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ABSTRACT: It is widely known that strong vertical wind shear (exceeding 10m s21) often weakens tropical cyclones

(TCs). However, in some circumstances, a TC is able to resist this strong shear and even restrengthen. To better understand

this phenomenon, a series of idealized simulations are conducted, followed by a statistical investigation of 40 years of

Northern Hemisphere TCs. In the idealized simulations, a TC is embedded within a time-varying point-downscaling

framework, which is used to gradually increase the environmental vertical wind shear to 14m s21 and then hold it constant.

This controlled framework also allows for the separation of the TC-induced flow from the prescribed environmental flow.

The TC-induced outflow is found to withstand the strong upper-tropospheric environmental flow, and this is manifested in

the TC-induced shear difference (TCSD) vector. The TCSD vector, together with the environmental shear vector, defines

an azimuthal range within which most of the asymmetric convection is located. The statistical analysis confirms the findings

from the idealized simulations, and the results are not strongly sensitive to the TC intensity or basin. Moreover, compared

with total shear, the inclusion of TCSD information creates a slightly better correlation with TC intensity change. Overall,

the TCSD vector serves as a diagnostic to explain the ability of a TC to resist strong environmental shear through its outflow,

and it could potentially be used as a parameter to predict future intensity change.

KEYWORD: Tropical cyclones

1. Introduction

Environmental shear is known to be an important control on

tropical cyclone (TC) structure and intensity. Previous studies

have focused on the detrimental effects of strong environ-

mental shear on TC intensification (e.g., DeMaria 1996; Frank

andRitchie 2001; Paterson et al. 2005; Tang andEmanuel 2010;

Riemer et al. 2010; Nguyen et al. 2017). For example, Simpson

and Riehl (1958) first proposed the ventilation of the TC core

by dry environmental air at midlevels. Frank and Ritchie

(2001) argued that the upper-level warm core was ventilated by

the environmental flow, leading to top-down weakening by

hydrostatic adjustment of low-level pressure. In addition to the

midlevel ventilation, the environment shear can also result in a

low-level ventilation by downward flushing of low-entropy air

from the middle levels to the boundary layer (e.g., Tang and

Emanuel 2010; Riemer et al. 2010).

However, TCs can sometimes intensify under moderately

strong shear (5–10m s21) and strong shear (.10m s21), as re-

vealed in recent studies (e.g., Molinari and Vollaro 2010;

Reasor and Eastin 2012; Zawislak et al. 2016; Rios-Berrios and

Torn 2017; Ryglicki et al. 2018; Alvey et al. 2020). For example,

Molinari and Vollaro (2010) described the rapid downshear

reformation of Tropical Storm Gabrielle (2001) under the

shear of 13m s21. Reasor and Eastin (2012) analyzed the rap-

idly intensifying Hurricane Guillermo (1997) under the shear

of around 8.5m s21. Ryglicki et al. (2018) recently documented

several TC rapid intensification cases under moderate shear

of 5–10m s21. In the simulation of Riemer et al. (2010), the TC

intensity recovered quickly after the initial weakening under

strong shear. Theoretically, a dry TC-like vortex can even resist

strong shear for some period of time. Jones (1995) argued that

the potential vorticity anomaly interaction between upper and

lower levels could lead to cyclonic vortex precession, so that

the vortex can be resistant to the environment shear to some

extent. Reasor et al. (2004) argued that the tilt asymmetry of

the vortex would be damped by radiation of sheared vortex

Rossby waves. Recent studies have also identified a reduction

in vortex tilt under moderate shear preceding the TC intensifi-

cation (e.g., Miyamoto and Nolan 2018; Rios-Berrios et al.

2018). Moreover, the diabatic heating and consequent sec-

ondary circulation in TCs are thought to greatly enhance that

resistance (Zhang and Kieu 2005; Davis et al. 2008).

The question of whether a TCwill intensify or weaken under

strong shear (.10m s21) likely depends on the relative strength

of the environmental shear and the TC intensity. This relative

strength is difficult to establish, however, since the two factors

are physically interconnected. Additionally, in the real atmo-

sphere, it is difficult to isolate the precise role of shear due to

competing factors, such as environmental humidity or ocean

temperature (e.g., Rios-Berrios and Torn 2017). On the other

hand, idealized modeling studies offer the ability to create a

controlled environment that strictly isolates the effects of

shear. A drawback is that their conclusions may be sensitive to

the model configuration. For example, previous idealized

simulations have added strong shear onto a weak initial vortex,

or shocked the vortex by instantaneously adding the shear.Corresponding author: Dr. Yi Dai, yidai@lbl.gov
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Furthermore, the added environmental shear might not maintain

its strength or direction during the entire simulation. In this

study, we employ a time-varying point-downscaling technique

(described in section 2) to smoothly add the environmental

shear, and then keep this shear nearly constant through the

simulations. In this framework we aim to obtain robust insights

into the response (and resistance) of the TC to uniformly

strong environmental shear via the adjustment of the TC sec-

ondary circulation.

A key motivation of this study arises from our previous

studies on the role of TC outflow. The outflow, which is the

upper part of the TC secondary circulation, serves as an agent

in connecting the upper-level environmental flow with the TC

inner-core dynamics (Dai et al. 2017, 2019). Although very

important, the outflow is not easy to diagnose. The outflow is

often azimuthally asymmetric due to the beta effect and

asymmetric environmental flow. Usually, the concentrated

region of high wind speed near an altitude of 12 km (or the

200 hPa pressure level) from satellite imagery is used to de-

scribe the outflow. This altitude is mostly consistent with

findings from aircraft observations (Komaromi and Doyle

2017). However, such a definition is not sufficient to quanti-

tatively relate the full outflow process with TC intensification.

We need a simple and meaningful diagnostic to not only

represent the direction and strength of the asymmetric out-

flow, but also to infer the relation between the outflow, en-

vironmental flow, and TC intensity.

A central hypothesis of our study is that the TC outflow

sometimes becomes adjusted in such a manner that it serves to

resist the strong environmental flow. This in turn allows the

inner-core TC to develop and intensify. This view of the out-

flow in opposing and deflecting the environmental flow is built

on previous studies (e.g., Elsberry and Jeffries 1996; Dai et al.

2019; Ryglicki et al. 2019). In the observational analysis of

Elsberry and Jeffries (1996), a shallow layer of strong upper-

level environmental flow could be deflected by the shallow

layer of TC outflow. Recently, using an idealized modeling

framework, Dai et al. (2019) concluded that the primary TC

rainband is a significant source of the outflow, thereby allowing

the eyewall to be ‘‘protected’’ from the environmental shear

flow (in their case, an upper-level westerly jet). In parallel,

Ryglicki et al. (2019) used a detailed series of diagnostics to

persuasively argue that the unexpected rapid intensification of

Hurricane Matthew (2016) was due to its upper-level outflow

blocking the moderately strong environmental shear. We note

that although the current study shares the similar idea and

confirms some features about the outflow in Elsberry and

Jeffries (1996) and Ryglicki et al. (2019), we take a different

approach by finding a simple representation of the TC upper-

level outflow. In this study, we introduce the TC-induced shear

difference (TCSD) as a quantity to represent the outflow. We

view the TCSD as a new diagnostic for understanding the

TC resistance to strong environmental shear. By introducing

the TCSD, we hope that the outflow can be not only a useful

diagnostic to infer the upper-level outflow, but also a nice

tool that can be used scientifically and operationally for

better understanding and forecasting of TC intensity and

structure change.

This paper is organized as follows: Section 2 describes the

idealized modeling framework and definitions of shear. The

main results of the idealized simulations are presented in

section 3, followed by a statistical analysis in section 4 that

confirms the findings from the idealized simulations. Conclusions

are provided in section 5.

