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ABSTRACT

The thermodynamic impacts of downdraft-induced cooling/drying and downstream recovery via surface

enthalpy fluxes within tropical cyclones (TCs) were investigated using dropsonde observations collected

from 1996 to 2017. This study focused on relatively weak TCs (tropical depression, tropical storm, category

1 hurricane) that were subjected to moderate (4.5–11.0m s21) levels of environmental vertical wind shear.

The dropsonde data were analyzed in a shear-relative framework and binned according to TC intensity

change in the 24 h following the dropsonde observation time, allowing for comparison between storms that

underwent different intensity changes. Moisture and temperature asymmetries in the lower troposphere

yielded a relative maximum in lower-tropospheric conditional instability in the downshear quadrants and a

relative minimum in instability in the upshear quadrants, regardless of intensity change. However, the in-

stability increased as the intensification rate increased, particularly in the downshear quadrants. This was due

to increased boundary layer moist entropy relative to the temperature profile above the boundary layer.

Additionally, significantly larger surface enthalpy fluxes were observed as the intensification rate increased,

particularly in the upshear quadrants. These results suggest that in intensifying storms, enhanced surface

enthalpy fluxes in the upshear quadrants allow downdraft-modified boundary layer air to recover moisture

and heat more effectively as it is advected cyclonically around the storm. By the time the air reaches the

downshear quadrants, the lower-tropospheric conditional instability is enhanced, which is speculated to be

more favorable for updraft growth and deep convection.

1. Introduction

Despite marginal, but statistically significant im-

provements in tropical cyclone (TC) intensity forecasts

over recent decades (DeMaria et al. 2014), TC intensity

forecasting remains a significant challenge. One im-

portant influence on TC intensity change is the vertical

shear of the environmental flow. Climatological studies

have shown that as the magnitude of the environmental

vertical wind shear increases, TC intensification becomes

less likely (e.g., DeMaria and Kaplan 1994; Kaplan and

DeMaria 2003; Kaplan et al. 2010; 2015). Given its im-

portant influence on TC intensity change, the interaction

of TCs with vertical wind shear has long been an area of

intense research interest.

Several recent studies have shown that TC intensity

change in the presence of environmental vertical wind

shear can be quite unpredictable, particularly within

moderate shear that is neither too strong to completely

prevent intensification nor too weak to exert a negligible

impact on intensity change. Using an ensemble of high-

resolution simulations, Tao and Zhang (2015) examined

how the predictability of TC intensity changed within
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different magnitudes of shear. When no shear was im-

posed, all of the simulations underwent rapid intensifica-

tion (RI) at approximately the same time. When 7.5ms21

of shear was imposed, all of the simulations failed to

significantly intensify. However, when 5–6ms21 of shear

was imposed, the simulated TC intensity exhibited much

more variability, indicating decreased predictability in the

moderate shear regime. Zhang and Tao (2013) also found

decreased predictability when the shear magnitude was

approximately 5ms21. In a study of operational forecasts

in theAtlantic basin, Bhatia andNolan (2013) showed that

the largest mean absolute error in the National Hurricane

Center’s (NHC) official intensity forecasts occurred with

TCs that were experiencing 10–20kt (5.1–10.3ms21)

of shear and had an initial intensity of at least 70kt

(36ms21). In terms of forecast skill, they found that across

all initial intensity bins, the official intensity forecasts were

less skillful within the moderate shear range (10–20kt)

than within the high (.20kt) and low (,10kt) shear bins.

This predictability challenge has been recognized even

outside themeteorological community. In its report on the

sinking of the El Faro cargo ship in moderately sheared

Hurricane Joaquin (2015), the National Transportation

Safety Board (NTSB) recommended that the National

Oceanic and Atmospheric Administration (NOAA) ‘‘de-

velop and implement a plan specifically designed to em-

phasize improved model performance in forecasting

tropical cyclone track and intensity in moderate-shear

environments’’ (Sumwalt et al. 2017). This provides am-

ple motivation for improving our understanding of how

individual TCs are affected differently by environmental

vertical wind shear, particularly moderate shear.

Shear can have a deleterious impact on TCs through a

number of possible mechanisms, including the tilting of

the vortex away from vertical alignment and subsequent

lack of realignment (Jones 1995), intrusion of low entropy

air into the vortex in the midtroposphere (Simpson and

Riehl 1958; Cram et al. 2007; Tang and Emanuel 2010),

the intrusion of low entropy air into the boundary layer

via downdrafts (Riemer et al. 2010, 2013; Tang and

Emanuel 2010;Molinari et al. 2013; Riemer and Laliberté

2015), and the outward fluxes of potential vorticity and

equivalent potential temperature in the upper tropo-

sphere (Frank and Ritchie 2001). Observational com-

posite studies have also shown that the interaction of

vertical wind shear with the TC vortex is often associated

with decreased azimuthal symmetry in precipitation and

deep convection, with the maximum in precipitation and

deep convection generally occurring in the downshear-

left quadrant and greatly reduced precipitation and deep

convection generally occurring in the upshear quadrants

(e.g., Corbosiero and Molinari 2002; Chen et al. 2006;

Hence and Houze 2011; Hence and Houze 2012; Reasor

et al. 2013; DeHart et al. 2014). This decrease in sym-

metry can limit the projection of the diabatic heating onto

the symmetric component, which has been shown to be

key for TC intensification by idealized (Nolan andGrasso

2003; Nolan et al. 2007) and observational composite

studies (Rogers et al. 2013; Alvey et al. 2015; Tao et al.

2017; Shimada et al. 2017; Fischer et al. 2018).

There are a number of factors on various spatial scales

that can modulate the TC intensity response to environ-

mental vertical wind shear. On the vortex scale, the ability

of the vortex to become better vertically aligned after be-

ing tilted away from the upright position is an important

factor. The reduction of vortex tilt in some sheared TCs

has been attributed to several hypothesized mechanisms,

including vortex precession into the upshear quadrants

(Jones 1995), vortex Rossby wave damping (Schecter et al.

