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ABSTRACT

This article explores the simultaneous effect of vertical wind shear (VWS) and low-level mean flow (LMF)

on tropical cyclone (TC) structure evolution. The structural evolution of 180 western North Pacific TCs from

2002 to 2014 was measured by a new parameter, the RV ratio, which is defined as the ratio of a TC’s radius of

34-kt (17.5m s21) wind to its maximum wind speed at the ending point of the intensification period. Whereas

TCs with RV ratios in the lowest quartile of all 180 samples favored intensification over expansion, and 82%

of these TCs experienced rapid intensification, TCs with RV ratios in the topmost quartile favored size ex-

pansion over intensification. A novel result of this study is that TC RV ratios were found to correlate with the

LMF orientation relative to the deep-layer VWS vector. Specifically, whereas an LMF directed toward the

left-of-shear orientation favors TC intensification, a right-of-shear LMF favors TC size expansion. This study

further analyzed the TC rainfall asymmetry and asymmetric surface flow using satellite observations. Results

show that for a TC affected by an LMFwith right-of-shear orientation, the positive surface flux anomaly in the

upshear outer region promotes convection in the downshear rainband region. On the other hand, a left-of-

shear LMF induces a positive surface flux anomaly in the downshear outer region, thus promoting convection

in the upshear inner core. Enhancement of the symmetric inner-core convection favors intensification,

whereas enhancement of the downshear rainband favors expansion.

1. Introduction

The structure of a tropical cyclone (TC) can be de-

scribed by a number of parameters associated with the TC

tangential winds. Intensity, strength, and size are three

such parameters documented by Holland and Merrill

(1984). Intensity (i.e., the maximum sustained surface

wind) is critically important because the wind-related

damage of a TC is proportional to at least the square of

the maximum surface wind. Zhai and Jiang (2014) esti-

mated that the power relationship betweenwind speed and

damage ranges between 4 and 12. On the other hand,

strength (i.e., average wind in the 100–300-km radial band)

and size (i.e., the radius of 34-kt wind; 1kt5 0.5144ms21)

describe the outer vortex wind profile. Strength and size

are important parameters for improving TC forecasts

and warnings of wind damage (Powell and Reinhold

2007), storm surge (Irish et al. 2008), surface wave height

(Sampson et al. 2013), and timing of the arrival of gale

force winds (Stenger and Elsberry 2013). Also, Chan and

Chan (2012) analyzed satellite-observed surface wind data

and found that size is strongly correlated (G 5 0.9) to

strength.

An important feature of TC structure is that it de-

velops with considerable variability. Maclay et al. (2008)

documented that TCs generally either intensify and

maintain their size, or they maintain their intensity and

expand. Therefore, as TCs approach their maximum

intensity, some become very large in size (R), while

those remaining are moderate in intensity (V); others

are very intense but only moderate in size. This diversity

of TC structure development is also illustrated by a V–R

diagram for 180 western North Pacific TCs (Fig. 1a).

With any given intensity, TC size varies by approxi-

mately 150 n mi (1 n mi 5 1.852km).

Two examples show that forecasting TC structure

development poses a challenge for TC warning and

disaster management. First, Typhoon Haiyan (2013;Corresponding author: Buo-Fu Chen, bfchen751126@gmail.com
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highlighted in blue in Fig. 1a) experienced rapid in-

tensification and reached a peak intensity of 170kt

with a moderate size of about 100 n mi. Second, Ty-

phoon Morakot (2009; highlighted in red in Fig. 1a)

reached its peak intensity of only 85 kt before making

landfall in Taiwan with an anomalously large size of

200 n mi. Moreover, Morakot lacked well-organized

inner-core convection but exhibited relatively asym-

metric convection in the outer region (Fig. 1b), unlike

Haiyan, which exhibited compact and well-developed

inner-core convection (Fig. 1d). Therefore, the distinct

structures of Haiyan and Morakot resulted in disastrous

damage to society in different ways. Whereas the

extreme wind gusts and storm surge within Haiyan’s

inner core resulted in severe damage in the Philippines,

the strong outer circulation of Morakot contrib-

uted to catastrophic and unexpected rainfall in the TC

outer region. This record-breaking rainfall in southern

Taiwan—over 3000mm in 3 days—was associated with

active and sustained outer rainbands interacting with the

steep topography (Lee et al. 2011, 2012).