2. Methodology

a. Model configuration

The Weather Research and Forecasting (WRF; Skamarock

et al. 2008) Model, version 3.9.1, is used for the idealized

simulations. The framework comprises three nested do-

mains with horizontal grid spacings of 18, 6, and 2 km; and

domain sizes of 10 800 km 3 7200 km, 2298 km 3 2298 km,

and 768 3 768 km, respectively. In the vertical, 40 equally

spaced levels in the WRF normalized hydrostatic pressure

coordinate between the surface and approximately 20 km

altitude are selected. Doubly periodic boundary conditions

are used for lateral boundaries. The WRF single-moment

6-class microphysics scheme (WSM6; Hong and Lim 2006)

and the Yonsei University (YSU) planetary boundary layer

scheme (Hong et al. 2006) are used. Neither the radiation

nor convection scheme are used here. The moist tropical

sounding of Dunion (2011) is used in all the simulations. The

domainwide sea surface temperature (SST) is set constant

at 288C. The model is on the f plane with a latitude of 258N.

This latitude is chosen to be representative of where a TC

can often encounter strong environmental shear. The initial

vortex is a modified Rankine vortex with the decay parameter

a 5 0.4, identical to Dai et al. (2017). The initial vortex has

a peak tangential wind speed of 20m s21 at the radius of maxi-

mum azimuthal-mean tangential winds (RMW) of 90km. It also

has aGaussian-like decay in the vertical with themaximumwind

speed at z5 1500m. The environmental shear profile and how

it is introduced in the model are described below.

b. Time-varying point-downscaling method

The large-scale environmental shear is incorporated into

the model using the point-downscaling method (PDS; Nolan

2011). Using PDS, the initial environmental flow is balanced by

an artificial force that is added to the momentum equation so

that the temperature gradient is no longer needed to balance

the thermal wind. Hence, the Coriolis force only acts on the

perturbed wind. The initial environmental wind (and therefore

the shear) thus changes very little throughout the simulation

in the PDS framework, maintaining a persistent and strong

environmental flow. This is an advantage over other model-

ing studies in which the imposed shear weakens with time.

Furthermore, since the environmental flow is nearly unchanged,

it is easy to separate the TC-induced flow from the total flow

(as discussed below in section 2c).

Onderlinde and Nolan (2017) augmented PDS with the new

time-varying PDS (TVPDS) framework. The TVPDS is de-

signed to allow time variations of the wind and moisture with

time, by a nudging technique introduced by Stauffer and Seaman

(1990). Using the TVPDS has the advantage of avoiding the
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common problems that arise due to instantaneously adding the

shear, such as shocking the TC and failing to realistically spin

up an initially weak vortex. The nudging is only performed for

the outermost domain (dx5 18 km).One limitation in TVPDS,

as also mentioned by Finocchio and Majumdar (2017a), is that

the nudging can limit TC development by artificially changing

TC outflow if the outflow is larger than the intermediate grid

(dx 5 6 km). For that reason, we make the intermediate grid

very large (2298 km 3 2298 km) to minimize this effect.

For the control (‘‘CTL’’) simulation, we use the TVPDS

to smoothly add the environmental shear, and turn off the

nudging after the shear is imposed for 48 h. This is because

after 48 h the shear has already smoothly increased and

achieved the expected strength (to be shown below) and the

nudging is no longer necessary. An increase of shear to about

14 m s21 in 48 h is consistent with previous studies [e.g.,

Onderlinde and Nolan (2017) found that a 10m s21 shear

transition needs about 36 h in 44% of the TCs in reanalysis

data; Rios-Berrios et al. (2016) also found a decrease of

10m s21 shear of Hurricane Katia (2011) took about 36 h],

although shear transition can occur much faster [e.g., Reasor

et al. (2000) found a 10m s21 shear increase in 3.5 h during

HurricaneOlivia (1994)]. Also, turning off the nudging enables

the TC outflow (as well as the TC) to develop evenmore freely.

Since TVPDS is a new technique, we have also performed

the instantaneous shear simulations (‘‘INS’’) under the PDS

framework for comparison. Since the main result from the

INS simulation is similar to the TVPDS simulation, we will

not show many results using instantaneous shear (unless

otherwise mentioned).1

c. Shear definitions and profiles

A distinctive aspect of this study is that we separate the

environmental shear from the total shear. Their definitions are

introduced here. For the idealized simulations, the total shear is

defined as the 200–850 hPa wind vector difference averaged

within 500 km of the TC center (defined as the vorticity center

at 750 hPa level), and the environmental shear is defined as the

mean shear outside of a 900 km 3 900 km box centered on the

vortex center. The main results of this study display little

sensitivity to different definitions of total and environmental

shear using varied distances from the TC center. A central new

quantity that we introduce here is the TCSD, defined as the

total shear minus the environmental shear. Finally, the local

shear is defined as the 200–850 hPa wind vector difference

averaged within 0–200 km of the center.

In section 3e, we will also investigate two real cases: Hurricanes

Edouard (2014) and Matthew (2016), both of which intensified

in moderately high shear. To show the outflow of these two

real cases, we use the upper-level atmospheric motion vec-

tors (AMVs; Velden et al. 1997), together with geostationary

(GOES) water vapor satellite imagery, collected from the

Cooperative Institute for Meteorological Satellite Studies

(CIMSS) at theUniversity ofWisconsin–Madison. In section 4,

we will also provide a statistical analysis of real TCs. For

consistency with operational use in these real cases, the total

shear is defined in these sections as the 200–850 hPa wind

vector difference averaged within 500 km of the center, and the

environmental shear is simply defined as the 200–850 hPa wind

vector difference averaged within 500–1000 km of the center.

The data used to calculate the shear vectors for real TCs are

from the European Centre for Medium-Range Weather Forecasts

(ECMWF) interim reanalysis (ERA-Interim; Dee et al. 2011),

with a horizontal resolution of about 0.78 3 0.78.
The vertical profile of the environmental westerly shear

prescribed in the control simulation is adapted from the

westerly jet profile in Dai et al. (2017). We only keep the

vertical variation of the jet (no meridional variation) and set

the maximum wind as 15m s21 at approximately 200 hPa. We

have also performed sensitivity simulations using two different

types of westerly shear profiles from Finocchio and Majumdar

(2017b). These two types of shear profiles are representative

of the composite deeply distributed shear (DDS) and shallow

upper-level shear (SUS) profiles derived from reanalysis

data (Finocchio andMajumdar 2017b). We note that our result

is not sensitive to these different shear profiles (as will be

shown below).

3. Results

a. General evolution

The TC in the CTL simulation is first allowed to intensify

into a strong hurricane in the absence of shear (black solid

line between 296 and 0 h in Fig. 1). The TVPDS method is

then used to gradually introduce the environmental shear

(;14m s21) from 0 h, which is the reference time for all the

analyses in this paper. Since the initial shear is very weak, the

vortex still intensifies during the first 12 h. The vortex then

starts to fill, and quickly weakens when the environmental (and

total) shear exceeds 10m s21 after 24 h (to be shown later).

Around 42–48 h, the TC reaches a local maximum of minimum

sea level pressure (MSLP), and then it gradually reintensifies

through to the end of the simulation (144 h). We call this re-

intensification (following the TC weakening under shear) TC

recovery. Since the TVPDS nudging is also turned off at 48 h,

it is worth confirming whether or not the reintensification is

due to the terminated nudging. To investigate this, another

simulation ‘‘NudgeOn’’ (black dashed line in Fig. 1), which

is identical to CTL except that the nudging is kept on until

the end of the simulation, also starts to reintensify the TC at

approximately t 5 48 h, albeit at a slower rate than CTL. We

therefore conclude that the reintensification in the CTL is not

an artifact of the termination of the nudging.

1 In the simulation of instantaneous shear, we still use the older

WRF version (V3.4.1, instead of V3.9.1), because in the WRF

V3.9.1 test simulation (not shown) of a TC-like vortex developing

under a quiescent environment, random convection occurs nearly

everywhere at later time. This random convection is able to disrupt

the later added shear. The WRF V3.4.1 therefore seems to have a

slightly more stable model state compared to V3.9.1, in the mod-

eling of the instantaneous shear in the PDS framework. We also

note that the TVPDS test in WRF V3.4.1 also has very similar

results compared to those in V3.9.1 (not shown).
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b. Robustness of the recovery

The recovery might also be due to the vortex already be-

ing very strong when the shear starts to increase. To test that

sensitivity, we perform two additional simulations in which the

shear is added at earlier times. M24 (red solid line in Fig. 1) is

where the shear is added 24 h earlier than CTL, whileM48 (red

dashed line in Fig. 1) is where shear is added 48 h earlier than

CTL.2 These two simulations indicate that weaker (before

the weakening) TC vortices can also reintensify under strong

shear. We have also performed similar simulations for instan-

taneous shear (not shown), but they did not experience the

recovery. These results suggest that a vortex needs a relatively

strong intensity to resist the shocking effect of instanta-

neous shear.