2002; Reasor et al. 2004; Reasor and Montgomery 2015),

and downshear reformation or vortex merger processes

(Molinari et al. 2004; Molinari and Vollaro 2010; Nguyen

and Molinari 2015; Chen et al. 2018; Rios-Berrios et al.

2018).On the large scale, the shape of the vertical profile of

the environmental flow can be another influence. In their

idealized simulations, Finocchio et al. (2016) found that

TCs were more likely to intensify both when the vertical

shear was distributed over a deeper layer of the tropo-

sphere and when the vertical shear was higher in the tro-

posphere. Onderlinde and Nolan (2016) found in their

simulations that TCs were more likely to intensify when

the environmental flow exhibited positive TC-relative hel-

icity. Climatological studies, however, do not show a clear

relationship between shear height/depth or TC-relative

helicity and subsequent TC intensification (Finocchio and

Majumdar 2017; Rios-Berrios and Torn 2017).

In addition to kinematic influences, there are also

a number of thermodynamic factors that can deter-

mine whether a sheared storm will intensify or not. In

their observational study of Hurricane Edouard (2014),

Zawislak et al. (2016) found that as Edouard intensified,

the midtroposphere became progressively more humid in

the upshear quadrants. A climatological study of storms in

moderate shear by Rios-Berrios and Torn (2017) showed

that intensifying storms had more midtropospheric mois-

ture than steady-state storms, particularly on the upshear

side. Humidification of the upshear quadrants can limit

dry air entrainment into developing updrafts, allowing

them to grow and persist as they propagate azimuth-

ally around the TC center. The recovery of downdraft-

modified boundary layer air through surface enthalpy

fluxes from the ocean can also help a TC become resistant

to shear. Observations analyzed by Zhang et al. (2013)

and Molinari et al. (2013) supported the following se-

quence of events: Convective downdrafts associated with

asymmetrically distributed convection act to cool and dry
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the lower troposphere in the left of shear quadrants.

As the boundary layer air is advected azimuthally around

the storm, it extracts moisture and heat through surface

latent and sensible heat fluxes from the ocean, until moist

entropy reaches a maximum downshear right, where

convection typically initiates in a sheared storm. Ideal-

ized modeling studies by Rappin and Nolan (2012) and

Onderlinde andNolan (2016) found that the surface fluxes

in the upshear and left of shear regions were larger in the

intensifying storms than the nonintensifying storms. They

hypothesized that these enhanced surface fluxes helped

the downdraft-cooled boundary layer recover faster,

contributing to the growth and persistence of convection

into the upshear quadrants of the intensifying storms. The

importance of surface fluxes is further supported by the

Rios-Berrios and Torn (2017) climatological study, which

also showed stronger surface latent heat fluxes in the in-

tensifying cases compared to the steady-state cases. Ad-

ditional recent studies of moderately sheared Hurricane

Edouard (2014) found that a reduction in surface en-

thalpy fluxes occurred due to sea surface cooling in the

downshear-right quadrant, contributing to a decrease in

deep convection and the subsequent weakening of the

storm’s intensity (Rogers et al. 2016; Zhang et al. 2017). In

summary, the vertical alignment of the vortex, the ther-

modynamic state of themidtroposphere and the boundary

layer, as well as the moistening of the latter through sur-

face enthalpy fluxes from the ocean can all help determine

whether a moderately sheared storm will intensify or not.

The main scientific goal of this study is to evaluate the

effects of cooling/drying by convective downdrafts and the

subsequent downstream recovery via surface enthalpy

fluxes on the intensity change of moderately sheared

storms, particularly storms of weaker intensities (tropical

depression, tropical storm, or category 1 hurricane inten-

sity). Because Bhatia and Nolan (2013) showed that the

statistical and dynamical model intensity forecast skill

improvedwith increasing initial intensity, the current study

focuses on storms of weaker intensities that are less pre-

dictable. Moderately sheared storms of weaker intensities

have been investigated in a number of recent observational

case studies (e.g; Rogers et al. 2016; Zawislak et al. 2016;

Nguyen et al. 2017; Zhang et al. 2017), but in this study, we

examine these storms within a composite framework using

dropsonde observations. Prior observational composite

studies (Reasor et al. 2013; Zhang et al. 2013) have focused

primarily on intense (.49ms21) storms, rather than the

weaker storms assessed in this study.

The paper will be organized as follows. Section 2 de-

scribes the data andmethods used in this study. Section 3

gives an overview of the lower-tropospheric moisture

and temperature distribution relative to the shear vector

within different intensity change regimes. Sections 4 and 5

detail the lower-tropospheric convective instability and

surface enthalpy flux differences between intensity change

regimes, respectively. Section 6 summarizes the results

and places them in the context of recent published work.

2. Data and methods

This study predominantly uses data from GPS drop-

sondes, which are instruments that provide vertical

profiles of atmospheric pressure, temperature, humidity,

wind speed, and wind direction as they descend from the

aircraft down to the sea surface (Hock and Franklin

1999). Dropsondes released in tropical cyclones world-

wide during the years 1996–2017 were used. Table 1

shows the dropsonde distribution among various field

campaigns that comprise the database used in this study.

All NOAA, National Aeronautics and Space Adminis-

tration (NASA), and Office of Naval Research (ONR)

field campaign sondes used in this study were processed

using the National Center for Atmospheric Research’s

(NCAR) Atmospheric Sounding Processing Environ-

ment (ASPEN) software. The NOAA sonde data from

1996 to 2009 were extracted from the NOAAHurricane

TABLE 1. Number of dropsondes in the full dropsonde dataset listed by year, agency/field campaign, aircraft, and basin. This study

includes dropsondes deployed during National Oceanic and Atmospheric Administration (NOAA), National Aeronautics and Space

Administration (NASA), and Office of Naval Research (ONR) field campaigns.

