilting tendency may be decomposed
into Lagrangian tilting and vertical advection of vorticity:

a,
v, (wgh) =g, -V,w-— wa,

®)
where V - ¢ = 0 has been used. Figures 15¢ and 15d show the
Eulerian tilting term as well as the tendency due to the verti-
cal advection of vorticity at 2 and 6 km for Sally2. In these
cases the two are nearly equal in the convective region, indi-
cating that the contribution from Lagrangian tilting is rela-
tively small.

There is some uncertainty to the conclusion that stretching
dominates horizontal vorticity advection as there were no

Brought to you by NOAA AOML Library | Unauthenticated | Downloaded 04/03/23 11:11 AM UTC

actual dropsondes contributing to the analysis in the neigh-
borhood of the 2-km vortex during the critical period in which
vortex alignment took place. However, the sudden develop-
ment of anomalous winds of 15-20 m s~ ! would be needed to
advect 2-km vorticity from the old to the new location during
the 3-h period of realignment, which were not detected by the
observing platforms examined here. This is somewhat implau-
sible, but not out of the question if the convection associated
with the midlevel vortex strengthened enough to produce an
impulsive low-level inflow while no soundings were available.

5. Discussion and conclusions

In this paper we use an unprecedented dataset (high alti-
tude dropsondes from NOAA’s G-IV, radar data from the
G-IV and NOAA P-3 aircraft, ground radar, satellite images
and satellite-detected lightning strikes) collected over 2 days
(three G-IV flights) to analyze the RI of Hurricane Sally
(2020) that occurred between the second (Sally2) and third
(Sally3) G-IV flights. Shortly after the Sally2 observations,
Sally underwent RI. The key question we wish to pose here is,
can we predict the RI of Sally and, if so, what is the starting
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FIG. 15. Decomposition of the vorticity convergence tendency into advective and stretching components at

(a) 2 and (b) 6 km. The absolute vorticity and vorticity tendencies are as indicated in Fig. 12, but the red contours
show the stretching tendency (stend) and the blue contours show horizontal advective tendency (atend). (c),(d) The
2- and 6-km, respectively, Eulerian tilting (ttend; red) and the contribution to this from the vertical advection of verti-
cal vorticity (etend; blue). As in Fig. 12, the contour interval for all tendencies is 0.006 ks 2 with solid and dashed

contours indicating positive and negative values, respectively.

point after which we understand the subsequent chain of
events? What are the key conditions of a storm that is about
to experience RI?

Based on our analysis, one important condition supporting
RI in Sally was the presence of a significant midlevel vortex.
Such a vortex is associated with dynamically balanced thermal
anomalies with warm anomalies above and cooler anomalies
below, resulting in lower values of the instability index. Low
instability index is associated with high saturation fraction;
both of these variables are key indicators of strong, bottom-
heavy upward mass flux as observations and modeling show.
Sally2 satisfies these conditions. Low instability index and
high saturation fraction are seen in Fig. 3, while bottom-heavy
vertical mass flux profiles appear in Figs. 4 and 5. The midle-
vel vortex is evident in Figs. 4, 6, and 11.

Brought to you by NOAA AOML Library | Unauthenticated | Downloaded 04/03/23 11:11 AM UTC

Many developing TCs exhibit these conditions but most do
not undergo RI. We therefore must look further, examining
the pattern of vorticity tendencies in Sally. Sally2 in particular
exhibited vorticity tendencies that bring the low and midlevel
vortices into vertical alignment. Observations show that the
2-km vorticity tendency in Sally2 was sufficient to produce a
strong 2-km vortex under the 6-km vortex in only 3 h via vor-
ticity convergence. In addition, the tilting tendency at 6 km
displaced the midlevel vortex slightly, thus aiding the align-
ment process. This evolution was unique to Sally2 and did not
occur in Sallyl. Figure 14 shows that the vortices at 2 and
6 km are indeed aligned in Sally3 only a few hours after they
were misaligned in excess of 100 km.

Stepping back in the chain of causality, we need to address
why a strong midlevel vortex existed in Sally2, but not a few
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hours earlier in Sallyl. The generation of a midlevel vortex by
top-heavy convective mass flux profiles with strong midlevel
convergence is the obvious mechanism to consider. However,
the convection observed in both Sallyl and Sally2 was bot-
tom-heavy with divergence occurring at 6 km. It is possible
that top-heavy convection occurred between these two obser-
vational periods. Such convective bursts occurred episodically
in Hermine (2016; Rogers et al. 2020) and were discussed in
Bell and Montgomery (2019) for Hurricane Karl (2010). How-
ever, an alternative mechanism for the strengthening of the
midlevel vortex is tilting. This conclusion is supported by the
observation of a strong positive tilting tendency at 6 km in
Sally2 that overcomes the negative stretching tendency near
the preexisting vortex at this level in Fig. 13. Land-based ra-
dar indeed verified that strong convection existed in the 6-km
vortex core during the critical period but could not distinguish
between top-heavy and bottom-heavy cases. However, it de-
veloped, the midlevel vortex underwent considerable strength-
ening between Sallyl and Sally2.

The redevelopment of the 2-km vortex underneath the
6-km circulation in Sally2 was most likely affected primarily
by vertical stretching produced by bottom-heavy mass flux
profiles associated with the midlevel circulation. Horizontal
advection of 2-km vorticity appeared to contribute minimally.
An important, and fundamental, question to consider is
whether the alignment of the 2- and 6-km circulations was a
necessary precondition to intensification or whether the align-
ment occurred during an ongoing intensification period. In
other words, does alignment cause intensification or is it
simply one aspect of the structural evolution during intensi-
fication? It is true that Sally’s intensity, according to the
best track, was increasing prior to the observed alignment
(cf. Figs. 1, 8, 10, 11), suggesting that alignment was not a
cause of intensification. The best track is fairly coarse (6-h)
temporal resolution, however, and there can be consider-
able uncertainty in intensity estimates, particularly for dis-
organized systems like Sally was prior to alignment. That
being said, however, it is possible that Sally was intensifying
at least some prior to the observed alignment after 1200 UTC
14 September. A close examination of the vorticity time-height
series in Fig. 11a shows, though, that a significant increase in
mid- to upper-level vorticity did not occur until 1-3 h after Sally’s
tilt decreased significantly. Additionally, although not shown
here, Air Force reconnaissance missions on 14 September found
Sally’s central pressure did not begin to fall until 1200-1300 UTC,
near the time when tilt was beginning to decrease (Fig. 11a).
These observations indicate that alignment preceded the rapid
improvement, and therefore RI, in Sally’s structural organization.
It seems reasonable to conclude that intensification can occur
prior to alignment (provided there is deep convection in the vicin-
ity of the MLC), but more substantial intensification, and perhaps
rapid intensification, requires an alignment between the low- and
midlevel circulation centers. Additional research is ongoing to ex-
plore this relationship further.

The pathway described here need not always be followed
as there is more than one way to produce vortex alignment
and RI (DesRosiers et al. 2022; Miyamoto and Nolan 2018).
However, whatever the mechanism for RI, examination of
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vorticity tendencies associated with convective mass fluxes
along with the thermodynamic processes responsible for this
convection are likely to be productive, as this has the poten-
tial of distinguishing RI cases from less spectacular events.
Further field projects with continuous high altitude drop-
sondes and research is needed to see how this is applicable to
other reformation events as well as genesis (Zawislak et al.
2022).
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