We note that while Onderlinde and Nolan (2017) used a

similar shear strength to ours in their initial TPVDS simula-

tion, their TC did not reintensify. The results here are different

because we have greatly increased the size of the intermediate

grid (dx 5 6 km, 2298 km here vs 720 km in their study). As

mentioned in section 2b, the nudging used in TVPDS strongly

regulates the large-scale flow in the outermost domain (dx 5
18 km). When the middle domain is small, the development of

the outflow is heavily limited once the outflow expands outside

the middle domain, thereby restricting the TC secondary circu-

lation and thus TC intensity. In other words, the difference be-

tween our study here andOnderlinde andNolan (2017) suggests

that the upper-level outflow is an important factor for TC in-

tensity change, and thus needs to be simulated appropriately.

The reintensification in CTL might also be sensitive to the

profile of shear. However, our simulations using different re-

alistic shear profiles (CTL, SUS, and DDS, Fig. 2a) in both the

TVPDS and INS frameworks show that they all experienced

reintensification (Fig. 2b). The reintensification under strong

environmental shear is thus robust to realistic changes in the

shear profiles. It is noteworthy that the result here seems not to

be sensitive to shear depth, which has been proposed (e.g.,

Finocchio et al. 2016; Ryglicki et al. 2019) to modulate the

effects of shear. This different result here could either imply

that the consistency between the outflow-layer height and the

top of the shear profile is more important than shear depth, or

is simply due to differences in the model configurations. The

final sensitivity experiment to test the robustness is called

HYBRID. Unlike the PDS and TVPDS simulations, the

HYBRID simulations balance the zonal wind field with a

temperature gradient computed from thermal wind. The wind

shear is changed over time with a similar nudging process,

that also acts in concert on the necessary baroclinic temper-

ature gradient. As Nolan (2011) found when comparing this

‘‘balanced shear’’ to the PDS method, the vortex is more

FIG. 2. (a) Vertical profiles of the environmental shear. Blue line

is the shear used in CTL. The red and orange lines respectively

indicate the composite deep-layer shear (DDS) and shallow-layer

shear (SUS) used in Finocchio and Majumdar (2017b). (b) Time

series of MSLP for instantaneous (INS; dashed line) and TVPDS

(solid line) simulations using different shear profiles. HYBRID

(magenta) represents an experiment where we smoothly added the

shear, but also included the meridional temperature gradient to

balance the vertical shear.

FIG. 1. Time series of minimum sea level pressure (MSLP) for

CTL (black solid line), NudgeOn (black dashed line, where we

kept the nudging to the end of the simulation at t 5 144 h), M24

(red solid line, where it is as in CTL, except shear is added 24 h

earlier than CTL), andM48 (red dashed line, where it is as in CTL,

except shear is added 48 h earlier than CTL). Note that both M24

and M48 are only run to t5 84 h to save computation and storage.

2 Note that in order to save computation and storage, both M24

and M48 have only been simulated to t 5 84 h.
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resistant to the shear with the balanced temperature gradient

(magenta line in Fig. 2b). The HYBRID simulation also agrees

with previous studies that only used balanced and instanta-

neous shear, in which the TC started to recover at pretty strong

intensity [such as Vmax ; 65m s21 in Riemer et al. (2010),

their 15m s21 shear case], which is possibly a result of the en-

vironmental shear being weakened due to horizontal reduction

of the temperature gradient by the TC circulation. We found

that the environmental shear in HYBRID remains close to

10m s21 during the simulation. This again demonstrates the

advantage of using PDS to keep the environmental shear

nearly constant with time.

c. TCSD

The asymmetric upper-tropospheric outflow is a response of

the TC to the environmental shear. Subtracting the environ-

mental shear from the total shear creates a vector, the TCSD,

that corresponds to the TC-relative asymmetric shear, which

we hypothesize is dominated by the outflow in most cases.

Therefore, introducing TCSD is a simple way to explore the

relationship between environmental flow, outflow, and TC

intensity change.

Here, we show the time evolutions of total shear, environ-

mental shear, and TCSD in CTL. We note that the TCSD and

local shear are different (to be shown below), because local

shear captures information about the innermost asymmetric

wind near the eyewall, while the TCSD is more representative

of the larger-scale TC wind information, such as the outflow.

By design in TVPDS, the environmental shear increases smoothly

from0 to about 14ms21 during the first 48 h, and then stays at that

value until the end of the 144-h simulation (blue line in Fig. 3a).

There is a small oscillation (less than 1m s21) of the environ-

mental shear, which is likely a result of the TC outflow channel

expanding outside the defined 900 km 3 900 km box. The TC

total shear (black solid line in Fig. 3a) as well as the TCSD (red

line in Fig. 3a) increase rapidly along with the environmental

shear during the first 40 h of adding shear. At t5 36 h, the total

shear reaches a maximum of about 18m s21 and then quickly

decreases. The value of TCSD experiences substantial oscillations

after reaching the maximum value of about 12m s21 at 36 h,

with an average value of about 8 m s21 after this time. The

reintensification (MSLP, light blue dashed line in Fig. 3a) starts

after the total shear is already decreasing.

The shear magnitude does not tell the entire story. After

some adjustment, the direction of the total shear remains to-

ward the northeast (NE), while the TCSD remains toward the

northwest (NW) direction (Fig. 3b), making the angle between

TCSD and environmental shear larger than 908 during the re-

covery stage. The zonal component of the TCSD is usually

negative and thus upshear. This suggests that the TC-induced

wind shear, potentially a consequence of the upper-tropospheric

outflow, is able to partially counteract the westerly environmental

wind shear. From Fig. 3, it is not until the TCSD vector begins

to increase its upshear component (36 h, Fig. 3b) that the total

shear value starts to decrease (Fig. 3a). Such a configuration of

the TCSD vector seems important to the recovery of the TC.

A natural question to ask is: how does the TCSD physically

describe the outflow?

To answer that question, we first investigate the inertial

stability. Relative to the center of a vortex, the inertial sta-

bility is defined as: I25 (f1V/r)(f1 z), where f is the Coriolis

parameter, V the tangential wind, r the distance to the TC cen-

ter, and z the vertical component of relative vorticity. Adding a

westerly uniform wind in the upper troposphere is equal to de-

creasing V to the north and increasing V to the south of the TC

center. As a result, I is weakened in the north and enhanced in

the south. The azimuthally asymmetric distribution of I can re-

sult in an asymmetric upper-tropospheric TC wind distribution

(see also Fig. 10 in Dai et al. 2019). Figure 4a shows the 200 hPa

inertial stability I at t 5 48 h. It is clear in Fig. 4a that I is low

in the NW quadrant beyond around 200 km of the TC center,

consistent with our expectation above. Within 200 km of the

FIG. 3. Time evolutions of (a) shear value and (b) shear vector for the total shear (solid black curve), environ-

mental shear (blue curve), and TCSD (red curve, defined as total shear minus the environmental shear). The time

evolution of MSLP (dashed light blue curve) is also shown in (a). The time interval is 6 h.
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center, scattered low I also occurs in the NW quadrant, a result

of convection in the rainband (Fig. 4d). This configuration of I

promotes the escape of TC air radially outwards to the NW

quadrant. Also shown are the total wind (Fig. 4b) and TC-only

wind field (Fig. 4c) which is defined as the total flow minus the

environmental flow. The environmental flow is also defined as

the mean flow outside of a 900 km 3 900 km box centered

on the vortex center, similar to the style of the definition of

environmental shear. The total wind has its westerly maximum

to the south of the TC center (Fig. 4b). However, the TC-only

wind (Fig. 4c) has strong easterly outflow to the north and

especially the NW quadrant, effectively resisting the upper-

tropospheric environmental wind that is coming from the

west. It is noteworthy that our result here is very similar to

Komaromi and Doyle (2018), where a TC interacts with a

trough that is inducing southwesterly shear in the beta plane.