Understanding how TC structure develops is also an

important scientific issue because of the complicated

and nonlinear underlying physical processes. Al-

though the full extent of these processes has yet to be

understood, TC structure development is known to be

related to several environmental factors that serve as

external forcings to the TC. These environmental fac-

tors include ocean heat content (Lin et al. 2013), upper-

level outflow channels (Elsberry and Jeffries 1996),

lower- to midtropospheric environmental relative hu-

midity (RH; Hill and Lackmann 2009; Dunion and

Velden 2004), and the vertical profile of background

flows (Emanuel et al. 2004; Riemer et al. 2010; Rappin

and Nolan 2012; see more details in the next para-

graphs). To add to this critical work, this study explores

FIG. 1. (a) The V–R diagram of 180 western Pacific TCs during their intensification period. Typhoon Morakot

(2009) is highlighted by the red line with crosses; Typhoon Haiyan (2013) is highlighted by the blue line with

triangles. Both the crosses and triangles indicate 6-h intervals. (c) Tracks of Morakot and Haiyan, along which the

intensification period [corresponding to (a)] are indicated by red and green lines. (b),(d) The 91-GHz horizontally

polarized brightness temperatures near the time of (b) Morakot’s and (d) Haiyan’s peak intensities. Note that

(b),(d) are from NRL TC webpage (http://www.nrlmry.navy.mil/TC.html).
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the relationships between TC structural development

and two properties associated with the vertical profile of

background flows: vertical wind shear and low-level

environmental flow.

Vertical wind shear (VWS) is one of the most critical

factors affecting TC intensification, structure changes, and

predictability (Emanuel et al. 2004; Zhang and Tao 2013).

DeMaria and Kaplan (1994, 1999) demonstrated that the

magnitude of deep-layer (850–200hPa)VWS is the leading

predictor of TC intensity change. Emanuel et al. (2004)

showed that VWS heightens the sensitivity of TC devel-

opment to other environmental conditions. Furthermore,

several studies have shown that VWS affects TC structure

development by multiple physical processes, such as in-

ducing asymmetric convective features (Frank andRitchie

2001; Corbosiero and Molinari 2002, 2003; Hence and

Houze 2011; Reasor et al. 2013; DeHart et al. 2014),

venting moisture and energy out of the TC core (Tang and

Emanuel 2010, 2012), and transporting low-entropy air

into the inflow boundary layer (Riemer et al. 2010).

When a TC interacts with VWS, the asymmetri-

cally balanced dynamics of the TC contribute to quasi-

stationary convective asymmetry outside the eyewall.

Specifically, the perturbation of the vortex by shear

strongly projects onto a vertical and azimuthal wavenumber-

1 vortex Rossby wave pattern (Reasor et al. 2004;

Riemer et al. 2010), thereby resulting in an optimal

vortex tilting orientation toward the downshear-left

side (Jones 1995; Reasor et al. 2004). The resulting

convective asymmetry has been attributed to the spiral-

ing upward motion along the tilted isentropic sur-

face and the increased convective instability within a

wavenumber-1 moist envelope. Furthermore, in a recent

study, Riemer (2016) proposed that asymmetric frictional

convergence in the boundary layer associated with the

wavenumber-1 asymmetric vorticity at the top of the

boundary layer also contributes to the organization of

the convection.

Although the fundamental processes associated with

TC–VWS interaction have been extensively studied, and

the predictability of the VWS relevant to a TC is docu-

mented to be over 1 week (Komaromi and Majumdar

2014), the predictability of TC intensification is still lim-

ited, in part due to the interactions between a TC and the

vertically sheared background flows. In fact, recent ide-

alizedmodeling studies have shown that in addition to the

deep-layer VWS magnitude, considerable variability of

the development and formation of simulated TCs arises

from other factors, which include the relative orientation

of theVWS to the surfacewind (Rappin andNolan 2012),

the height and depth of vertical wind shear (Finocchio

et al. 2016), and the environmental helicity (Onderlinde

and Nolan 2014).

