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ABSTRACT

The conditions associated with tropical cyclones undergoing downshear reformation
are explored for the North Atlantic basin from 1998 to 2020. These storms were compared to
analog tropical cyclones with similar intensity, vertical wind shear, and maximum potential
intensity, but did not undergo downshear reformation. Storm-centered, shear-relative
composites were generated using ERAS5 reanalysis and GridSat-B1 data. Downshear
reformation predominately occurs for tropical cyclones of tropical storm intensity embedded
in moderate vertical wind shear. A comparison between composites suggests that reformed
storms are characterized by greater low-level and mid-tropospheric relative humidity
downshear, larger surface latent heat fluxes downshear and left of shear, and larger low-level
equivalent potential temperatures and CAPE right of shear. These factors increase
thermodynamic favorability, building a reservoir of potential energy and decreasing dry air
entrainment, promoting sustained convection downshear, and favoring the development of a
new center.

SIGNIFICANCE STATEMENT

The development of a new low-level circulation center in tropical cyclones that replaces
the original center, called downshear reformation, can affect the structure and intensity of
storms, representing a challenge in forecasting tropical cyclones. While there have been a
handful of case studies on downshear reformation, this study aims to more comprehensively
understand the conditions that favor downshear reformation by comparing a large set of North
Atlantic tropical cyclones that underwent reformation with a similar set of tropical cyclones
that did not undergo reformation. Tropical cyclones that undergo reformation have a moister
environment, larger surface evaporation, and higher low-level instability in specific regions

that help sustain deep, downshear convection that favors the development of a new center.

1. Introduction

In tropical cyclones, downshear reformation is the process where a new low-level center
develops within asymmetric convection downshear, replacing the parent vortex (Molinari et al.
2004). Center reformations can lead to abrupt changes in the structure and intensity of tropical
cyclones, increasing forecast uncertainty. The cases of downshear reformation that have been
documented in observational and modeling studies (Molinari et al. 2004, 2006; Davis et al.
2008; Chen et al. 2018b; Rogers et al. 2020; Alvey et al. 2022) had relatively weak intensity at

the time of reformation (i.e., tropical depressions, tropical storms) and were in the early stages
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of their development. These case studies suggest that the reformation of tropical cyclones is
more likely to occur in poorly defined, low-level circulations when they are more susceptible
to inner-core processes and environmental factors than in well-organized, strong low-level
circulations. Weaker tropical cyclones may be more susceptible than intense tropical cyclones
due to their lower inertial stability and resistance to external forcings (Shapiro and Willoughby
1982) and because convection can more effectively reshape the rotational and irrotational
velocity field (Schecter and Menelaou 2020).

The convective structure of tropical cyclones is influenced by vertical wind shear that
induces an asymmetric secondary circulation and moisture distribution (Black et al. 2002; Chen
et al. 2006; Rios-Berrios and Torn 2017). In sheared tropical cyclones, there is a preference for
convection downshear (Corbosiero and Molinari 2002; Chen et al. 2006; Cecil 2007), although
hurricane-strength sheared tropical cyclones are often characterized by a downshear-left
precipitation maximum (Reasor et al. 2013; DeHart et al. 2014). The asymmetric vertical
motion distribution in sheared tropical cyclones is generated by the thermal wind balance
response to vertical wind shear acting to tilt the vortex downshear, displacing the center of
circulation along a vertical axis due to differential vorticity advection (Jones 1995; DeMaria
1996). The strength of the vertical motion asymmetry increases with the vortex tilt (Jones
1995). Large and intense tropical cyclones are less susceptible to the effects of vertical wind
shear (Jones 1995; DeMaria 1996; Reasor et al. 2004), but in immature or early-stage tropical
cyclones, the vortex tilt can slow down the development of the tropical cyclone, prolonging the
period of asymmetric convection far from the center (Schecter and Menelaou 2020; Yu et al.
2023).

The vortex tilt and asymmetries associated with the effects of vertical wind shear in
tropical cyclones can affect the intensity and intensification by various mechanisms. When the
vortex is tilted, the secondary circulation is less effective at converging absolute angular
momentum inward to spin up the tangential wind (Riemer et al. 2010). In addition, the shear-
induced tilt and asymmetries limit the axisymmetric projection of diabatic heating (Alvey et
al. 2015) and transport low-entropy air downward, which can inhibit the intensification of
tropical cyclones (Alland et al. 2021a,b) when the low-entropy parcels are not recovered by
positive enthalpy fluxes (Tao and Zhang 2014; Chen et al. 2021b). Some tropical cyclones,
however, have been documented to intensify, sometimes rapidly, in moderate to strong vertical
wind shear after transitioning from a misaligned to an aligned structure (Rios-Berrios et al.
2016; Ryglicki et al. 2018; Alvey et al. 2020).
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Downshear reformation has been proposed as one mechanism for tropical cyclones to
intensify under unfavorable environmental wind shear. Nguyen and Molinari (2015) found in
simulations of Gabrielle (2001) that the relocation of the tropical cyclone center close to the
downshear convection allowed diabatic heating to occur closer to the storm’s center. The
enhancement of diabatic heating closer to the center, in a region of high efficiency of kinetic
energy production, was influential in Gabrielle’s (2001) rapid intensification (Molinari and
Vollaro 2010). The relocation of the low-level center can reduce the vortex tilt when the newly
developed inner vortex, embedded in the broad envelope of cyclonic circulation associated
with the parent vortex, is nearly upright and becomes the dominant vortex (Nguyen and
Molinari 2015). Vortex tilt reduction because of reformation was also seen in Irene (2005),
Vicente (2012), and Hermine (2016) (Davis et al. 2008; Chen et al. 2018b; Rogers et al. 2020).
These cases rapidly intensified after the vortex tilt reduction. In Hermine (2016), the midlevel
circulation showed a clear displacement from the low-level circulation. The evolution of the
low- and mid-level centers suggested that Hermine (2016) achieved vertical alignment once
the low-level center reformed underneath the midlevel center near deep convection and due to
vorticity stretching (Rogers et al. 2020). The role of the midlevel center in early-stage tropical
cyclone development has been previously examined and many cyclogenesis cases exhibit a
midlevel vortex preceding the spin-up of an underlying low-level vortex (Raymond et al. 2014).