Years Agency/field campaign program Aircraft Basin Sondes

1996–2017 NOAA G-IV NATL/EPAC 9099

1996–2017 NOAA P-3 NATL/EPAC 7172

2008 ONR TCS-08 C-130/P-3/Falcon WPAC 1436

2012–14 NASA HS-3 Global Hawk NATL 1251

2015 ONR TCI WB-57 NATL/EPAC 786

2010 ONR ITOP C-130/DOTSTAR WPAC 771

2015–16 NOAA SHOUT Global Hawk NATL/EPAC 722

2010 NASA GRIP DC-8 NATL 296

2006 NASA NAMMA DC-8 NATL 178

2017 NOAA/NASA EPOCH Global Hawk NATL/EPAC 125

2001 NASA CAMEX-4 DC-8, ER-2 NATL 107
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Dropsonde Archive, organized by the NCAR/Earth

Observing Laboratory (UCAR/NCAR–EarthObserving

Laboratory 2017), and thus already underwent additional

quality-control procedures described by Wang et al.

(2015). The remaining NOAA sondes from 2010 to 2017

were postprocessed at NOAA Hurricane Research

Division (HRD). All NASA andONR sondes [with the

exception of the NASA East Pacific Origins and Char-

acteristics of Hurricanes (EPOCH) campaign] also un-

derwent manual quality-control conducted by the Earth

Observing Laboratory (EOL) at NCAR. After the

above postprocessing procedures, all sondes used in this

study were inspected visually for errors that were not yet

identified. Any sondes that exhibited obviously unreal-

istic temperature, humidity, pressure, or wind speed

profiles were removed from the study. Examples of un-

realistic errors include near-surface temperature or dew-

point values that were at least 10K higher or lower than

immediately adjacent vertical levels, or near-surface wind

speeds that were over 10ms21 larger than the observed

TC intensity at that time. Sondes containing near-surface

layers that were both saturated and nearly dry-adiabatic

in terms of temperature lapse rate were corrected fol-

lowing the methodology of Bogner et al. (2000).

All of the dropsonde data listed in Table 1 comprise a

developmental version of the Tropical CycloneDropsonde

Research and Operations Product Suite (TC-DROPS),

which was used in this study. TC-DROPS not only in-

cludes the postprocessed dropsonde data itself, but also

includes information regarding the storm intensity and

the storm’s environment in order to facilitate tropical

cyclone research and operational activities (Zawislak

et al. 2018). The procedures described in the remainder

of this section were applied during the development of

the TC-DROPS dataset. Sonde locations were trans-

formed into TC-relative coordinates using the flight-level

circulation centers made available by HRD (at 2-min

time resolution) computed using the methodology of

Willoughby and Chelmow (1982). Each sonde’s average

TC-relative latitude–longitude position was used to clas-

sify sondes by quadrant within the storm. As sondes fall

from the aircraft down to the sea surface, they are dis-

placed horizontally by the horizontal wind, otherwise

known as ‘‘sonde drift.’’ This sonde drift can cause indi-

vidual sondes to be erroneously identified as being in

one particular quadrant of the storm, when in reality,

the sonde may have drifted into the adjacent quadrant.

The 50th and 95th percentiles of the distance between the

sonde’s average position and the sonde’s splash position

were 2.54 and 7.05km, respectively.Given these relatively

small displacements and the uncertainty of the shear di-

rection itself (resulting from the choice of method and

dataset in the shear calculation), sonde drift did not have a

significant impact on the composite analyses presented

in this manuscript. The sonde data were interpolated

to 10-m vertical resolution below 2-km altitude, and to

50-m vertical resolution above 2-km altitude.

The 850–200hPa environmental vertical wind shear

magnitude and direction were extracted from the Sta-

tistical Hurricane Intensity Prediction Scheme (SHIPS)

developmental database (DeMaria and Kaplan 1994;

DeMaria et al. 2005). This shear was computed by av-

eraging the 850 and 200 hPa winds within the 500km

radius using the wind fields from the Climate Forecast

SystemReanalysis (CFSR) (prior to 2000) or the Global

Forecast System (GFS) operational analyses (from 2000

onward). It should be noted that using the shallower

850–500hPa shear in this study yielded very similar re-

sults (not shown), with the exception of one notable

difference that will be discussed later in the manuscript.

The sondes were classified by TC intensity and

850–200hPa shear by referencing the nearest 6-hourly

time in the NHC best track (Landsea and Franklin 2013)

and SHIPS developmental databases, respectively. The

sea surface temperature (SST) at each sonde’s splash

point was estimated using the nearest grid point of the

Group for High Resolution Sea Surface Temperature

(GHRSST) global Level 4 sea surface temperature

analysis, produced daily at 0.258 resolution (Reynolds

et al. 2007). This analysis incorporates data from the

AdvancedVeryHighResolutionRadiometer (AVHRR)

as well as in situ ship and buoy observations. Although

this SST dataset likely does not fully represent the up-

welling of cooler water that occurs within the storm, this is

mitigated somewhat because this study includes only

storms that were of tropical depression, tropical storm, or

category 1 hurricane intensity, whose winds are too weak

to cause significant upwelling (Cione and Uhlhorn 2003).

This study included dropsondes that met all of the fol-

lowing criteria. First, the dropsonde had to be located

within a TC that had an intensity less than or equal to 80kt

(41.2ms21) (i.e., tropical depressions, tropical storms,

and category 1 hurricanes). The TC also had to be expe-

riencing 4.5–11.0m s21 of environmental vertical wind

shear, defined as the 25th and 75th percentile of shear

experienced by TCs globally (Rios-Berrios and Torn

2017). To remove cases occurring over relatively cold

water, such as subtropical cyclones and TCs undergoing

extratropical transition, only dropsondes collocated with

an SST of at least 258Cwere used. Dropsondes within TCs

that made landfall within the subsequent 24-h time period

were eliminated. Next, only dropsondes located within

25–200km of the TC center were used. The inner 25km

were omitted in order to remove any eyelike soundings,

and also to ensure that the sondes were accurately clas-

sified by shear-relative quadrant, given the uncertainty in

3522 MONTHLY WEATHER REV IEW VOLUME 147

Unauthenticated | Downloaded 08/28/22 02:57 AM UTC



the flight-level TC center location. Because this study fo-

cuses on the processes occurring within the TC as a result

of the shear, the outer radius of sondes used in this study

was set subjectively at 200km. Finally, dropsondes that

exhibited a 0–1-km-averaged TC-relative wind speed of

weaker than 10m s21 and were located within 75km of

the TC center were discarded from the study, as these

sondes were likelymore representative of the TC center.