In addition to the VWS, low-level mean flow (LMF)

also affects TC structure. First, the interaction between

TCs and LMF may lead to frictional convergence in the

boundary layer. Shapiro (1983) used a slab boundary

layer model, forced by a prescribed wind field at the top

of the boundary layer, to show that even without moist

processes, the strongest convergence (and hence, verti-

cal velocity in the slabmodel) occurs on the downstream

side of the LMF with respect to the vortex. In full

physical and idealized simulations, however, Thomsen

et al. (2015) showed that this area of frictional conver-

gence is shifted about 458 to the left of that predicted by

Shapiro’s model (Shapiro 1983) due to the modification

of flow asymmetry at the top of the boundary layer by

the asymmetric convection. In addition, the LMF also

affects a TC by modifying the asymmetric low-level

circulation and dividing the flow around the TC into

distinct regions in which air flows either toward or away

from the inner core (Riemer and Montgomery 2011).

Finally, it has been proposed that TC rainbands may

arise on the confluent boundary of storm circulation and

the environmental LMF (Willoughby et al. 1984; Akter

and Tsuboki 2012).

For western North Pacific TCs, several observational

studies have shown that environmental LMF is related

to TC structure and the development of organized and

sustained rainbands (Liu and Chan 1999; Lee et al. 2010,

2012; Chen et al. 2014a). Based upon satellite wind ob-

servations, Liu and Chan (1999) and Lee et al. (2010)

suggested that strong, low-level southwesterly mon-

soonal flow in summer, or strong trade wind surges in

autumn, favors large TCs. Furthermore, Chen et al.

(2014a,b) showed that a northeasterly VWS coupled

with a strong LMF due to the southwest monsoon favors

long-lasting and active TC rainbands. Moreover, these

long-lasting rainbands were associated with higher TC

expansion rates and less intensification. Recalling the

example of Typhoon Morakot (2009), the dramatic size

expansion of Morakot (Fig. 1a) was actually accompa-

nied by several long-lasting rainbands associated with

the TC–monsoon interaction. These long-lasting rain-

bands are connected with the TC inner core and

present a large, cold cloud shield lasting over 6 h (Fig. 1b

provides a snapshot of this kind of rainband). Note,

however, that neither the physical process underlying

the formation of these long-lasting rainbands associated

with southwesterly LMF nor the feedback from these

rainbands on TC structure is fully understood.

TC structure development is characterized by con-

siderable variability, and the pathway of structural

evolution to some extent is attributed to the effects of

VWS and LMF. However, our knowledge and the pre-

dictability of TC structure development remains limited
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due to a lack of understanding of the nonlinear processes

between a TC and the vertically sheared background

flows. Therefore, the current paper explores TC struc-

tural development by examining the simultaneous ef-

fects of both VWS and LMF. While this approach may

lead to more complicated analyses and perhaps results

that are more difficult to interpret, it can supply valuable

information unavailable with a conventional approach

that deals with only one factor at a time.

In light of the foregoing, the methodology for this

study involves a systematic examination of the re-

lationship between TC structure development and the

VWS and LMF for western Pacific TCs. Also, possible

explanations for the tendency of a TC to intensify or

expand under the effects of VWS and LMF are

addressed. In the next section, the data and method-

ology are described. Section 3 explores the relationship

between TC structural evolution and several environ-

mental factors, with emphasis on the role of the shear-

relative LMF. Section 4 examines the composites

of satellite rainfall and surface wind data to address

physical processes that affect the structure of TCs

influenced by the shear-relative LMF. The final sec-

tion offers concluding remarks and suggestions for

future work.

2. Data and methodology

This section first introduces a new parameter, the RV

ratio, to describe TC structure evolution (section 2a).

Second, the calculation of the environmental VWS and

LMF is described. Then, rotated-LMF, a new parameter

measuring the LMF with respect to the VWS, is in-

troduced (section 2b). Finally, section 2c describes the

data and calculation for composite analyses used to ex-

plore the physical processes affecting TC structure.

a. Calculating the RV ratio

In this study, TC intensity and size were obtained from

Joint TyphoonWarning Center (JTWC) best track data.

These files contain TC information including latitude,

longitude, 1-min maximum sustained surface wind, and

central pressure at 6-h intervals for TCs occurring since

1945. After August 2001, JTWC began providing max-

imum radial extent by quadrant of 34-, 50-, and 65-kt

winds and other structuremetrics by taking advantage of

advanced analysis techniques and modern satellite re-

mote sensing (e.g., wind speeds observed by Special

Sensor Microwave/Imager and surface wind vectors

observed by the scatterometer on QuikSCAT). In ad-

dition to the size of the wind field, other structure met-

rics are also included: the radius of maximum wind, the

eye diameter, and the radius of the outermost closed

isobar. However, in addition to the intensity, the current

study focuses on the size of 34-kt winds because it is vital

to disaster warning/management and in determining

storm-related impacts, such as the areas impacted by

destructive winds and storm surges.