Previous work has described the adjustment of inner-core thermodynamic characteristics
of tropical cyclones during their reformation. In Typhoon Vicente (2012) (Chen et al. 2019b),
the inner-core thermodynamic state was characterized by an initially warm and dry layer in the
lower-middle troposphere over the low-level circulation before reformation onset. Enhanced
convective mixing, consistent with the increase of convective bursts associated with the
reformation of the tropical cyclone and the vertical alignment, helped saturate the inner core in
the lower-middle troposphere. Rogers et al. (2020) examined the evolution of the precipitation
structure and the adjustment of the downshear thermodynamic environment of Hermine (2016),
leading to the development of a low-level vortex. It was found that convection evolved from
mostly deep to primarily moderate depth. The variation in the depth of convection was
consistent with changes in the thermodynamic environment that evolved to be more moist and
less unstable. The vertical mass flux profile transitioned to a bottom-heavy profile, resulting in
stretching of vorticity in the lower troposphere. Similarly, Stone et al. (2023) found that the
reformation of Sally (2020) was associated with low-level spin-up under a midlevel vortex as

a result of the vertical stretching produced by the bottom-heavy mass flux, associated with
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small values of low- to midlevel moist convective instability and large column saturation
fraction.

In an observational study of Danny (1997), Molinari et al. (2004) found that the
development of an intense cell downshear, part of a series of shear-induced convective
outbreaks, became the dominant vortex of the system. They hypothesized that the low-level
center reformed near deep convection due to vorticity stretching. These results were supported
by Molinari et al. (2006), where the reformation of Gabrielle (2001) was studied using
observations. Like Danny (1997), Gabrielle (2001) was highly asymmetric and lacked
convective activity near the center and upshear; after a significant convective outbreak
downshear, a new circulation developed.

Numerical modeling studies have suggested that the persistent convection downshear
that precedes reformation is associated with increased surface fluxes. In Nguyen and Molinari
(2015), surface fluxes allowed moist entropy to increase downshear right, increasing the
convective available potential energy (CAPE), which resulted in a favorable local environment
to sustain intense convection downshear. In Chen et al. (2018b), elevated surface heat fluxes
left of shear promoted the vigorous convective bursts that contributed to forming a strong
mesovortex in a positive vorticity band. The high surface fluxes left of shear were related to
the opposing directions of the vertical wind shear and background monsoon flow vectors. The
location and role of anomalously large surface fluxes, particularly relative to the shear vector,
in favoring downshear reformation requires further investigation.

Recently, Alvey et al. (2022) studied the reformation of Dorian (2019) and, in contrast
to previous studies, the environment was characterized by decreasing shear at the time of
reformation. Hours before the reformation, however, the system presented a shear-driven
vortex misalignment and an asymmetric humidity distribution with dry air upshear that limited
precipitation symmetry. Like other cases, a convective burst was observed before the
reformation, allowing mesovortex-like features to develop and consolidate into the new vortex.
In this case, it was hypothesized that island interaction invigorated the deep convective burst.

Until now, downshear reformation has been investigated only through case studies. A
climatological analysis would provide more information about the environmental factors
associated with downshear reformation in tropical cyclones to aid in forecasting. This study
aims to identify the characteristics of reformed tropical cyclones that distinguish these systems
from tropical cyclones with similar intensities and vertical wind shear that do not undergo

downshear reformation using an analog approach. Section 2 describes the datasets employed
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in this study, the selection of cases, and a description of the analog method. Section 3 describes
and compares the reformation and non-reformation composites, and section 4 gives the

conclusions of this study.

2. Methodology and data
a. Domain

This study analyzes tropical cyclones in the North Atlantic basin from 1998 to 2020,
based on the online availability of archived National Hurricane Center (NHC) discussions.
Reformed tropical cyclones were identified from NHC discussions using keywords associated
with downshear reformation (i.e., reformation, reforming, reformed, re-formed, reform,
relocation, relocated, jog, jogged, jump, reposition, repositioning). Sub-tropical, extratropical,
and tropical cyclones that reformed over land or made landfall within 12 h after reforming were
excluded. Sixty tropical cyclones, making up the reformation (R) composite, were identified.
Table 1, in Appendix A, contains all cases and the closest hour to the time of reformation in
the NHC discussions. Additionally, as tropical cyclones may reform more than once during

their lifetimes, the analysis focuses on the first reformation event.

It is not possible to objectively ascertain whether each case underwent downshear
reformation. Nonetheless, the NHC discussions serve to identify plausible downshear
reformation cases based on NHC Hurricane Specialists actively monitoring available data to
track each TC center. A caveat to our methodology for identifying the cases is that it is not
possible to know the exact time of reformation. There can be ambiguity as to whether the
discussion refers to a reformation that happened prior to the time of writing or might be in the

process of occurring.

b. Analog method

A list of tropical cyclones that did not go through reformation (NR) was generated using
an analog method. Eligible non-reformation cases consisted of all other tropical cyclones
during the study time period not listed in Table 1 as reformation cases (times where a non-
reformation case was classified as sub-tropical, extratropical, or over land were excluded). The
objective of the analog method is to identify, for each reformation case, a similar non-
reformation case based on a set of chosen factors that may influence the reformation of tropical

cyclones (Molinari et al. 2006). These factors are the maximum 10-m wind speed, deep-layer

6
Accepted for publication in’ Monthly Weather Review. DOI"10 1T 75/MINR.D:29-6254 7/ +1/22 0647 FiuTe



vertical wind shear, and maximum potential intensity. The analog selection attempts to control
for these factors, producing analog pairs of similar intensity and in similar environments. In
doing so, other potentially relevant factors differentiating reformation and non-reformation
cases may be identified.