In their Fig. 9, I is also to the NW of the TC. In addition, their

calculated ageostrophic wind is consistent with our TC-only

wind that corresponds to the region of lowest I. The preferential

location of the enhanced TC-only wind in Fig. 4c corresponds

closely to the asymmetric convective rainband below (Fig. 4d),

consistent with the main result of Dai et al. (2019) that the

rainband is an important source of TC upper-troposphere out-

flow, and they evolve together in response to the environmental

flow. Along the periphery of the strong TC-only wind gradient is

where the TC outflow and environmental flow converge, as in-

dicated by the magenta convergence contours to the west of the

TC center (Fig. 4c). This convergence region might be similar to

the region of confluence upshear of the TC by the interaction

between TC outflow and environmental flow observed by

Ryglicki et al. (2019). That convergence will dynamically

force a mesoscale downdraft (to be shown later).

We therefore suggest that the enhanced TC outflow in the

NW quadrant is a response of the upper-tropospheric flow in

FIG. 4. The horizontal field of (a) inertial stability (I, s21; note that wherever I2 , 0, we set I 5 0), (b) total

horizontal wind speed (along with wind vectors), and (c) TC-only wind speed (along with wind vectors) at 200 hPa

at t 5 48 h in CTL. The TC-only wind is defined as the total wind minus the environmental wind, and the envi-

ronmental wind is the mean wind outside of a 900 km 3 900 km box centered on the vortex center. Magenta

contours in (c) represent convergence (24 3 1024 and 22 3 1024 s21, respectively). White vectors in (b) and

(c) represent total shear vector and TCSD, respectively. (d) The inner-core reflectivity at p 5 850 hPa at t 5 48 h.

The r 5 200 km circle is also shown in each subplot.
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the TC to the westerly environmental wind, and that the NW

location preferentially helps the TC resist the detrimental ef-

fect of the strong environmental flow. By definition, the TCSD

(white vector in Fig. 4c) is the area average of that TC-only

flow, thus nicely representing the general location and direc-

tion of the TC-induced asymmetric outflow.

d. Weakening and recovery

Here we will focus on the period of 0 to 72 h, from the im-

position of the shear to when the TC is recovering steadily.

Figure 5 shows a Hovmöller diagram of the azimuthal-mean

tangential wind at z 5 1 km, where the strongest tangential

wind is approximately located. The vortex does not weaken

during the first 12 h because the environmental shear is still

weak. Between approximately 12–36 h, the azimuthal-mean

wind field at and outside the RMW (;30–40 km) decays

slowly. Over the next 12 h, the eyewall collapses and the

RMW accordingly expands with large oscillations. After around

t 5 48 h, the TC starts recovering with a slightly larger

RMW(;50–60 km) than before the weakening. Themaximum

azimuthal-mean tangential wind also begins to increase grad-

ually, although not as quickly as during the initial intensifica-

tion (not shown). Note that the recovery also comes with an

expansion of the tangential wind field outside the RMW,

potentially increasing the destructiveness of the TC wind.

It is well understood that vertical wind shear can induce a

strong asymmetry in the dynamic and thermodynamic structure

around the TC inner-core region (e.g., Jones 1995; Corbosiero

and Molinari 2002; Riemer et al. 2010). We now focus on the

asymmetry induced by the environmental flow, and explore

its impacts on the TC structure change. First, we introduce the

‘‘forced downdraft,’’ which is a mesoscale feature just below

the location of upper-tropospheric wind convergence created

by the environmental flow and the TC-induced flow (Fig. 4c)

that moves radially inward (black vectors in Fig. 6 indicates

radial wind), and descends from approximately z 5 10 km

all the way down to the boundary layer (Fig. 6). This forced

downdraft is adjacent to the convective updraft, and forms a

physical boundary of the convection. We call it a forced

downdraft because this downdraft originates from the con-

verging flow between the TC outflow and westerly envi-

ronmental flow in the upper-level, and is then sustained by

diabatic cooling due to evaporation. Consistent with Dai et al.

(2019), we view the forced downdraft, the upper-level outflow,

and the convective rainband as a whole system, which to-

gether is a response of the TC to strong environmental flow. At

t5 37 h (upper panels of Figs. 6 and 7), the forced downdraft is

relatively close to the TC center. Concurrently, the TC-relative

radial inflow is very strong and there is no outflow upshear at

z 5 10 km (Fig. 6a). At t 5 43 h (lower panels of Fig. 6), con-

vection (red shading in Fig. 6 indicates diabatic heating) is

better developed upshear, and the forced downdraft that is

adjacent (radially outside) of the convective region is not

as close to the TC center. At the same time, some part of the

upper-level outflow is evident at 10 km height also (Fig. 6d).

It is noteworthy that our forced downdraft may be different

from the ‘‘descending inflow’’ as observed by Didlake et al.

(2018) in the rainband of Hurricane Earl (2010), because their

‘‘descending inflow’’ originates from the diabatic cooling within

the midtroposphere stratiform region and the downdraft strength

is about 21m s21 (their Fig. 7), while our forced downdraft

originates at around 10 km height with downward velocities

reaching210m s21. This difference may be a result of stronger

environmental shear in our case. Downdrafts with such large

magnitude in TCs have been observed before, such as by Black

et al. (1996), Guimond et al. (2010), and Rogers et al. (2012).

Moreover, our result is supported by the simulations of Riemer

et al. (2010), where the downdraft brought the downward

flushing of low entropy air to the boundary layer. From their

Fig. 18, downdrafts appear to also originate from the upper

levels at approximately z 5 10 km, even though the minimum

ue was located in the midtroposphere. In the recent observa-

tional study of Ryglicki et al. (2018), they found a location of

thin arcs in the water vapor imagery as a common feature

upshear of TCs which have experienced intensification under

moderately strong shear. We hypothesize that the thin arcs

indicate the location where the forced downdraft originates in

the upper troposphere, because water vapor could vary a lot

near the origin of the forced downdraft. Therefore, using the

forced downdraft as a pathway, we are able to connect the TC

lower boundary layer with the strong upper-level environ-

mental flow, and we are able to see how the TC inner core is

affected by the environmental flow through this forced down-

draft just below the outflow layer.

Because the forced downdraft brings dry air from above, it

serves as a thermodynamic constraint on the vortex (as sug-

gested by Riemer et al. 2010). At the stage of rapid weakening

at 37 h (Fig. 7a), the dry air intrusion from the upper tropo-

sphere and radially inward (red vectors in Fig. 7) to TC center

is very strong. The forced downdraft is so close to the TC center

(x 5 0) that dry air in the eye and dry air associated with

the shear are nearly connected to each other (white shading in

FIG. 5. Hovmöller diagrams of azimuthal-mean tangential wind

(m s21) at z 5 1 km within 300 km to the TC center from t 5 0 to

72 h in CTL. The radius of maximum azimuthal-mean tangential

wind is shown as a black curve.
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Fig. 7a). The close distance between the dry downdraft and the

eyewall also limits the recovery of the dry air from surface

fluxes before it enters the updraft. The TC outflow is weak and

concentrated above z 5 12 km. The mesoscale forced down-

draft in Fig. 7b (around x 5 250 km) is more slantwise than

the convective downdraft/updraft (around x 5 30–70 km)