To estimate the tendency of a TC to intensify or

expand, a new parameter, the RV ratio, was calculated.

A total of 180 TCs from 2002 to 2014 are included in the

analyses. The RV ratio is defined as the ratio of a TC’s

intensity (V) and size (R) at the ending point of the in-

tensification period, where V is the 1-min maximum

sustained surface wind speed, andR is the average of the

radii of 34-kt winds in all four quadrants. In addition, the

TC intensification period is defined as the period that

begins when the R is first available and ends when the

TC exhibits the highest intensity prior to the first pro-

nouncedweakening of at least 10 kt in 6h. In our dataset,

most of the TCs (159/180) reached their lifetime maxi-

mum intensity at the ending point of the intensification

period. However, some of the TCs (21/180) exhibited

pronounced weakening due to crossing Luzon and

Taiwan. Thus, for these TCs, the intensification periods

were terminated just before landfall. Furthermore, the

duration of the intensification period is required to be

greater than 24h. Figure 2a shows the 180 TCs’ V and R

at their ending point of the intensification period. The

slope of a line from the grid origin to the point of any TC

is the RV ratio.

As shown in Fig. 2a, the 180 TCs were divided into four

quartiles of the distribution by theRV ratios. For example,

the TCs in the first quartile (0–25th percentile) had RV

ratios less than 0.93n mi kt21, whereas the TCs in the

uppermost quartile (75th–100th percentile) had RV ratios

larger than 1.47n mi kt21. Although the RV ratios were

calculated using a single datum taken at the ending point of

the intensification period, theRV ratios are consistent with

the rate of TC intensification and size expansion during the

intensification period (Figs. 2b,c). Therefore, the RV ratio

could represent the pathways of TC structural develop-

ment. Namely, whereas a TC with a small RV ratio had a

larger intensification rate and a smaller expansion rate, a

TC with a large RV ratio exhibited the converse re-

lationship (Figs. 2b,c). As a result, if a TC had experienced

rapid intensification (RI; Kaplan and DeMaria 2003), it

had a higher chance of exhibiting a small RV ratio. Fol-

lowing Kaplan and DeMaria (2003), RI is defined as the

intensification $30kt during any 24-h interval. Although

the 30-kt threshold is consistent with the 95th percentile of

overwater intensity change for Atlantic TCs (Kaplan and

DeMaria 2003), it is consistent with the 69th percentile

of the samples during the intensification periods of the

180 western Pacific TCs in this study. Thus, 106 of the

180 TCs (59%) are RI cases, and 82%, 73%, 51%, and
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28% of TCs in various quartiles of the RV ratios

exhibited RI.

b. Calculating VWS, LMF, and other environmental
factors

Examination of the factors affecting TC RV ratios

relied upon the National Centers for Environmental

Prediction (NCEP) Final (FNL) operational global an-

alyses (i.e., NCEP-FNL) on a 18 3 18 grid. Although the

coarse resolution of NCEP-FNL presents the difficulty

of measuring any parameters associated with a TC

vortex, NCEP-FNL is sufficient to calculate environ-

mental factors, such as background flow, environmental

relative humidity,1 and sea surface temperature (SST).2

In this study, VWS is defined as the difference be-

tween 200- and 850-hPa mean flows, with LMF as the

850-hPa mean flow. The environmental mean flows at

200 and 850 hPa were calculated following the method-

ology described inDavis et al. (2008) andGalarneau and

Davis (2013). Briefly, this methodology removes both

the rotational and divergent winds associated with a TC

vortex within 58 of the TC center. Then, themean flow at

each level can be computed as the average in the 58
circular area. Thus, this methodology has a better tol-

erance to TC location error than the conventional

method, which is based upon the areal average without

removing vortex flows.