To objectively identify analogs, a cost function J (1) is defined, similar to Halperin and
Torn (2018) and Richardson et al. (2022). The terms in J represent the normalized differences
in the 850-200-hPa wind shear in a 200-800-km annulus from the center (SHEAR), maximum
10-m wind speed (Vmax), and maximum potential intensity (MPI). For the shear and maximum
wind speed, differences are taken 12 h before the time of reformation for those cases and any
eligible time for all non-reformation cases. For the MPI, differences are summed over a 24-h
period, centered on the time of reformation for the reformation cases, and any contiguous 24-
h period for all non-reformation cases. The 24-h period for the MPI requires analog TCs to be
in similar thermodynamic environments for a sustained period. Differences are normalized by
the variable’s standard deviation (o) for all eligible reformed and non-reformed tropical
cyclones. SHEAR and MPI are extracted from the Statistical Hurricane Intensity Prediction
Scheme (SHIPS) dataset (DeMaria and Kaplan 1994; DeMaria et al. 2005) and Vmax is the
best track maximum wind (HURDAT?2; Landsea and Franklin 2013). The data is available at

6-h time steps.

J = |SHEARR — SHEAR | N |[Vmaxg — Vmaxyg|

OSHR t=—12 Ovmax t=—12

12

o
t=—12 MPI

The cost function was calculated for each reformation case and all eligible non-
reformation cases and times. The non-reformation cases were then ranked in ascending order
of the resultant cost function. The non-reformation case that minimized the value of J was
selected as the best analog. If multiple reformation cases shared the same best analog, the non-
reformation case was assigned to the reformation case for which the cost function was the
lowest. The next available best analog was used for the remaining reformation cases to obtain

unique analog pairs. Like Richardson et al. (2022), the analog pairs were retained when all
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terms of the cost function were < 1.5 standard deviations from the term’s mean to ensure the
analogs were suitable matches. Figure 1 shows the distribution of each term on the right-hand
side of (1), representing the normalized difference between each pair of analogs. The
distribution indicates that MP1 differences had the largest contribution to the total cost function,
suggesting that the 24-h evolution of MPI was more challenging to match compared to the

intensity and vertical wind shear.

IS
o

B VMAX
@ SHEAR
N MPI

Frequency
= N N w w
wv o w o (9}

=
o
L

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14
Cost Function

FIG. 1: Normalized difference in initial intensity (blue), initial vertical wind shear (orange), and maximum

potential intensity (green) between analog reformation and non-reformation pairs.

Alternative cost functions were tested, such as one having the normalized difference in
vertical wind shear summed over a 24-h period. However, this test resulted in higher values of
J, and the magnitude of this term in the cost function exceeded the established threshold,
reducing the number of good analog pairs. We settled on the current cost function based on
simplicity and to maximize good analog matches.

A caveat to our methodology is that it is not possible to be certain that the non-
reformation analog cases did not undergo reformation if the process was not observed or noted
in NHC discussions. Nonetheless, the reformation cases have statistically significant larger 12-
h forecast track and intensity error magnitudes compared to non-reformation cases (Figs. 2a
and b). The larger track error may indicate unforecasted center jumps in the sample of

reformation cases versus the sample of non-reformation cases. In addition, the forecast
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intensity error suggests an underprediction of the intensity (negative bias) of the reformed
cases, possibly due to unexpected alignment. Figure 2 gives confidence that the method here

distinguishes between reformation and non-reformation events.
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FIG. 2: (a) 12-h NHC track forecast error (n mi) for the reformation (blue) and non-reformation (orange)
composites. The dashed line shows the mean value of the 12-h forecast track error for North Atlantic tropical

cyclones from 1998-2020. b) Similar to (a) but for the intensity forecast error and mean bias (kt).

c. Datasets

Factors including relative humidity, equivalent potential temperature, CAPE, surface
latent heat flux, wind speed, sea surface temperature, and mean sea level pressure were
examined using the 5"-generation European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis dataset (ERA5; Hersbach et al. 2020). This dataset provides
hourly values of atmospheric and surface variables at 0.25°x0.25° horizontal grid spacing. In
addition, this study used Gridded Satellite infrared (IR) data from the International Satellite
Cloud Climatology Project (ISCCP) dataset (GridSat-B1; Knapp et al. 2011). This dataset
provides data from three channels with a grid spacing of 0.07°.
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Data were examined using storm-centered composites rotated relative to the vertical
wind shear direction. The latter was done due to vertical wind shear’s strong influence on
structural asymmetries in tropical cyclones (e.g., Nguyen et al. 2019). Like Fischer et al.
(2019), the location of a tropical cyclone’s center was determined by calculating the 850-hPa
relative vorticity centroid from the ERAS dataset within a 3°x3° box centered in the best track
position. This method corrects for instances in which there are deviations from the best track
position due to the coarse resolution of the reanalysis dataset. The tropical cyclone’s center
position may not, however, represent the new center’s location, as ERAS likely does not resolve
the reformation. The shear direction used to rotate the composites was extracted from the
SHIPS dataset.

d. Low-level mean flow

Similar to Chen et al. (2021), the low-level mean flow was defined as the 850-hPa mean
flow. The mean flow at that height was calculated following the tropical cyclone vortex
removal method described in Galarneau and Davis (2013), where the rotational and divergent
components of the wind were subtracted from the wind field within a 500-km radius from the
tropical cyclone center. Once the tropical cyclone vortex was removed, the mean flow was the

average wind field within 500 km.

e. Statistical significance testing

Differences between analog tropical cyclone fields were computed, composited, and
tested for statistical significance at the 95% confidence interval using a bootstrap resampling
approach similar to Rios-Berrios et al. (2016) and Richardson et al. (2022). The first step of
this approach was generating two subsets of 63 members randomly sampled with replacements
from the combined reformation and non-reformation cases. Then, the differences between the
two subsets were computed. These two steps were repeated 1000 times to create the null
distribution used to test the null hypothesis. The null hypothesis is that the composite difference
between the reformation and non-reformation cases is statistically indistinguishable from the

composite difference between two randomly generated groups.