in the rainband. Note also the large magnitude of the down-

draft: the strongest downdraft is stronger than 210m s21, two

orders of magnitude larger than the dynamically induced dry

downdrafts discussed in Jones (1995) and Zhang and Kieu

(2005). At t5 39 h, the forced downdraft is still close to the eye

(Fig. 7b), so that the vortex is still weakening. It is not until

the forced downdraft is gradually pushed outside the inner-

core region (beyond 50 km of the center) by the expansion of

the upper-level TC enhanced outflow at t 5 41 h (Fig. 7c) that

the dry air (low entropy) is able to recover beforemoving to the

eyewall. Around t 5 41 h, the vortex reaches its weakest in-

tensity indicated by MSLP (Fig. 3a), and after that the vortex

starts to recover. The inner-core region (within 50 km) starts

to gain moisture at 43 h as the upper-tropospheric outflow

gets stronger and more organized (Fig. 7d), and after that time

more convection is initiated and the eyewall is able to close

itself by axisymmetrizing the convection (not shown). From

the evolution of TCSD direction (red curve in Fig. 3b; we only

have the 6-h wind data for outer domain because of storage

limits) at this stage (from 37 to 43 h), TCSD turns cyclonically

quickly from northward to nearly northwestward, indicating

the expansion of outflow upshear (Fig. 6a vs Fig. 6d) and in-

creasing resistance to environmental shear. The z 5 1–6 km

vortex tilt (defined as the displacement of the smoothed vor-

ticity centroid in between) is also calculated at t5 37 and 43 h,

but we did not find much difference as the tilt is almost always

about 30 km to the north, consistent with the azimuthal posi-

tion of the convective region (Fig. 6b vs Fig. 6e).

e. TCSD as an indicator of TC intensification

When convective cells move from the downshear-left to

upshear-left quadrants under the influence of shear, a TC will

often start intensifying (e.g., Zhang and Tao 2013; Rogers et al.

2016; Rios-Berrios et al. 2018). Perhaps the main reason is that

the upshear-left convection is radially closer to the eye than

downshear left, so that the diabatic heating effect is more

efficient to spin up the vortex (Nolan et al. 2007; Rogers et al.

2016). In our case here, the TCSD is to the upshear left of

the environmental shear vector when the TC is recovering

(Fig. 3b). Therefore, our view of TCSD indicating TC in-

tensification is consistent with those studies using the loca-

tion of convection to indicate TC intensification. Based on

the analysis in section 3c, the TCSD being upshear left of the

environmental shear is physically significant, because in that

configuration, the TC-induced flow can effectively resist strong

environmental flow. Also, the larger the angle between the

TCSD and environmental flow, the more the TC-induced

flow is opposite to the environmental flow (the magnitude of

FIG. 6. The radial wind (vectors), downdrafts (dark blue contours show 28 and 22m s21), and diabatic heating rate (K s21, shading)

at t5 37 h in the control simulation for z5 (a) 10, (b) 5, and (c) 1 km. (d)–(f) As in (a)–(c), but at t5 43 h. The r5 100 and 200 km circles

are also shown in each subplot.
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TCSD being the same). We next use two real hurricanes to

provide examples of our argument.

Hurricanes Edouard (2014; Stewart 2014) and Matthew

(2016; Stewart 2017) were both major hurricanes that experi-

enced rapid intensification3 (RI) in theAtlantic basin, although

Matthew intensified at a much faster rate than Edouard.

During the periods of RI, their surrounding environmental

shear was strong and not typically favorable for intensifica-

tion. Table 1 shows that the environmental shear around

Edouard was about 10m s21 during its RI, and Matthew ex-

perienced environmental shear of about 13m s21 during its

RI. Such ‘‘unexpected’’ intensification might be understood

using TCSD. During its short period of RI (0600–1200 UTC

14 September 2014), Edouard had a total shear of about 7.5m s21

instead of 10m s21 (environmental shear). To visualize the

TCSD, we show upper-level AMVs (Velden et al. 1997) of

Edouard and Matthew during their intensification periods in

Fig. 8. First, by comparing the upper panels with lower panels,

the TCSD in Fig. 8a nicely represents the southeasterly outflow

(blue wind barbs in Fig. 8c) for Edouard to the northwest of the

center, and TCSD Fig. 8b illustrates the northeasterly outflow

(blue wind barbs in Fig. 8d) for Matthew to the southwest of

the center. Therefore, the TCSD is strongly correlated with the

upper-level outflow. The upper-level outflow outside the

eyewall of Edouard was highly asymmetric on 1200 UTC

14 September 2014 (Fig. 8c). The asymmetric outflow created

a west-northwestward TCSD, located upshear left of the en-

vironmental shear vector with an angle of about 1308 and a

magnitude of about 7 m s21, keeping the total shear below

8.5m s21. Matthew is a more extreme case: its environmental

shear was nearly 14m s21 on 1200UTC 30 September 2016, while

its intensification rate was 3 times that of Edouard (Table 1).

The TCSD might help explain this puzzle: in this case, the

TCSD is almost opposite to the environmental shear (Fig. 8b),

greatly alleviating the detrimental shear effect on Matthew

(total shear is only 8m s21). With the help of other favorable

conditions, such as a high sea surface temperature, Matthew

rapidly intensified (note that the latitude of Matthew at the

time of interest was much lower than that of Edouard). These

two hurricane cases motivate a more thorough statistical study

of the relationship between TCSD and TC intensification.

f. TCSD as a lateral boundary of asymmetric convection

Another interesting finding of TCSD is that it can represent

where the asymmetric convection is located. Previous studies

indicate that the downshear left of the total shear is usually

the place where asymmetric convection is located under shear

(e.g., Black et al. 2002; Corbosiero and Molinari 2002; Rogers

et al. 2003). Another indicator of the convection location is by

the ‘‘downtilt direction’’ (e.g., Davis et al. 2008; Reasor et al.

2013), which defines the directionwhere the vortex tilts the most

under shear. Such approximations of the convection location

are useful, but just using one vector to define the location is

somewhat tricky: convection does not always cover exactly one

FIG. 7. West–east vertical cross section of the vortex center at t5 (a) 37, (b) 39, (c) 41, and

(d) 43 h in CTL. The shading represents relative humidity (white means dry air). Red vectors

indicate the vertical secondary circulation (radial and vertical wind). Downdrafts of211,28,

25, and 22m s21 are indicated by blue contours, while updrafts of 2, 5, 8, and 11m s21 are

indicated by magenta contours.

3 Based on the AMS Glossary, rapid intensification is defined as

the increase in the maximum sustained wind of at least 30 kt in a

24-h period. Following this intensification rate (7.5 kt in 6 h),

we claim that Hurricane Edouard (2014) also experienced a very

short period of rapid intensification during 0600–1200 UTC

14 September 2014.
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quadrant. Canwe find another vector to define the location and

azimuthal range of the convection?

As already discussed in section 3c, the TCSD serves as

an indicator of the upper-tropospheric asymmetric outflow.

The interaction between the outflow and environmental flow

results in converged air being forced downward (Fig. 4c), which

is the origin of the forced downdraft. This downdraft is adja-

cent to the TC inner-core convective updraft (Fig. 6), thus

TABLE 1. Evolutions of Hurricanes Edouard (2014) and Matthew (2016) during their early quick intensification stage. Shown here are

time, total shear, environmental shear, TCSD, and Vmax.

Name Time and date Total shear (m s21) Environmental shear (m s21) TCSD (m s21) Vmax (kt)

Edouard 0000 UTC 14 Sep 2014 8.8 12.4 5.2 55

Edouard 0600 UTC 14 Sep 2014 7.3 10.4 7.1 60

Edouard 1200 UTC 14 Sep 2014 8.1 9.9 6.8 70

Edouard 1800 UTC 14 Sep 2014 8.0 10.6 10.2 75

Matthew 0000 UTC 30 Sep 2016 8.1 11.0 3.1 70

Matthew 0600 UTC 30 Sep 2016 9.7 11.8 2.4 85

Matthew 1200 UTC 30 Sep 2016 8.2 13.3 5.2 100

Matthew 1800 UTC 30 Sep 2016 7.6 13.3 5.7 120

FIG. 8. Snapshots of GOES infrared brightness temperature (shading) for (a) Hurricane Edouard (2014) and

(b) Hurricane Matthew (2016). Red vector indicates TCSD, black vector indicates total shear, and blue vector

indicates environmental shear. The numbers near the vectors are their shear values. Also shown are the upper-level

atmospheric motion vectors (AMVs; blue wind barbs indicate wind at 100–250 hPa) superposed one the

GOES-East water vapor images for (c) Edouard and (d)Matthew. Note that the domain size of (c) and (d) for each

boundary are 208, about twice the size of those in (a) and (b).