It should be noted that the dropsonde data in this study

were not normalized with respect to the radius of max-

imum wind (RMW). Although a number of prior com-

posite studies have normalized data with respect to the

RMWwithin intense TCs in order to account for varying

TC size, the RMW is often ill-defined and much less

physically meaningful in weaker, more asymmetric TCs

such as the ones assessed in this study (Nguyen et al.

2014; Leighton et al. 2018).

Figure 1 shows the profile-averaged TC-relative po-

sitions of the 1150 dropsondes that met the above cri-

teria, rotated with respect to the shear vector. These

dropsondes were further subdivided by 0–24h TC in-

tensity change, which is defined as the difference be-

tween the intensity at the nearest 6-hourly time in the

NHC best track and the intensity 24 h after that time.

As a result, the 0–24h intensity change is given in 5kt in-

crements. The 0–24h intensity change groups are defined

as follows: Rapidly intensifying (DV0–24h$120kt), slowly

intensifying (15#DV0–24h#115kt), and nonintensifying

(DV0–24h # 0kt). Note that the 120kt (24h)21 threshold

differs from the traditional 130kt (24h)21 threshold for

rapid intensification (Kaplan andDeMaria 2003; Kaplan

et al. 2010) in order to make the sample sizes among the

three subgroups as close to equal as possible. Also note

that the nonintensifying cases include both steady-state

and weakening cases.

FIG. 1. Dropsonde positions in TCs that were #80 kt in in-

tensity and experienced 4.5–11.0 m s21 of shear at the time of the

dropsonde observation. The inner and outer red circles denote

the 25- and 200-km radii, respectively. Black dots show the pro-

file-averaged TC-relative position of dropsondes located within

the 25–200 km radii region. Shear vector is directed toward the

top of the figure.

FIG. 2. Frequency distribution of dropsondes in each intensity

change bin according to (a) TC intensity, (b) sea surface tempera-

ture, and (c) shear magnitude. Rapidly intensifying (RI) is defined as

DV0–24h$120 kt, slowly intensifying (SI) is defined as15#DV0–24h

# 115 kt, and nonintensifying (NI) is defined as DV0–24h # 0 kt.
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Figure 2 shows the frequency distribution of sondes in

each intensity change category according to TC intensity,

SST, and shear magnitude. The rapid intensification (RI)

sondes have a stronger mean intensity and an intensity

distribution that is more skewed toward higher intensities

than the slow intensification (SI) and nonintensification

(NI) sondes. The RI sondes also have a mean SST that

is 0.78C warmer than the NI sondes, and there is a com-

paratively smaller (larger) proportion of RI sondes with

a SST cooler than 278C (warmer than 298C), respectively.

There were discernable differences in shear magnitude

between the RI, SI, and NI cases, with the RI sondes

having a smaller mean shear magnitude and a distribu-

tion slightly more skewed toward lower shear values. All

of the aforementioned differences in the mean intensity,

SST, and shear magnitude were statistically significant

at the 95% confidence level as determined through a

bootstrap method (e.g., Wilks 1995). The aim of this

study is to explore whether the thermodynamic struc-

ture within the storm itself exhibits any substantial dif-

ferences between intensity change groups.

Dropsondes that met the above criteria were then

classified into shear-relative quadrants: downshear

right (DSR), downshear left (DSL), upshear left (USL),

and upshear right (USR). Figure 3 shows the dropsonde

sample size with height in each shear-relative quadrant

for each intensity change bin. Note that the sample size

drops off precipitously above approximately 2-km alti-

tude. This dropoff is because most of the sondes within

the 25–200km radii region were released from the P-3

aircraft, which typically flies between 2 and 4km altitude.

Amuch smaller proportion of sondes were released from

high-altitude aircraft such as theG-IV,WB-57,DC-8, and

Global Hawk (Table 1), illustrating the dearth of (and

need for) observations in the middle and upper part of

the troposphere within tropical cyclones. The current

study utilizes observations predominantly in the lower

troposphere (where the sample size is maximized) to as-

sess the lower-tropospheric thermodynamic structure of

moderately sheared storms in a shear-relative framework.

3. Lower-tropospheric moisture and temperature

Figure 4 shows the equivalent potential temperature

(ue) and saturation equivalent potential temperature (ues)

averaged in each shear-relative quadrant for the RI, SI,

and NI storms. In the RI cases (Fig. 4a), the USR quad-

rant had the highest 0–1-km mean ue, while the USL

quadrant had the lowest 0–1-km mean ue. The difference

between these quadrants was about 2–3K, and this dif-

ference was statistically significant at the 95% confidence

level using a bootstrap method. Similarly, the mean ues
also reached a maximum in the right of shear quadrants

and a minimum in the left of shear quadrants, with a ues
difference of about 2–4K that was statistically significant

at the 95% level. Above 1-km altitude, the ue differences

between the quadrants (particularly DSR, DSL, USL)

were less apparent. However, the ues quadrant differ-

ences were larger, with themean ues in theUSR quadrant

significantly exceeding that of theDSL quadrant by 4–6K

at 2–3km altitude. Because ue is a function of both

moisture and temperature, the observed azimuthal vari-

ations of ue could be attributed to either moisture dif-

ferences, temperature differences, or a combination of

FIG. 3. Number of dropsonde observations at each altitude in each shear-relative quadrant for nonintensifying