3. Results and discussion

a. Climatological characteristics
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Since most case studies of downshear reformation are tropical storms under moderate
vertical wind shear at the time, or prior to the time, of reformation (e.g., Nguyen and Molinari
2015; Chen et al. 2018; Rogers et al. 2020), we first examined the magnitudes of the maximum
10-m wind speed and vertical wind shear. Hereafter, we will refer to the reformation time and
the analog match time as t = 0 h and perform composite analyses about these times.

Figure 3 shows intensity distributions from t=-12 h to t=0 h for the reformation and
non-reformation cases. The intensity at t=-12 h ranged from 25-55 kt (e.qg., tropical depression
to tropical storm intensity) for both composites. The difference between composites was not
statistically significant at the 95% confidence interval, which is expected as the -12-h intensity
was controlled for in the analog cost function. Over time, the intensity distributions shifted to
stronger wind speeds, but the systems mostly stayed as tropical storms and depressions. At the
time of reformation, 97% of the cases were tropical storms, consistent with the sample of
reformation cases that have been documented in observational and modeling studies (Molinari
et al. 2004, 2006; Davis et al. 2008; Chen et al. 2018b; Rogers et al. 2020; Alvey et al. 2022;
Alvey and Hazelton 2022). Although most tropical cyclones remained as tropical storms from
-6 to 0 h in both composites, the reformation composite had a larger mean intensity increase.
After the reformation, seven reformed tropical cyclones rapidly intensified, while in the non-
reformation composite, three tropical cyclones rapidly intensified (Rl > 25 kt in 24 h; Kaplan
et al. 2010); however, there was no statistically significant difference in the 24-h intensity
change between composites. The different intensity changes outcomes suggest that there is not
a definite relationship between reformation and intensity change.
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The 850-200-hPa shear magnitude distributions at t =-12 h, -6 h, and 0 h are shown in
Figure 4. The distributions were broad, with shear ranging from weak to strong. At t= -12 h,
the reformation and non-reformation distributions had an interquartile range mostly in the
moderate vertical wind shear range (4.5-11.0 m s™*; Rios-Berrios and Torn 2017) with means
around 7.5 m s1. At -6 and 0 h, the mean and median shear remained around 7.5-8.5 m s 2.

Differences between the distributions at all times were not statistically significant.

12
Accepted for publication in' Monthly Weather Review. DOI' 17 5MWRID-22-6254 47/ 11/ oera7 o vie



25

[ Reformation
3 Non-Reformation

N
o
L

=
w
f

=
o
L

850-200 hPa Shear Magnitude (m/s)

li
li

1

t = -12h t = -6h t = Oh

FIG. 4. Similar to Fig. 2, except for the 850-200-hPa shear magnitude (m s™!) at t = -12, -6, and 0 h for

reformation cases (blue) and non-reformation cases (orange).

Figure 5 shows the normalized distributions of cyclone age, defined as the hours
between the time a system was classified as a tropical cyclone by the NHC and the estimated
time of reformation for reformation cases or the analog match time for non-reformation cases.
Focusing on the age distribution of the reformation cases, the distribution peaked at 28 h and
the likelihood of reformation decreased with age. This result suggests that reformation is more
likely during the early stages of a system. The mean and median of the age distribution of the
reformed tropical cyclones was larger. Although the age distribution of the non-reformation
cases had a similar distribution peak, it was even more concentrated in the early stages of a
system’s lifetime. The Mann-Whitney U test showed no statistically significant difference
between the age distributions. Thus, the comparison that follows is predominantly tropical
cyclones within a few days after genesis (i.e., of a similar age), a desirable outcome of the

analog method.
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FIG. 5. Normalized distribution of tropical cyclone age for reformation cases (blue) and analog non-
reformation cases (orange). The solid lines give the mean of the distributions and the dotted lines are the

median of the distributions.

The location of the reformation cases at the time of reformation and the analog non-
reformation cases are shown in Figure 6. Each group had a similar geographic distribution
across the basin, except in the eastern Atlantic (< 40° W) where there were fewer reformation
cases. Clusters of reformation cases are also evident in the Gulf of Mexico and the western

Caribbean Sea.
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FIG. 6. Location of the reformation cases (blue circles) and analog non-reformation cases (red triangles).
The blue (solid) ellipse encloses the reformation distribution centroids at 2 counts and the red (dashed)

ellipse is from the non-reformation distribution.

b. Thermodynamic environmental characteristics

Differences in tropospheric relative humidity were investigated between tropical
cyclones that reformed versus those that did not. Storm-centered, shear-relative, composite-
mean lower-tropospheric (850-700-hPa layer average) and mid-tropospheric (500-300-hPa
layer average) relative humidity are shown in Figures 7 and 8, respectively. During -12-0 h,
the reformation composite had greater lower-tropospheric relative humidity than the non-
reformation composite. The mid-tropospheric relative humidity was asymmetric, with higher
humidity downshear and lower relative humidity upshear. These asymmetries could be the
result of vertical shear-induced tilted circulations with enhanced upward motion downshear
and subsidence upshear. Molinari et al. (2006) found a similar asymmetric distribution of
relative humidity before the reformation of Gabrielle (2001), with air subsiding as it moved
cyclonically towards the upshear quadrants.

The difference between the reformation and non-reformation composites showed that
reformed storms had statistically significant larger relative humidity directly downshear. The
area of positive difference moved inward from -12 to 0 h due to an inward increase in relative
humidity in the reformed storms and a decrease in relative humidity in the non-reformed
storms. The increase seemed to be associated with the relative humidity physically increasing
and not a shift in the center position, as the reanalysis data and/or the tropical cyclone center
finding technique was not able to capture the jump in the center position caused by the

reformation. Upshear, however, the reformed storms had smaller relative humidity values that
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could inhibit convection. Examining the specific humidity for both composites (not shown),
the same distribution as the relative humidity fields existed, with larger values in the downshear
region for the reformation composite.