1284 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 78

Unauthenticated | Downloaded 03/22/25 04:40 PM UTC



serving as a physical lateral boundary of the asymmetric con-

vection. The TCSD represents a general location where the

asymmetric convective cells end, or merge with the eyewall. In

other words, the upper-tropospheric outflow (indicated by

TCSD), the forced downdraft, and the asymmetric inner-core

convection coexist as a response to the upper-level envi-

ronmental flow. Therefore, using the TCSD to represent the

location of the asymmetric convection is physically reasonable.

By combining both the TCSD and environmental shear, the

asymmetric convection around the TC can be physically rep-

resented, with most of the convection located between the

TCSD and environmental shear vector (Fig. 9). Figure 9

demonstrates this idea using both the CTL and INS simula-

tions. To compare with previous ideas about the region of

convection, we have also presented the tilt vector (the dis-

placement of the smoothed vorticity centroid between 400 and

900 hPa; dotted black vector in Fig. 9), and local shear vector

(dashed black vector in Fig. 9). From the snapshots of re-

flectivity in Fig. 9, it is clear that the TCSD (solid red vector in

Fig. 9) approximately defines a lateral boundary of the asym-

metric convective area, and most of the convection (roughly

defined as where reflectivity . 45 dBZ in Fig. 9) is always lo-

cated between the TCSD vector and the environmental shear

vector (always pointing east in these figures). The downshear

left of total shear (solid black vector in Fig. 9) is generally good

to describe the location of the asymmetric convection, but in a

few cases that region is not representative enough, such as in

Figs. 9d and 9g. The tilt vector is always between the envi-

ronmental shear and TCSD, indicating that our idea of the

asymmetric convection location is consistent with the ‘‘downtilt’’

theory (Davis et al. 2008; Reasor et al. 2013). But occasionally,

the ‘‘downtilt’’ region does not represent the majority of con-

vection, as shown in Fig. 9f. Consistent with the observation in

Reasor et al. (2013), the local shear is always to the right of the

total shear [we have also calculated local shear in a tilt-relative

framework as in Reasor et al. (2013), and found this result does

not change, although the angle between total shear and local

shear becomes smaller than Fig. 9]. Therefore, the local shear is

more of a vector reflecting the TC asymmetry in the very inner

core, and might not reflect the general mesoscale asymmetric

convection around the TC.

Based on both Fig. 9 and the examples of Hurricanes Edouard

(2014) and Matthew (2016) in Fig. 8, TCSD seems good at

defining the downwind boundary of the region of asymmetric

convection. We next provide more cases to test this hypothesis.

If proven to be true, TCSD could serve as a useful tool to di-

agnose the asymmetric convection around TCs, perhaps more

so than the downshear-left quadrant. Such regions of asym-

metric convection are always accompanied by strong winds and

precipitation.

4. Statistical analysis of TCSD

a. TCSD, convection coverage, and shear resistance

To investigate whether the above arguments can be gener-

alized, we perform a statistical analysis. The vertical wind shear

vectors are computed using the ERA-Interim data, with a

FIG. 9. (a)–(d) Snapshots of reflectivity at p5 850 hPa for CTL at t5 60, 72, 84, and 96 h. Solid black vector indicates total shear (m s21),

and the solid red vector indicates TC-induced shear difference (TCSD;m s21). Dotted black vector indicates the tilt (km, between 400 and

900 hPa), and the dashed black vector indicates the local shear (m s21). Numbers hear the vectors are either shear value or tilt magnitude.

For better visualization, the length scaling of tilt is different from shear value. (e)–(h) As in (a)–(d), but for the simulation with the

instantaneous shear. Note that environmental shear is always westerly.
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horizontal grid spacing of about 0.78 3 0.78. The time range of

the data is from 1980 to 2019 (note that the last day for 2019 is

31 August due to data availability). The TC center and inten-

sity data are from the International Best Track Archive for

Climate Stewardship (IBTrACS; version 4). To gain infor-

mation about convection, we use the gridded infrared bright-

ness temperature (Knapp et al. 2014), which has a horizontal

resolution of 0.078 3 0.078. We define convective clouds where

the brightness temperature is less than 250K, within a region

that is less than 38 radially (approximately 300 km) relative to

the TC center. Based on Fig. 8 in this paper and Fig. 3 of

Fischer et al. (2017), 250K is an appropriate value to define

active convection. Discussions using a smaller value to define

convection will be shown below. All the data are six hourly.

Some criteria are used to select the data. For example, we only

use data from TCs that are equatorward of 408N, do not

make landfall within 6 h, and have a maximum sustained

wind speed equal to or above tropical storm strength [34 kt

(1 kt ’ 0.51m s21)]. An important metric in this section is

the angle between different vectors. Here, we use the envi-

ronmental shear as the base vector that always points toward

the east (08), and the angle increases counterclockwise from

0 to 2p. In this statistical analysis, we want to 1) show if the

TCSD can be used to objectively locate the main regions of

convection; and 2) understand when the TCSD indicates that

the TC outflow is working against the environmental shear.We

define strong environmental shear as the value that is larger

than 10m s21. Figure 10 uses the data that qualify for that

definition. We also compare our results to the ‘‘downshear

left’’ of total shear, which is often used to locate the main

convection in a sheared TC. Only the raw data are shown here;

smoothing was found to be unnecessary.

We first focus on North Atlantic hurricanes (maximum wind

speed greater than 63 kt; upper panels in Fig. 10). Figure 10a

shows the sample size distribution of the portion of convection

between TCSD and environmental shear, as well as the portion

of convection occupied by the downshear-left quadrant of the

total shear vector. Here the portion of convection is defined as

the ratio of the total number of convective grid points in the

specified region divided by the total number of convective grid

points in the whole region (defined as a disk of radius less than

38). Note that Fig. 10 is essentially histograms that we group the

data into bins. We use lines instead of bars here in order to

compare different data clearly. It is clear from Fig. 10a that

both methods are able to identify regions of high probability4

with a sharp decrease of probability in both sides. For the

downshear left of total shear method (red line in Fig. 10a), the

value of the fraction of convection with the highest probability

is about 30%, while for the region between the TCSD and

environmental shear vectors, the fraction is about 55%, about

twice as large as that of the downshear left of total shear. Thus,

the region between the TCSD and the environmental shear

usually identifies a substantially larger fraction of convection

than the region downshear left of the total shear.We varied the

definition of ‘‘inner core’’ regions, such as r, 38, 0.58 , r, 38,
and r, 48 radially, and found that the result shown in Fig. 10a

is not sensitive to these definitions (not shown).

Looking at the angle between TCSD and environmental

shear in the blue line of Fig. 10b, it also exhibits a preferred

value (with highest probability) of about 1508. This angle is

consistent with our idealized simulations, in which the TCSD

helps to resist the strong environmental shear. On the other

hand, the total shear and environmental shear are usually

parallel to each other (red line in Fig. 10b). Then is it possible

that the larger preferred fraction of convection between

TCSD and environmental shear than the downshear left of

total shear (55% vs 30%) is just a result of larger angle (1508 vs
908)? Given that that 55%/150 is slightly larger than 30%/90,

the azimuthal density of convection (percentage of convection

per unit azimuthal angle) is slightly larger for regions between

TCSD and environmental shear than downshear left of total

shear. But using a more rigid standard to define convection

(225K instead of 250K) does shift the highest probability of

portion of convection from about 30% to close to 40% for the

region of downshear left of total shear, while it does not change

too much (55%) for the region between the TCSD and envi-

ronmental shear (not shown). Since 55%/150 is smaller than

40%/90, the downshear left of total shear does seem to have

denser strong convection than the region between TCSD and

environmental shear, but the whole fraction of convection is

still much larger in the latter (55%) than the former (40%).