(NI, blue), slowly intensifying (SI, green), and rapidly intensifying (RI, red) cases. Shear vector is directed toward

the top of the figure. This study focused on the lower troposphere, indicated by the black boxes.
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both. Figure 5 shows the deviation from the azimuthal

mean of specific humidity and potential temperature (u)

in each shear-relative quadrant. Consistent with the azi-

muthal variations in ue, the mean specific humidity and

mean u in the lowest kilometer also reached a maximum

in the USR quadrant and a minimum in the left of shear

quadrants in the RI cases (Figs. 5a,b). The 0–1-km mean

specific humidity was about 0.7 gkg21 larger in the USR

quadrant than the USL quadrant, and the 0–1-km mean

u was about 0.5K warmer in the USR quadrant than the

left of shear quadrants. Both of these differences were

statistically significant at the 95% level. At 2–3km alti-

tude, the mean u was 1.5K warmer in the USR quadrant

than the DSL quadrant, consistent with the significant

difference in mean ues.

As in the RI cases, the SI cases (Fig. 4b) also had

the maximum 0–1-km mean ue in the right of shear

quadrants and the minimum 0–1-km ue in the left of shear

quadrants. The difference in 0–1-km mean ue between the

right and left of shear quadrants was about 3–4K and was

statistically significant at the 95% level. The maximum

(minimum) 0–1-km ues was also found in the right (left) of

shear quadrants, with a difference in 0–1-km mean ues of

about 4–6K that was significant at the 95% level. The az-

imuthal variations in ue and ues in the lowest kilometer

were slightly larger in the SI cases than theRI cases.Above

1-km altitude, ue continued to be maximized (minimized)

in the right (left) of shear quadrants, but the quadrant

differences were smaller and statistically insignificant.

As in the RI cases, the mean ues in the USR quadrant was

about 4K larger than the DSL quadrant at 1.5–3km alti-

tudes in the SI cases. Consistent with the observed azi-

muthal variations in ue, the right of shear quadrants were

moister and warmer than the left of shear quadrants, and

these differences were statistically significant at the 95%

level (Figs. 5c,d). The 0–1-km mean specific humidity was

about 0.7gkg21 larger in the DSR quadrant than the DSL

quadrant, and the 0–1-kmmean uwas about 0.8K larger in

the USR quadrant than the DSL quadrant.

The observed azimuthal distribution of 0–1-km ue and

ues in the RI and SI cases, with the maximum occurring

right of shear and theminimum occurring left of shear, is

consistent with downdraft modification of the boundary

layer and downstream recovery through surface enthalpy

fluxes, as also shown by prior modeling and observational

studies (e.g.,Riemer et al. 2010; Zhang et al. 2013; Tao and

Zhang 2014; Finocchio et al. 2016; Nguyen et al. 2017). In

the Zhang et al. (2013) composite study, which looked

at hurricanes of predominantly greater than category 2

intensity (.49ms21), the maximum ue was found in the

DSR quadrant, as opposed to theUSR quadrant in theRI

and SI cases in this study.Also, the difference between the

maximum ueDSR and the minimum ueDSL in the Zhang

et al. (2013) studywas smaller, about 1K, compared to the

2–4K difference found in theRI and SI cases in this study.

This is likely because theZhang et al. (2013) study focused

on the eyewall region and included storms with a much-

stronger mean intensity. The stronger surface enthalpy

fluxes within the eyewall and within these more intense

storms would allow the ue to recover much more quickly

as the air is advected azimuthally around the storm.

In contrast to the RI and SI cases, the NI cases

(Fig. 4c) exhibited reduced 0–1-km ue values and less

azimuthal variation in 0–1-km ue and ues. Although the

ue maximum (minimum) was in the USR (USL) quad-

rant in the lowest 500m, the ue difference between these

quadrants was only about 1K and not statistically signifi-

cant. Above 1.5-km altitude, themean ue in each quadrant

FIG. 4. Quadrant-mean equivalent potential temperature (ue, solid)

and quadrant-mean saturation equivalent potential temperature

(ues, dashed) in (a) RI, (b) SI, and (c) NI cases.
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was essentially indistinguishable. Consistent with the

muted azimuthal variation in ue, the azimuthal variation

in mixing ratio and u was also reduced (Figs. 5e,f). As in

the RI and SI cases, the NI cases also exhibited higher

1.5–3-km ues in the USR quadrant than in the other

quadrants. The lack of azimuthal variation in near-

surface ue and ues may be due to reduced surface latent

and sensible heat fluxes from the ocean in the NI cases,

preventing the ue and ues from recovering as the air was

advected azimuthally from left of shear to right of shear.

Evidence for this will be presented in an upcoming

section.

One might expect the lower-tropospheric ue and ues in

all quadrants to progressively increase going toward

further intensification (i.e., from NI to SI to RI), but this

progression was not clearly observed in Fig. 4. However,

notable differences between the intensity change re-

gimes emerged when assessing the lower-tropospheric

conditional instability, as will be shown in the following

section.

4. Lower-tropospheric conditional stability

The conditional stability of the lower troposphere

within a TC can be assessed by comparing the ue of a

pseudoadiabatically lifted parcel (i.e., ue held constant

as the parcel rises) with the ues of its immediate envi-

ronment at a given altitude (Holton 2004; Nguyen et al.

2017). We define the lower-tropospheric instability

index (LTI) as follows:

FIG. 5. Deviation from the azimuthal mean of potential temperature and specific humidity in (a),(b) RI, (c),(d) SI,

and (e),(f) NI cases.
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LTI5 u
e,0–500m

– u
es,2km

, (1)

where ue,0–500m represents the ue averaged over the

lowest 500m of the atmosphere, and ues,2km represents

the ues at 2-km altitude. Assuming that the lifted parcel

is saturated at 2-km altitude, when the lifted parcel’s ue
exceeds the ues at 2-km altitude (LTI . 0), the lifted

parcel is warmer relative to its immediate environment,

indicating positive buoyancy and conditional instability.