The comparison suggests that reformed tropical cyclones are in a moister low-
tropospheric environment and have a more asymmetric azimuthal moisture distribution at mid-
levels with larger relative humidity downshear and smaller relative humidity upshear. The
differences in relative humidity indicate the importance of the moisture content in the
reformation of tropical cyclones. These results are consistent with previous observations of
reformed tropical cyclones (Molinari et al. 2006; Molinari and Vollaro 2010; Rogers et al.
2020; Alvey et al. 2022). The smaller relative humidity in the lower and middle troposphere,
particularly downshear, in the non-reformation composite, suggests greater inhibition of

convective activity, which will be examined in a subsequent subsection.
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FIG. 7. Composite-mean, storm-centered, shear-relative, 850-700-hPa relative humidity (%) for (a) the
reformation composite, (b) the non-reformation composite, and (c) the difference between the two
composites at -12 h; (d)—(f) and (g)—(i) as in (a)—(c), but at -6 h and 0 h, respectively. Composites are rotated
by the 850-200-hPa wind shear direction given by the black arrow. In (c), (f), and (i), contours represent the
all-sample mean and the stippling denotes where the differences are statistically significant at the 95%

confidence level. The radius of each circle is in kilometers (km).
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(a) R, t=-12h (b) NR, t=-12h (c) R-NR, t=-12h

(9) R, t=0h

500-300 hPa Relative Humidity (%) Relative Humidity Difference (%)
20 28 36 44 52 60 68 76 84 92 -30-24-18-12-6 0 6 12 18 24

FIG. 8. Similar to Fig. 7, but for the 500-300-hPa relative humidity (%).

As asymmetric convection in sheared tropical cyclones might be associated with low-
level thermodynamic asymmetries (Zhang et al. 2013), differences in low-level moist entropy
were examined. Figure 9 shows the composite means and differences in 1000-hPa equivalent
potential temperature (6e). During -12 h-0 h, the reformation composite had higher 6e right of
shear, nearly 3 K higher than left of shear. This pattern differed from the azimuthal distribution
of 0¢ in the non-reformation composite, where 6 was more uniform within 400 km. The higher
values of 0e right of shear in the reformed storms were statistically significant, suggesting that

this region of higher 0 was favorable for the reformation of tropical cyclones. At 400 hPa, 6
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was asymmetric, with the highest values in the downshear quadrants for both composites (not
shown). Compared to the non-reformation composite, the reformation composite had
statistically significantly higher midlevel 6¢ in the downshear region, consistent with mid-level
moistening there.

The low-level 8. asymmetry in the reformation composite, with lower values left of
shear, is consistent with the results of Nguyen and Molinari (2015); however, their 6. maxima
were found in the downshear-right quadrant, similar to Zhang et al. (2013). In this study, the
reformed composite had the maxima in the upshear-right quadrant. This difference could be
associated with the coarse resolution of the reanalysis data, as their composite examined the
inner-core region using dropsonde data. Nonetheless, the high 6e right of shear in the
reformation composite represented an increased reservoir of energy to sustain convection
downshear that was much more muted in the non-reformation composite.

To assess the difference in the potential instability available for convection between the
reformation and non-reformation cases, most-unstable CAPE was compared (Fig. 10).
Consistent with Molinari et al. (2012), CAPE increased away from the center and there was
higher CAPE downshear relative to upshear. Compared to Fig. 9, these differences were more
spatially variable and had less statistically significant area. At t=0 h, the CAPE difference was
generally consistent with the 0. difference, suggesting more instability right of shear to fuel

downshear convection in reformed storms, consistent with Alvey and Hazelton (2022).
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(a) R, t=-12h (b) NR, t=-12h (c) R-NR, t=-12h

(d) R, t=-6h (e) NR, t=-6h

(9) R, t=0h (h) NR, t=0h

K K

340.0 340.7 341.4 342.1 342.8 343.5 344.2 344.9 345.6 346.3 -5-4-3-2-10 1 2 3 4

FIG. 9. Similar to Fig. 7, except for the 1000-hPa equivalent potential temperature (K).
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(a) R, t=-12h (b) NR, t=-12h (c) R-NR, t=-12h

(d) R, t=-6h (e) NR, t=-6h (f) R-NR, t=-6h

(g) R, t=0h (h) NR, t=0h
200300400 200300400
100 100
J/kg J/kg
300 390 480 570 660 750 840 930 1020 1110 -400326246160-80 0 80 160240320

FIG. 10. Similar to Fig. 7, except for the CAPE (J kg™?).

c. Surface fluxes

The differences in 6. and CAPE motivate a comparison of surface latent heat fluxes
between reformation and non-reformation cases. Figure 11 shows the composite-mean surface
latent heat flux for the reformation and non-reformation composites, and their differences. Both
composites showed an asymmetric surface latent heat flux distribution, with maximum values
generally left of shear. From -12 to 0 h, the surface latent heat flux increased notably in the
reformation composite. In contrast, the surface latent heat fluxes increased slightly in the non-

reformation composite. The composite differences showed that reformed tropical cyclones had
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statistically significant higher fluxes downshear and left of shear within 400 km from the
center. Hence, the larger and increasing surface latent heat fluxes downshear and left of shear
were a distinguishing characteristic between the reformation and non-reformation storms. The
larger values of surface fluxes left of shear in the reformation composite could explain the
increase in Oe right of shear, as the surface fluxes could boost the moist entropy as seen in
previous studies (Rappin and Nolan 2012; Chen et al. 2019a).

The increase of the left-of-shear surface heat fluxes is consistent with Chen et al.
(2018b), where an increase in surface latent fluxes downshear left was associated with an
increase of convective bursts that led to Typhoon Vicente’s (2012) reformation. In their study,
the increase in latent heat fluxes was due to the increase in surface wind speed left of shear.
The increase in surface wind speed resulted from the superposition of the low-level
southwesterly monsoon flow, in a direction opposite to the environmental wind shear, on the
tropical cyclone circulation. As the tropical cyclone circulation intensified, the surface latent
heat flux gradually amplified.