Therefore, we do think that the larger fraction of convection

between TCSD and environmental shear is mainly due to the

larger angle between them, compared with the downshear left

of total shear, but it is necessary to get the region where con-

vection is dense. Given the importance of the upshear-left

convection on TC intensification (e.g., Rogers et al. 2016; Rios-

Berrios et al. 2018), the above discussion indicates that the

azimuthal region located upshear of the environmental shear

should also be involved to study asymmetric convection. Also,

although the total shear generally has a similar direction as the

environmental shear (because the value of TCSD is generally

small compared to the environmental shear, to be shown in

Fig. 10c), the sharp distribution (high probability region) as

shown in the blue line in Figs. 10a and 10b becomes much

smoother if the environmental shear is replaced by the total

shear (not shown). This suggests that the total shear is inher-

ently a consequence of the environmental shear. The preferred

magnitude of TCSD is about 5m s21 (blue line in Fig. 10c),

whereas the total shear in nearly half of the sample is below

10m s21, even though the environmental shear is always larger

than 10m s21 (by our sample selection). Given these argu-

ments, we conclude that the sample of North Atlantic hur-

ricanes confirms the findings of our idealized simulations,

namely, that the TCSD defines the lateral boundary of con-

vection better than the downshear-left quadrant of total shear.

Also, the TCSD prefers to be upshear left of the environmental

shear, resisting strong environmental shear so that the total

shear is reduced to a value that is no longer detrimental to

intensification.

One question needs to be answered: are those samples that

are near the highest probabilities in Figs. 10a–c connected with

4We use the sample size instead of the true probability here, in

order for the different sample sizes to be seen clearly.
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each other? If so, one can confidently say that the data that are

near the preferred azimuthal angle between TCSD and envi-

ronmental shear (Fig. 10b) prefers to have TCSD with mag-

nitude of about 5m s21 (Fig. 10c) and the portion of location of

about 55% (Fig. 10a). We thus chose a subsample whose por-

tion of convection in TCSD in Fig. 10a is within [0.44, 0.66].

Although its range is only about 20% of [0, 1], this subsample

size includes more than half of the total sample (631 vs 1178).

The corresponding result using this subsample is shown in stars

with respective colors in Fig. 10. It is clear that the subsample

with highest probabilities in the portion of convection (stars in

Fig. 10a) is tightly connected to those with highest probabilities

FIG. 10. Statistical analysis of TC data where the environmental shear magnitude is larger than 10m s21. (a) Sample distribution of

portion of convection for the region between TCSD and environmental shear (blue line), and for the region downshear left of total shear

(red line). (b) Sample distribution of the angle between TCSD and environmental shear (blue line) and between total shear and envi-

ronmental shear (red line). (c) Sample distribution of the magnitude of TCSD (blue line), total shear, (red line), and environmental shear

(yellow line). Note that all the y axis represents sample size. The dotted data represent a subsample where the portion of convection

surrounded by TCSD and environment shear vector is in the range [0.44, 0.66]. Data that are from (top) North Atlantic hurricane stage

(Vmax . 63 kt, sample size5 1178), (middle) North Atlantic tropical storm stage (33, Vmax # 63 kt, sample size5 1870), and (bottom)

west Pacific typhoon stage (sample size 5 2260).
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for the angle (stars in Fig. 10b). Also, the angles between

TCSD and environmental flow in the subsample are mostly

within [1/2p, 3/2p], indicating that the TCSD nearly always

resists the environmental flow. Figure 10c shows that most of

the samples with the smallest total shear (,5m s21) in the red

line of Fig. 10c are those that have the highest probability of

portion of convection (red stars in Fig. 10c where shear value is

smaller than 5m s21). Also, the subsample with highest prob-

abilities of portion of convection (yellow stars in Fig. 10c) has a

similar distribution of environmental shear compared with the

whole sample (yellow line in Fig. 10c), implying that the pre-

ferred angle of TCSD (upshear left of environmental shear) is

applicable to a wide range of the environmental shear values.

Therefore, the high probability features in Figs. 10a–c are

consistent with each other.

Finally, we test the dependence of the above findings on

the strength of TCs and their locations. The middle panels of

Fig. 10 are the results for North Atlantic TCs that only have

tropical storm strength (maximum wind speed is between

34 and 63 kt). Generally, the middle panels and upper panels of

Fig. 10 have similar patterns. The difference is that for tropical

storms, the distribution is smoother, with less portion of data

near themaximum probability (e.g., the blue lines in Fig. 10d vs

Fig. 10a, and Fig. 10e vs Fig. 10b). Also, the portion of strong

(.10m s21) total shear in Fig. 10f is more than that in Fig. 10c,

although the distribution of environmental shear looks similar

with each other (yellow lines in Figs. 10c,f). This suggests that

the weaker the TC, the less able it is to resist strong environ-

mental shear by TCSD. The lower panels of Fig. 10 show the

results for western North Pacific typhoons (maximum wind

speed larger than 63 kt). The findings for North Atlantic hur-

ricanes are more clearly shown in samples of western North

Pacific typhoons. Interestingly, the direction of TCSD and envi-

ronmental shear are almost opposite to each other (the direction

with the highest probability is p) in Fig. 10h, indicating a stronger

resistance to environmental flow than North Atlantic hurricanes

(the direction with the highest probability is about 5/6p in

Fig. 10b, slightly less than p) if the magnitude of the TCSD is

comparable. The portion of total shear that is smaller than

10m s21 in Fig. 10i is the largest among the three different

datasets. This is probably due to a larger sample size in the

western North Pacific basin compared with the North Atlantic

Ocean (note that the sample sizes for the upper, middle, and

lower panels in Fig. 10 are 1178, 1870, and 2260, respectively),

warmer SST in the western North Pacific, and different envi-

ronmental flow structures in different regions. Last, we have also

tested the moderately strong environmental shear (5–10m s21),

and we found similar results (not shown) as in Fig. 10, suggesting

that the results of TCSD are also applicable tomoderately strong

environmental shear.

b. Statistical relationship of TCSD with TC intensity change

This study mainly discusses TCSD as a resistance to strong

environmental shear.We would like to know if TCSD can be used

as a robust parameter to diagnose and predict the TC intensity

change. Thus, we do a simple statistical analysis to test this idea.

We first correlate TCSD information with TC intensity

change during the same time period. For simplicity, we only

consider a time period of 72 h when computing correlations

of TCSD-related parameters and TC intensity change. The

ERA-Interim data of North Atlantic TCs between year 1980–

2019 are used. All the TC strengths (tropical depression,

tropical storm, and hurricane) are included in this analysis to

get a large sample size. Not all the TCs that have TCSD will

redevelop, because it depends on the angle between TCSD and

environmental flow, as well as the strength of TCSD. Thus, a

total of six parameters are used to correlate with TC intensity

change. The first three are the magnitudes of total shear, en-

vironmental shear, and TCSD. The fourth parameter is the

cosine of the angle between TCSD and environmental shear.

The smaller value of cos (angle) indicates a larger resistance of

TCSD to environmental shear, given the same magnitude of

TCSD. The fifth parameter is the combination of the third and

fourth parameters: 2TCSD 3 cos(angle), which indicates the

resistance of TCSD projected to the direction of environ-

mental shear. The last parameter is the combination of the

second and fifth parameters: environmental shear 1 TCSD 3
cos(angle). The last parameter gives the value of the ‘‘true’’

environmental shear after the TC impacts. All the six param-

eters use the 72 h time-averaged value. TC intensity change is

indicated by the maximum wind speed difference between the

last time and start time in the 72 h period. Last, we choose

strong-environmental-shear cases where the 72-h mean envi-

ronmental shear is larger than 10m s21, giving us the total

sample size of 2159.

The result is shown in Fig. 11, which displays the scatterplots

of those parameters with intensity change, with correlation

coefficients (R) and slope (K) of the best-fit line also shown.