On the other hand, when the lifted parcel’s ue is less than

the ues at 2-km altitude (LTI , 0), the lifted parcel is

cooler relative to its immediate environment, indicating

negative buoyancy and conditional stability. The LTI is

similar to the ‘‘lifted index’’ (LI) measure often used in

midlatitude convection forecasting, although the LI is

typically assessed at the 500mb pressure level. Figure 6

shows individual dropsondes color coded by their LTI

in NI, SI, and RI storms. There was considerable vari-

ability between dropsondes in each of the intensity

change bins, which is to be expected given the small-

scale updrafts, downdrafts, and precipitation features

within tropical cyclones that can have thermodynamic

impacts. However, upon closer inspection, there appears

to be a larger proportion of sondes with positive LTI

values (indicative of conditional instability) in the DSR

quadrant compared to the USL quadrant, and there also

appears to be more sondes with positive LTI values in

the RI cases compared to the NI cases.

To quantify the differences in LTI between inten-

sity change groups, Fig. 7 shows the distribution of LTI

values displayed in Fig. 6. In all the intensity change

bins, the DSR quadrant was the most unstable quad-

rant, while the USR and USL quadrants were the least

unstable quadrants. Note that the USR quadrant was

quite stable relative to the other quadrants despite the

boundary layer ue being maximized there. The reduced

lower-tropospheric conditional instability in the USR

quadrant was due to warmer lower-tropospheric tem-

peratures above the boundary layer, evidenced by the

ues bowing out toward the right at around 1.5–2.5 km

altitude (Fig. 4) as well as the higher u values (Fig. 5).

These warmer temperatures could be due to subsidence

associated with the balanced response to the vortex tilt

(Jones 1995), as the USR quadrant is typically in the

uptilt direction, or subsidence due to stratiform pre-

cipitation evaporating in unsaturated air (Dolling and

Barnes 2012; Kerns and Chen 2015; Zawislak et al.

2016). The cooler temperatures above 1-km altitude in

the DSL quadrant, particularly in the RI and SI cases,

FIG. 6. Dropsondes color-coded by their lower-tropospheric instability index (LTI) in (left) NI, (middle) SI, and (right) RI storms.

Positive values indicate lower-tropospheric conditional instability, while negative values indicate lower-tropospheric conditional

stability. Shear vector is directed toward the top of each panel. Range rings are every 100 km. Dropsondes within 25 km of the center

are omitted.

FIG. 7. Distribution of LTI values (K) in NI (blue), SI (green),

and RI (red) cases in each shear-relative quadrant. Boxes encom-

pass the 25th, 50th, and 75th percentiles, while whiskers extend

to the 10th and 90th percentile values. Brackets denote the dif-

ferences in the means of the distributions that were significant at

the 95% confidence level as determined by a bootstrap test.
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contributed to the conditional instability in that quad-

rant. These cooler DSL temperatures above 1-km alti-

tude may be the result of enhanced upward motion and

adiabatic cooling on the downtilt side of the tilted vortex

(Jones 1995).

Interestingly, in addition to the differences between

quadrants, there were also notable differences in the

LTI values between intensity change bins. In the DSR

and DSL quadrants, the distribution of LTI progres-

sively shifted toward more positive values (more con-

ditionally unstable) with increasing intensification. For

example, the 50th percentile of the RI LTI distribution

was roughly equal to the 75th percentile of the NI LTI

distribution, while the 25th percentile of the RI LTI

distribution was roughly equal to the 50th percentile of

the NI LTI distribution. Also, in the DSR quadrant,

negative LTI values occurred almost three times more

frequently in the NI cases than the RI cases. The dif-

ference in the quadrant-mean LTI between the RI and

NI cases were statistically significant at the 95% confi-

dence level in the DSR and DSL quadrants, as deter-

mined through a bootstrap method. In the upshear

quadrants, the LTI differences between the intensity

change bins were smaller, as there was more overlap

between the RI, SI, and NI distributions. The differ-

ences in the quadrant-mean LTI between the RI, SI, and

NI cases never reached statistical significance in the

upshear quadrants. It should be noted that differences in

deep-tropospheric convective available potential energy

(CAPE) between shear-relative quadrants and intensity

change bins were also evaluated and yielded qualitatively

similar results, although with a much smaller sample

size due to the lack of high-altitude dropsonde data

described earlier.

5. Surface enthalpy fluxes

The larger DSR lower-tropospheric conditional in-

stability in the RI cases compared to the SI and NI cases

was due to the elevated boundary layer ue relative to the

2-km ues. An important contributor to the boundary

layer ue in tropical cyclones is the surface enthalpy flux

from the ocean. Surface latent and sensible heat fluxes

were calculated using the bulk method, as follows:

F
q
5 rL

y
C

e
U

10
(q

0
–q

10
) , (2)

F
H
5 rc

p
C

h
U

10
(SST–T

10
) , (3)

where r is the air density (1.2 kgm23); Ly is the latent

heat of vaporization (2.5 3 106 J kg21); cp is the specific

heat capacityof air at constant pressure (1004.64Jkg21K21);

Ce and Ch are the exchange coefficients for latent and

sensible heat transfer, respectively (estimated as 1.23 1023,

Zhang et al. 2008;Bell et al. 2012);U10 iswind speed at 10-m

height; q10 and T10 are the specific humidity and tempera-

ture at 10-m height, respectively; and q0 is the saturation

specific humidity at the sea surface calculated using the

SST. Dropsondes that did not report a 10-m wind speed,

specific humidity, or temperature were excluded from

the enthalpy flux calculation.