Motivated by this finding, the role of the orientation of the low-level wind and vertical
wind shear directions was examined. The angle between the vertical wind shear and the low-
level mean flow vector was calculated counterclockwise from the shear vector. For example, a
low-level mean flow directly left of shear would result in an angle of 90°. Figure 12 shows the
distribution of the angle between the vertical wind shear vector and low-level mean flow
direction for both composites. The mean angle between the shear vector and low-level mean
flow direction was 115° for the reformation distribution and 148° for the non-reformation
distribution. Both angles indicate that the low-level mean flow was left of shear, with the
reformation composite having a distribution more peaked to the left of shear than the non-
reformation distribution. The difference in the orientation of the low-level flow relative to shear
between the two composites was statistically significant using the bootstrap resampling
approach. Left-of-shear directed low-level flow increases surface fluxes downshear, i.e., to the
right of the low-level flow vector, because of the superposition of the cyclonic flow and the
background flow. The increase in the surface fluxes in the reformation composite, therefore,
could also be associated with the orientation of the low-level flow relative to shear. Previous
studies have documented that left-of-shear, low-level mean flow induces asymmetries in the
surface wind field with stronger winds and positive surface flux anomalies mostly downshear
left (Chen et al. 2018a, 2019a, 2021a).
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To assess if the surface latent heat flux differences between reformation and non-
reformation cases were associated with surface wind speed differences, Figure 13 shows the
composite-mean 10-m wind speed. Maximum surface winds were lower than the best track
values, likely due to the coarse resolution of the reanalysis data; however, the patterns in Fig.
13 were similar to those in Figure 11. The reformation cases had stronger surface winds
downshear and left of shear than the non-reformation cases. Additionally, the reformation cases
had a more pronounced downshear left increase in wind speed from -12 to 0 h compared to the
non-reformation cases. This result suggests that the increase in surface latent heat flux was

linked to the increase in surface wind speed.
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(a) R, t=-12h (b) NR, t=-12h (c) R-NR, t=-12h

(d) R, t=-6h (e) NR, t=-6h

(9) R, t=0h (h) NR, t=0h

90 111 132 153 174 195 216 237 258 279 —50:037:525-012.50.0 12.525.037.550.062.5

FIG. 11. Similar to Fig. 7, except for the surface latent heat flux (W m2).
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FIG. 12. Distribution of the angle between vertical wind shear and low-level mean flow (°) att = 0 h for

reformation cases (blue) and non-reformation cases (orange).

The mean sea level pressure (MSLP) was examined to further assess the causes of the
larger wind speed downshear and left of shear in the reformation composite (Fig. 14). Both the
reformation and non-reformation composites had an asymmetric MSLP distribution, with the
highest values downshear left and the lowest values upshear right. Compared to the non-
reformation composite, the reformation composite had lower MSLP near the center, but similar
MSLP downshear left. The result was a stronger pressure gradient in the reformation composite

coinciding with the area of larger 10-m wind speeds noted in Fig. 13.
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(a) R, t=-12h (b) NR, t=-12h (c) R-NR, t=-12h

30 0400

100

(d) R, t=-6h (e) NR, t=-6h (f) R-NR, t=-6h

400

100200

(9) R, t=0h (h) NR, t=0h

m/s m/s
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FIG. 13. Similar to Fig. 7, except for the 10-m wind speed (m s1).

Interestingly, reformation cases had lower MSLP in the upshear-right quadrant
extending to >800 km, which possibly reflected differences in the background environment in
which reformation and non-reformation cases were embedded. Examination of individual
reformation cases that had lower upshear-right MSLP showed that these cases were primarily
located in the Caribbean and the Gulf of Mexico. In addition, two reformation cases right off
the west coast of Africa showed a similar pattern in the MSLP distribution. The lower MSLP
seemed to reflect a larger, synoptic-scale, trough-like feature that the tropical cyclone was
embedded in (not shown), much like Typhoon Vicente’s interaction with a monsoon circulation
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(Chen et al. 2018b). Interactions of tropical cyclones with low-level, trough-like features are
one possible factor in downshear reformation that was not further investigated in this study but

would be an interesting follow-on topic to explore.

(b) NR, t=-12h

(e) NR, t=-6h

hPa hPa

1005.0 1006.4 1007.8 1009.2 1010.6 1012.0 1013.4 1014.8 1016.2 1017.6 —2.0-1.6-1.2-0.8-0.40.0 0.4 0.8 1.2 1.6

FIG. 14. Similar to Fig. 7, except for the mean sea level pressure (hPa). Note the larger radius in these plots

to capture more of the environment.

d. Convective characteristics
To complement the ERA5-based analysis, the spatial and temporal distribution of the

convective activity of the reformation and non-reformation composites was examined using
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infrared (IR) brightness temperature (Fig. 15). In both composites, the coldest IR brightness
temperatures were displaced downshear, as one would expect (e.g., Corbosiero and Molinari
2002), although averaging the brightness temperature in the composites likely removed any
signal of the most intense convection. At -12 h, the reformed storms had an area of deep
convection (<228 K; Wang 2018) downshear within 100 km from the center. Over the
following six hours, cloud tops cooled and expanded downshear. Approaching the time of
reformation, the cloud tops continued to cool downshear. In contrast, non-reformation cases
showed little change in the coldest IR brightness temperature between -12 and -6 h. Perhaps
importantly, the coldest IR brightness temperatures at -6 h were closer to the center, compared
to the reformation cases, which would help amplify the primary vortex versus any competing
vortex downshear. In the reformation composite, the coldest brightness temperatures
maximized between 100-200 km downshear, which would support reformation. As a result,
the most negative differences in IR brightness temperature between reformed and non-
reformed storms were downshear at -6 h. The overall IR brightness temperature tendencies and
differences suggest that sustained, deepening convection downshear is a characteristic of
reformed tropical cyclones, consistent with observational studies of downshear reformation
(Molinari et al. 2006; Alvey et al. 2022).

e. Subsample sensitivity

Given that there are some differences in the geographic distribution between
reformation and non-reformation cases (Fig. 6), we performed subsampling of the full sample
of reformation and non-reformation cases and repeated the composite analysis above. For
example, we formed a subsample of cases only located in the Gulf of Mexico and the western
Caribbean and a subsample of cases excluding cases in the eastern Atlantic. For some fields
and subsamples, there are small azimuthal shifts in the composite difference fields, along with
changes in difference magnitudes, which we attribute to a reduction in sample size (not shown).