Among the parameters investigated, ‘‘env shear 1 TCSD 3
cos(angle)’’ is most strongly correlated with intensity change,

with R 5 20.24 (significance level larger than 99%). On the

other hand, ‘‘env shear’’ is least correlated with intensity change,

with R 5 20.07. Interestingly, ‘‘total shear’’ (R 5 20.23) is

slightly less correlated with intensity change than ‘‘env shear1
TCSD 3 cos(angle).’’ Also, the magnitude of the slope of

‘‘2tcsd 3 cos(angle)’’ (K 5 2.01) is larger than that of total

shear (K 5 21.65), showing a robust signal of TCSD. Thus,

incorporating TCSD information seems a promising tool

for statistical forecasting of TC intensity change (more to be

shown below). However, directly connecting the magnitude of

TCSD with intensity change does not show much correlation

(Fig. 11c, R 5 20.084). TCSD needs to be combined with the

‘‘angle’’ (Fig. 11d, R520.22) to show the resistance (Fig. 11e,

R 5 0.24). Looking closely at the scatterplot of ‘‘cos (angle)’’

(Fig. 11d), although both the intensifying and decaying cases

occur in the ‘‘upshear’’ of the environmental shear (range

of cos (angle) is [21, 0]), the number of intensifying cases is

slightly larger. Likewise, the number of decaying cases for

the ‘‘downshear’’ (range of cos (angle) is [0, 1]) is slightly

larger than that of intensifying cases. Thus, while the direc-

tion of TCSD for the intensifying TCs is only slightly upshear

of environmental shear, that value is statistically significant.

Note that all the correlation coefficients in Fig. 11 passed the

significance level of 99%.

Last, we correlate the same above parameters with future

TC intensity change. As a first step, we average the shear
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information over a short period of 12 h, and correlate them

with the intensity change in the next 12 h. Same as above, we

only choose data where environmental shear is larger than

10m s21. We also divide the data based on TC intensity, with

Vmax # 63 kt (nonhurricanes) in Fig. 12, and Vmax . 63 kt

(hurricane) in Fig. 13. For nonhurricane TCs (Fig. 12), the best

parameter to correlate future intensity change is ‘‘2TCSD 3
cos(angle)’’ withR5 0.21, better than total shear (R520.15).

For hurricane TCs (Fig. 13), ‘‘2TCSD 3 cos(angle)’’ (R 5
0.23) is not as well correlated with intensity change as total

shear (R 5 20.30), but ‘‘env shear 1 TCSD 3 cos(angle)’’

(R 5 20.31) is slightly better correlated than total shear. The

difference between weaker and stronger TCs might be due to

the strong TCs already successfully resisting the shear. This can

be inferred from Fig. 13d, where manymore cases of TCSD are

located upshear of the environmental shear [cos(angle) , 0]

than downshear [cos(angle). 0]. It is interesting to note that in

Fig. 13d, for those with the largest intensity increase (at least

20 kt in 12 h), almost all of them are associated with an upshear-

oriented TCSD. It is possible that such a shear configuration is

especially important for RI, and this seems to agree with case

studies of Edouard (2014) and Matthew (2016). Last, note that

except for Fig. 12b (environmental shear in weak TCs), all the

correlation coefficients in Figs. 12 and 13 passed the signifi-

cance level of 99%.

In summary, our statistical analysis supports the idea that

TCSD is an important indicator for TC intensity change and

inner-core structure. However, the analysis here is just a first

step to illustrate the importance of TCSD. More work is

needed to test and confirm our results. For example, in addition

to the IR temperature, we are interested in analyzing satellite

data at other frequencies to define convection, such as the

85–91GHz microwave temperature (e.g., Didlake et al. 2018).

Also, reanalysis data with a higher temporal resolution are

desired to get a larger sample.

5. Conclusions

In this study, we first investigated the resistance of a TC

to strong environmental vertical wind shear using a recently

developed idealized modeling framework. The time-varying

point-downscaling method enables the smooth addition of

environmental shear into a TC, and keeps the shear nearly

constant with time after it is increased to a prescribed value.

This new framework provides the ability to control the en-

vironmental shear and separate it from total shear, which is

advantageous for studying the influence of environmental

flow on TC structure and intensity change.

The TC-induced shear difference (TCSD), defined as the

vector difference between the total shear and environmental

FIG.11. Scatterplots of the 72-h TC intensity change (y axis) with (a) total shear, (b) environmental shear, (c) TCSD magnitude,

(d) cosine of the angle between environmental shear and TCSD, (e) 2TCSD 3 cos(angle), and (f) environmental shear 1 TCSD 3
cos(angle). The best-fit line is also shown in red in each subplot, with correlation coefficient (R) and slope of the best-fit line (K) shown at

the top of each panel.
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shear, is highlighted in this study. Via the TCSD, the total

shear around the TC is weakened at the time of recovery.

The TCSD is essentially a manifestation of the asymmetric

TC flow, and particularly the upper-level outflow. The asym-

metric outflow builds up when the westerly shear creates an

inertially less stable region in the upshear-left quadrant rela-

tive to the environmental shear. When the outflow is able to

significantly resist the environmental flow, the TC starts to

recover.

A mesoscale forced downdraft is located just below where

the upper-level enhanced outflow and environmental flow

converge (see convergence in Fig. 4c). We thus hypothesize

that the forced downdraft is due to the dynamic forcing by

upper-level flow convergence as well as the diabatic cooling.

The forced downdraft is very strong (maximum strength is

stronger than 210m s21) and descends to the lower boundary

layer, thereby greatly affecting the inner-core structure and

intensity. The forced downdraft is adjacent to the rainband

convection, making it a lateral boundary of the rainband.

Because the enhanced outflow, the forced downdraft, and the

rainband are all coupled features, the TCSD also represents

the location of the forced downdraft.

We found that the TCSD can help explain TC intensifica-

tion under strong environmental shear. Hurricanes Edouard

(2014) and Matthew (2016) are two examples that support

this argument: they experienced rapid intensification under

strong environmental shear, and in both cases the TCSD vector

was pointing against the environmental shear. Moreover,

the direction of the TCSD (because of the downdraft) de-

fines the azimuthal range of the asymmetric convection.

Therefore, TCSD together with the environmental shear

might be better correlated with the azimuthal range of the

asymmetric convection.

A statistical analysis that covers the Northern Hemisphere

hurricane seasons between 1980 and 2019 confirms the findings

from our idealized simulations, that the majority of convection

is located between TCSD and the environmental shear vector,

with the angle mainly within [1/2p, 3/2p]. Such a TCSD con-

figuration might help TCs resist strong environmental shear

so that the total shear is decreased and TCs can sometimes

develop under strong environmental shear. The above find-

ings are neither qualitatively sensitive to different TC strength

(hurricane vs tropical storm), nor to different TC locations

(North Atlantic vs west Pacific). However, it is noteworthy that

weaker TCs generally have a weaker signal (local maxima of

probability in Fig. 10) of TCSD. Also, the sample of western

North Pacific typhoons has a stronger signal of TCSD than that

of the North Atlantic hurricanes.

A real TC might not experience such strong weakening and

recovery as seen in our idealized simulation, because the en-

vironmental flow can be modulated by a TC in the real world.

The recovery of a real TC under strong shear could also be

affected by low SST and large midtroposphere saturation

deficit that can create stronger downdrafts. By introducing

FIG. 12. As in Fig. 11, except for the correlation of 12-h mean shear information (x axis) with the next 12-h mean intensity change (y axis),

for storms where Vmax # 63 kt in the 24-h time period.
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TCSD, we hope to have presented a better understanding of

the interaction between strong environmental shear and the

TC, and the consequent effects on TC intensity and structure.

The TC asymmetric features (such as the upper-level asymmetric

outflow) that are induced by environmental shear might in turn

help resist strong environmental shear. More work is needed

to study the applicability of TCSD to TC intensity and struc-

ture forecasts. For example, in these and many similar model

simulations, the vertical resolution near the outflow layer is

not very good. Increasing the number of vertical levels in the

outflow region may lead to more physically realistic results.

Observationally, we would like to use different data (such as

the microwave imagery) to test the relationship between

TCSD and TC intensity and structure. Also, dropsondes from

high-altitude aircraft released in the upshear-left quadrant

could possibly provide insight on the structure of the shear

and dry air upshear.
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