Figure 8 shows the distribution of the air–sea contrast

in specific humidity (Dq5 q0 – q10), the air–sea contrast

in temperature (DT 5 SST 2 T10), and the 10-m wind

speed for the RI, SI, and NI cases. Although there was

variability between quadrants and intensity change

bins, the air–sea contrast in specific humidity generally

ranged from 3 to 7 g kg21, while the air–sea contrast in

FIG. 8. Distribution of (a)Dq5 q02 q10, and (b)DT5 SST2T10,

and (c) 10-m wind speed in NI (blue), SI (green), and RI (red) cases

in each shear-relative quadrant. Brackets denote the differences in

the means of the distributions that were significant at the 95% con-

fidence level as determined by a bootstrap test.
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temperature ranged from 1 to 3K. While the SSTs used

in the current study were primarily satellite-derived

and of daily time resolution, these Dq and DT values

compared favorably with prior studies using more so-

phisticated SST measurements. For example, in their

composite study using buoy observations in hurricanes,

Cione et al. (2013) found mean Dq values from 4 to

5 gkg21 and mean DT values from 1.5 to 2K. In a case

study of Hurricane Edouard (2014) using SSTs ob-

served by both airborne expendable bathythermographs

(AXBT) and infrared dropsondes (IRsonde), Zhang

et al. (2017) found that when Edouard was an intensi-

fying category 2 hurricane, the Dq and DT values were

around 3–6 g kg21 and 2–4K, respectively, within the

inner core. Using SST analyses derived from fixed and

drifting buoys, Jaimes et al. (2015) found Dq and DT

values of near 5–7 g kg21 and 2–4K, respectively, within

TC Earl (2010) during the intensifying tropical storm to

category 2 hurricane stage. These studies give us confi-

dence that the SST dataset used to calculate surface

enthalpy fluxes in the current study were reasonable.

Statistically significant (at the 95% level) differences

in Dq between the intensity change categories were

present in the DSR, DSL, and USL quadrants (Fig. 8a).

These differences were most pronounced in the DSL

andUSL quadrants, where the difference in Dq between

the RI and NI medians was about 1 gkg21 compared to

0.50–0.75 gkg21 in the right of shear quadrants. Differ-

ences in DT between intensity change bins were also

most pronounced in the left of shear quadrants (Fig. 8b),

where the difference in DT between the RI/SI and NI

medians ranged between 0.75 and 1.25K (Fig. 8b). In

contrast to Dq and DT, 10-m wind speed differences

between intensity change bins were most pronounced in

the upshear quadrants (Fig. 8c), with the median 10-m

wind speed in RI cases exceeding the median in NI cases

by 3–4m s21 (statistically significant at the 95% confi-

dence level). In the downshear quadrants, the differ-

ences in 10-m wind speed between intensity change

bins were smaller, and the difference in the means

of the intensity change bins failed to reach statistical

significance.

These differences in Dq, DT, and 10-m wind speed

between intensity change regimes resulted in significant

differences in surface enthalpy flux. Figure 9 shows the

distribution of surface latent and sensible heat flux in the

RI, SI, and NI cases. As to be expected in a TC envi-

ronment, the total surface enthalpy flux was dominated

by the contribution from the latent heat flux. Within

each intensity change bin, the surface latent and sensi-

ble heat flux was generally larger in the left of shear

quadrants than the right of shear quadrants. In all shear-

relative quadrants, the RI cases had larger latent and

sensible heat fluxes than the SI and NI cases. The dif-

ferences in the fluxes between intensity change bins

were most pronounced in the upshear quadrants. In

the USL quadrant, the median latent heat flux was

246Wm22 in the NI cases, 305Wm22 in the SI cases,

and 365Wm22 in the RI cases. The 25th and 75th per-

centiles of latent heat flux in the RI cases also exceeded

that of the NI cases by about 110Wm22. The median

USL sensible heat flux in the RI cases (63Wm22)

doubled the median USL sensible heat flux in the NI

cases (32Wm22). In the USR quadrant, the median

latent and sensible heat flux in the RI cases was about

122Wm22 and 18Wm22 larger than the NI cases, re-

spectively. In contrast to the upshear quadrants, the dif-

ferences in latent and sensible heat flux between intensity

change bins were muted in the DSR quadrant, with the

distributions largely overlapping each other.

As shown in Eqs. (2) and (3), the surface latent and

sensible heat fluxes are a function of both near-surface

wind speed as well as the air–sea contrast in specific

humidity and temperature. Thus, it is informative to

diagnose whether differences in surface fluxes between

intensity change bins were attributed to differences

in near-surface wind speed, differences in the air–sea

specific humidity contrast, or differences in the air–sea

FIG. 9. Distribution of surface (a) latent heat flux and (b) sensible

heat flux in NI (blue), SI (green), and RI (red) cases in each shear-

relative quadrant. Brackets denote the differences in the means of

the distributions that were significant at the 95% confidence level

as determined by a bootstrap test.
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temperature contrast. Figure 10 shows the individual

contributions of the difference in near-surface winds,

Dq, and DT to the observed difference in surface en-

thalpy flux between the RI/SI cases and the NI cases. In

the downshear quadrants (particularly DSL), the larger

latent and sensible heat fluxes in the RI and SI cases

were almost entirely attributed to a larger Dq and DT,

respectively, with almost no contribution from differ-

ences in the 10-m wind speed. The larger Dq and DT

in the DSL quadrant may be due to SSTs that were on

average 0.58–0.78C warmer in the RI and SI cases

(Fig. 2b) or perhaps enhanced cooling and drying due to

downdrafts in the DSL quadrant. In the USL quadrant,

the faster 10-m winds and the larger Dq made a nearly

equal contribution to the larger latent heat fluxes, while

the larger DTwas the dominant contributor to the larger

sensible heat fluxes in the RI/SI cases, contributing

about 70% of the difference. In the USR quadrant, the

larger latent and sensible heat fluxes in the RI and SI

cases were mostly due to faster 10-m winds, with gen-

erally little contribution from the differences in Dq

and DT. It should be noted, however, that these results

differed somewhat when compositing with respect to

moderate 850–500 hPa vertical wind shear. Although

the surface latent and sensible heat flux differences be-

tween intensity change groups were reproduced using

850–500 hPa shear (not shown), the larger Dq and DT

were instead the dominant contributors to these flux

differences in all quadrants, while the contribution from

increased 10-m wind speeds was nearly negligible (not

shown). Thus, there remains some uncertainty regarding

the relative contributions of the 10-m winds and the air–

sea contrast in q and T to the increase in upshear surface

enthalpy fluxes with increasing intensification.