The main findings of this study, however, remain consistent for these different subsamples.

28
Accepted for publication in’ Monthly Weather Review. DOI"10 1T 75/MINR.D:29-6254 7/ +1/22 0647 FiuTe



(a) R, t=-12h (b) NR, t=-12h (c) R-NR, t=-12h

BN
N

(e) NR, t=-6h

(9) R, t=0h (h) NR, t=0h

200 212 224 236 248 260 272 284 296 -20-16-12-8 -4 0 4 8 12 16

FIG.15. Similar to Fig. 7, except for the infrared brightness temperature (K). Brightness temperatures < 228
K are contoured in white.

4. Conclusions

This study aimed to identify the environmental conditions that favor the downshear
reformation of tropical cyclones. North Atlantic tropical cyclones that reformed from 1998 to
2020 were identified from NHC discussions. Using an analog method, pairs of tropical
cyclones that did and did not reform were matched with similar intensity, vertical wind shear,
and maximum potential intensity.
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Reformation predominantly occurred in tropical storms under moderate shear within a
few days after genesis. It is hypothesized that tropical cyclones are more prone to downshear
reformation at this stage due to the circulation being more susceptible to environmental
influences. These results are consistent with previous research (Nguyen and Molinari 2015;
Chen et al. 2018b), and these factors are touched upon in forecast discussions; however, not
every tropical storm under moderate vertical wind shear undergoes downshear reformation.
The analog approach allowed us to systematically compare reformation and non-reformation
cases to identify other factors that may favor the reformation of tropical cyclones.

A comparison of storm-centered, shear-relative composite fields revealed several
factors that differ between reformation and non-reformation cases. The reformed storms were

characterized by:

. An asymmetric distribution of mid-to-upper tropospheric relative humidity
with higher values downshear and lower values upshear.

ii. Greater low-level relative humidity over much of the inner 500 km.

Iii. Larger CAPE and low-level 0 right of shear.

iv. Larger surface latent heat fluxes left of shear and downshear due to stronger

winds, associated with a stronger pressure gradient left of shear.

It is hypothesized that the increase in surface fluxes helps to increase the low-level 6e
and CAPE right of shear. These factors increase thermodynamic favorability, building a
reservoir of potential energy. Downshear moistening aloft then minimizes dry air entrainment
in convection. This combination promotes sustained convection downshear that deepens with
time, leading to downshear reformation. Figure 16 shows a schematic diagram of select factors
that favor downshear reformation.

Contrary to the reformation cases, the tropical cyclones that did not undergo downshear
reformation had smaller surface fluxes left of shear; as a result, the low-level 6. was not as
large right of shear. In addition, the non-reformation storms were embedded in a drier lower-
tropospheric environment. The non-reformed storms also had an asymmetric distribution of
mid-to-upper tropospheric relative humidity with high values in downshear quadrants than in
upshear quadrants. However, the downshear region was drier and the upshear region had higher
relative humidity than the reformed tropical cyclones. In addition, contrary to the reformed

tropical cyclones, the mid-tropospheric relative humidity decreased in the non-reformation
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composite with time in the upshear-left quadrant. This result is also in contrast to the evolution
of mid-tropospheric relative humidity in successful cases of vortex alignment (Zawislak et al.
2016; Alvey et al. 2020). These factors are consistent with the weaker convection downshear,
and deep convection confined closer to the center, favoring the continuation of the parent
vortex as the dominant vortex.

We note some limitations of this study. First, it was not possible to identify the
reformation cases objectively and the selection of cases was based on the forecaster’s
subjectivity. The 12-h track and intensity error analysis increased our confidence, but there is
still uncertainty regarding the exact time of reformation and whether the non-reformation
analog cases did not, in reality, undergo reformation. Second, the temporal and spatial
resolution of the reanalysis data only allows broad-scale aspects of these tropical cyclones to
be studied and not mesoscale processes involved in the reformation of tropical cyclones.
Additionally, because of the temporal and spatial resolution of the reanalysis data, the
reformation of the new center could not be resolved. Lastly, our sample was limited to North
Atlantic tropical cyclones. Additional analysis of the reformation process in other basins should
be conducted to check for consistency, as environmental characteristics may vary.

From a forecasting standpoint, recognizing patterns and factors that are favorable for
downshear reformation (Fig. 16) may help forecasters to better anticipate downshear
reformation or have greater confidence in a convection-allowing tropical cyclone model that
simulates reformation. This study raises the possibility that there may be predictive skill in
forecasting downshear reformation based on storm-scale and environmental cues.

Although more tropical cyclones within the reformation composite intensified,
compared to the non-reformation composite, there was no definite relationship between
reformation and subsequent intensity change. Questions considering the impact of the
reformation in the vortex alignment process and its role in the intensification of tropical storms
under moderate vertical wind shear remain, including how often the reformation successfully
results in rapid intensification and how alignment is achieved: through the distinct
redevelopment of the low-level vortex underneath the mid-level vortex or through a merger of
the inner and parent vortices. Future work will involve high-resolution ensemble simulations
that will allow the examination of the vortex structure, convective and mesoscale processes,

and associated predictability issues involved in downshear reformation.
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FIG. 16. Schematic diagram of the main factors this study identified as favoring downshear reformation in
tropical cyclones. The green area represents larger surface latent heat fluxes (Fs), the arrow in this region
represents stronger winds; the red area shows greater low-level equivalent potential temperature (6¢). Mid-
to-upper level dry and moist air are shown in the brown and blue areas, respectively. The clouds are

downshear deep convection.
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function (best track data and SHIPS diagnostic files) can be located in the NHC data archive

and https://rammb.cira.colostate.edu/research/tropical cyclones/ships/.