6. Summary

Surface enthalpy fluxes play an important role in re-

storing moisture and heat to the boundary layer within

sheared TCs. A number of prior modeling (Riemer et al.

2010, 2013; Tao and Zhang 2014; Finocchio et al. 2016;

Onderlinde and Nolan 2016) and observational studies

(e.g., Molinari et al. 2013; Zhang et al. 2013; Nguyen

et al. 2017) have shown that in storms experiencing

vertical wind shear, the boundary layer in the left of

shear quadrants is cooled and dried due to convective

downdrafts. As this modified boundary layer air travels

cyclonically around the center of the storm, surface

latent and sensible heat fluxes from the ocean act to

increase the moisture and heat content of the bound-

ary layer air until ue and ues reach a maximum in the

downshear-right quadrant, where deep convection typ-

ically initiates.

Using dropsonde data collected by various aircraft

from 1996 to 2017, this study investigated the effects of

downdraft modification and boundary layer recovery

within storms that were experiencing moderate environ-

mental vertical wind shear (defined here as 4.5–11.0ms21

of 850–200hPa shear) and were relatively weak in in-

tensity (tropical depressions, tropical storms, and cate-

gory 1 hurricanes). The data were separated into three

categories according to the intensity change of the storm

in the 24h following the dropsonde observation: rapidly

intensifying, slowly intensifying, and nonintensifying. The

main results are:

d The magnitude of surface latent and sensible heat

fluxes in the upshear quadrants grew significantly

larger with increasing intensification. The enhanced

fluxes upshear were attributed mostly to stronger

near-surface winds, with a smaller contribution from

the larger air–sea contrast in specific humidity and

temperature.
d The lower-tropospheric conditional instability in the

downshear quadrants was significantly larger in RI

storms compared to NI storms.
d The above two results are hypothesized to be related

to each other in the following manner: enhanced sur-

face fluxes on the upshear side of RI storms enabled

downdraft-modified boundary layer air to moisten and

warmmore quickly as it traveled cyclonically around the

FIG. 10. (a) Latent and (b) sensible heat flux differences from

the NI mean attributed to differences in mean 10-m wind speed

(solid), Dq [hatched in (a)], and DT [hatched in (b)] in each shear-

relative quadrant.
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storm, so that by the time this air reached the down-

shear quadrants, its moist entropy became larger than

it otherwise would have been.

An association between enhanced surface enthalpy

fluxes in the upshear quadrants and the intensification of

sheared storms has been shown in prior idealized mod-

eling (Rappin and Nolan 2012; Onderlinde and Nolan

2016) and observational (Rios-Berrios and Torn 2017;

Zhang et al. 2017) studies. There are differing hypoth-

eses on how the enhanced upshear surface fluxes con-

tribute to the intensification of sheared storms, however.

Rappin and Nolan (2012) argued that the enhanced

surface fluxes encouraged the downwind propagation

of convection and precipitation into the upshear quad-

rants, resulting in a more symmetric precipitation struc-

ture.Onderlinde andNolan (2016) showed that enhanced

upshear fluxes enabled more buoyant near-surface air

parcels to be ingested into the TC inner core convection.

Zhang et al. (2017) argued that, without sufficient surface

enthalpy fluxes, the boundary layer moist entropy would

not have recovered sufficiently enough from convective

downdrafts to support the development of deep convec-

tion once the boundary layer air reached the downshear

quadrants. From a ventilation theory perspective, surface

enthalpy fluxes play a key role in generating available

potential energy that offsets the destruction of available

potential energy by dry air intrusions via vertical wind

shear (Tang and Emanuel 2012; Chavas 2017).

The results in this study show that the cumulative

impact of the enhanced upshear surface fluxes likely

contributed to the generation of significantly larger

lower-tropospheric conditional instability in the down-

shear quadrants of RI storms. We speculate that in-

creased lower-tropospheric instability in the downshear

quadrants would be particularly beneficial for convec-

tive updrafts to initiate and grow, since updrafts typi-

cally initiate in the DSR quadrant of sheared storms

(Reasor et al. 2013; Guimond et al. 2016; Rogers et al.

2016; Wadler et al. 2018). Given that deep convection

rarely initiates in the upshear quadrants (Stevenson

et al. 2018), the lower-tropospheric instability in the

upshear quadrants may not have as much impact on the

initiation and growth of convective updrafts within a

sheared storm.

In summary, the enhancement of surface fluxes

upshear (predominantly due to stronger surface winds)

plays an important role in mitigating the effect of

downdraft cooling and stabilization that has been hy-

pothesized to hinder TC intensification in moderate

shear (Nguyen et al. 2017). However, there are a number

of other important influences on TC intensity change

in shear that were not investigated here. These include

whether or not the vortex is able to become more ver-

tically aligned (Tao and Zhang 2015; Finocchio et al.

2016; Miyamoto and Nolan 2018), the midtropospheric

drying of the upshear quadrants through vortex-scale sub-

sidence or entrainment from the environment (Zawislak

et al. 2016; Nguyen et al. 2017), and the role of pre-

cipitation modes (convective or stratiform) in modify-

ing the upshear thermodynamic environment (Tao

et al. 2017). These processes are not necessarily inde-

pendent of one another, making the TC/shear inter-

action problem particularly complex. For example, a

couple of recent studies have theorized that warmer

SSTs and/or enhanced surface enthalpy fluxes helps the

vortex become more vertically aligned by promoting

deep convection and latent heating (Tao and Zhang

2014; Chen et al. 2018). Given the forecasting challenges

that moderately sheared storms currently present, ad-

ditional coordinated research is needed to connect all of

these known processes together in an overarching the-

ory, using both existing observational platforms and

numerical modeling techniques.
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