APPENDIX

Reformation Cases and Best Analog

Time of Reformation

Analog, Non-reformation

Reformation Case Case Analog Time
Alberto 2006 | 2006-06-12 12 UTC Leslie 2000 2000-10-06 06 UTC
Andrea2013 | 2013-06-06 00 UTC Delta 2005 2005-11-27 06 UTC
Arlene 1999 1999-06-15 12 UTC Danny 2003 2003-07-17 06 UTC
Arlene 2005 | 2005-06-11 00 UTC Sean 2011 2011-11-10 12 UTC

Beryl 2000 2000-08-14 12 UTC Henri 2003 2003-09-05 12 UTC
Beryl 2006 2006-07-20 06 UTC Cindy 2011 2011-07-20 18 UTC
Beta 2020 2020-09-20 18 UTC Chris 2006 2006-08-02 12 UTC
Claudette 2003 | 2003-07-10 12 UTC Josephine 2008 2008-09-04 18 UTC
Cristobal 2002 2002-08-07 00 UTC Lorenzo 2013 2013-10-21 18 UTC
Cristobal 2008 | 2008-07-2112 UTC Hermine 2004 2004-08-30 00 UTC
Danny 2009 2009-08-27 00 UTC Oscar 2012 2012-10-04 00 UTC
Debby 2000 2000-08-20 18 UTC Alex 1998 1998-07-30 06 UTC
Dolly 2002 2002-09-03 12 UTC Lisa 2004 2004-09-28 06 UTC
Don 2011 2011-07-29 00 UTC | TroPical ([;%Tgfsmn 151 2019-10-15 00 UTC
Earl 2016 2016-08-03 06 UTC Ivan 2004 2004-09-04 06 UTC
Edouard 2014 | 2014-09-13 00 UTC Kyle 2008 2008-09-26 00 UTC
Emily 2005 2005-07-14 00 UTC Maria 2005 2005-09-04 00 UTC
Emily 2011 2011-08-02 18 UTC Stan 2005 2005-10-03 18 UTC
Erika 2009 2009-09-02 06 UTC Emily 1999 1999-08-26 12 UTC
Erika 2015 2015-08-27 12 UTC Igor 2010 2010-09-09 12 UTC
Erin 2007 2007-08-15 18 UTC Jerry 2013 2013-09-29 12 UTC

Ernesto 2012

2012-08-06 12 UTC

Franklin 2005

2005-07-23 12 UTC

Tropical Depression #8

Eta 2020 2020-11-07 12 UTC 2006 2016-08-30 06 UTC
Felix 2001 2001-09-11 12 UTC Kate 2003 2003-09-27 12 UTC
Florence 2006 2006-09-05 12 UTC | ropical a%%rgfs'on #1211 1999.10-07 12 UTC
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Gabrielle 2001 2001-09-12 18 UTC Ophelia 2005 2005-09-06 18 UTC
Gabrielle 2019 2019-09-07 18 UTC Bertha 2014 2014-08-04 06 UTC
Gert 2005 2005-07-24 06 UTC Dennis 2005 2005-07-05 06 UTC
Gustav 2008 2008-08-28 06 UTC Irene 2011 2011-08-21 18 UTC
Hanna 2008 2008-09-04 00 UTC Michael 2012 2012-09-06 00 UTC
Hanna 2020 2020-07-23 18 UTC Floyd 1999 1999-09-08 06 UTC
Harvey 2011 2011-08-20 00 UTC Bonnie 2004 2004-08-10 00 UTC
Harvey 2017 2017-08-24 06 UTC Franklin 2017 2017-08-09 06 UTC
Helene 2018 2018-09-08 06 UTC Helene 2006 2006-09-13 06 UTC
Humberto 2013 2013-09-17 06 UTC Ingrid 2007 2007-09-15 00 UTC
lan 2016 2016-09-14 12 UTC Olga 2001 2001-11-2500 UTC
Ida 2015 2015-09-22 12 UTC Maria 2011 2011-09-11 06 UTC
Irene 2005 2005-08-07 06 UTC Dean 2007 2007-08-14 00 UTC
Isaac 2012 2012-08-22 12 UTC Karen 2019 2019-09-25 18 UTC
Isidore 2002 2002-09-18 18 UTC Jerry 2019 2019-09-18 18 UTC
Jeanne 2004 2004-09-18 18 UTC Grace 2015 2015-09-07 18 UTC
Jose 1999 1999-10-18 06 UTC Wilma 2005 2005-10-16 06 UTC
Josephine 2020 2020-08-14 18 UTC Dorian 2019 2019-08-25 06 UTC
Julia 2016 2016-09-15 12 UTC Fiona 2016 2016-08-22 00 UTC
Karen 2007 2007-09-28 06 UTC Odette 2003 2003-12-06 12 UTC
Karl 2016 2016-09-19 18 UTC Erin 2019 2019-08-27 00 UTC
Leslie 2012 2012-09-03 00 UTC Kirk 2018 2018-09-27 00 UTC
Lisa 2016 2016-09-20 18 UTC Lorenzo 2001 2001-10-28 12 UTC
Michael 2018 2018-10-07 18 UTC Harvey 1999 1999-09-19 18 UTC
Nadine 2012 2012-09-12 00 UTC Earl 2010 2010-08-27 12 UTC
Noel 2007 2007-10-28 18 UTC Kyle 2002 2002-10-10 00 UTC
Philippe 2011 2011-09-29 18 UTC Isaac 2006 2006-09-29 06 UTC
Rafael 2012 2012-10-13 18 UTC Gonzalo 2014 2014-10-13 00 UTC
Richard 2010 2010-10-22 18 UTC Fiona 2010 2010-08-31 18 UTC
Sally 2020 2020-09-14 06 UTC Florence 2000 2000-09-12 00 UTC
Tomas 2010 2010-10-30 00 UTC Nate 2017 2017-10-06 18 UTC
Tropical
Depr(ezsg(i)%r)l #14 2002-10-15 18 UTC Cristobal 2014 2014-08-24 12 UTC
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Tropical
Depression #14 2003-09-09 00 UTC Helene 2012 2012-08-10 06 UTC

(2003)
Zeta 2020 2020-10-25 06 UTC Mitch 1998 1998-10-22 12 UTC

Table Al. Tropical cyclones that underwent downshear reformation used in this study, time of reformation,

and best analog non-reformation case and time.
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