To examine the simultaneous effects of the VWS and

the LMF on the RV ratio, the second parameter in-

troduced in this study is the rotated LMF (LMFrot),

which is defined as the LMF on a rotated coordinate

relative to the VWS vector. A schematic of a rotated

VWS vector and four corresponding LMFrot vectors are

shown in Fig. 3d.

Some statistical characteristics and the seasonal vari-

ations of the averaged VWS and LMFrot during the

FIG. 2. (a) The scatterplot ofV andR at the ending point of the intensification period for 180 TCs. TCs havingRV

ratios in different quartiles of the distribution are indicated by dark blue, sky, gold, and brown spots. Lines and

the RV ratios (red text) dividing those four quartiles are also drawn. Boxplots of (b) averaged intensification rates

and (c) averaged size expansion rates of each TC for the four quartiles. In each box, the median and the 25th

(q1) and 75th (q3) percentiles are indicated; the whiskers extend to the most extreme data points not considered

outliers; and the1 symbols indicate outliers that are greater than q31 2.7s or less than q12 2.7s, where s is the

standard deviation.

1 There may be significant biases of humidity, but the present

study is mainly concerned with differences among samples.
2We have compared the results based on NCEP-FNL sea sur-

face temperature and NOAA Optimum Interpolation sea surface

temperature. The usages of different datasets do not significantly

change the statistical results in this study.
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intensification period for the 180 TCs were examined.

As shown in Fig. 3a, TCs more frequently experienced

westerly (73/180) or northerly (50/180) VWS than east-

erly (35/180) and southerly (22/180) VWS. Furthermore,

the mean of southerly VWS magnitudes (3.3m s21) was

weaker than that of VWS with other orientations

(ranging from 5.5 to 6.1m s21). On the other hand, the

median of LMFrot experienced by a TC is 3.6m s21,

though LMFrot magnitudes were larger in July and

August (red circles in Fig. 3b). These larger LMFrot

magnitudes may be associated with the southwesterly

monsoonal flow. Also, 22% of the 180 LMFrot vectors

had right-of-shear orientations, 43% oriented toward

upshear, 23% oriented toward left of shear, and 12%

oriented toward downshear.

TCs in July and August (red circles in Figs. 3a,b)

frequently experienced northeasterly VWS (VWS vec-

tors point toward the southwest) with upshear-right

LMFrot, whereas TCs in the early and late portions

of the season (black and blue circles in Figs. 3a,b)

were more likely to experience southerly VWS with

downshear-left LMFrot. Finally, Fig. 3c shows that TCs

with upshear LMFrot orientations usually experienced

southerly and westerly LMF, whereas TCs affected by

downshear LMFrot orientations were likely to experi-

ence easterly LMF. Note that only two TCs were af-

fected by northerly LMF. These results suggest that the

VWS–LMF configuration appears to be associated with

the different synoptic environments in different seasons.

This argument is further examined in section 3c.

FIG. 3. (a) Scatterplot of the eastward velocities (x axis; m s21) and northward velocities (y axis; m s21) of av-

eraged VWS vectors of the 180 TCs during their intensification period. The occurrence month of each TC is in-

dicated by the color bar. (b) As in (a), but for averaged LMFrot vectors of the 180 TCs during their intensification

period. Note that in (b), every LMFrot is plotted on the rotated coordinate in which the VWS vector is rotated

toward the west (gray arrow). (c) Scatterplot of LMFrot orientations (x axis) and 850-hPa mean flow directions (y

axis) of the 180 TCs; R, U, L, and D indicate right of shear, upshear, left of shear, and downshear, respectively, and

S, W, N, and E indicate south, west, north, and east, respectively. (d) The schematic of a rotated VWS vector and

four corresponding LMFrot vectors.
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c. Using satellite observations to elucidate the physical
processes associated with TC–LMFrot interaction

To explore the physical processes associated with the

effects of LMFrot on a vertically sheared TC, this study

utilized composite analyses to examine the wind and

convection asymmetry based on satellite data, including

precipitation rates obtained by the Climate Prediction

Center morphing technique (CMORPH; Joyce et al.

2004) and oceanic wind observations from the QuikSCAT

satellite.

CMORPH precipitation rates from 2003 to 2014 were

used to conduct composites to investigate rainfall

asymmetries associated with TCs interacting with vari-

ous LMFrot orientations. The CMORPH uses pre-

cipitation estimates derived from low-orbit microwave

satellite observations exclusively, whose features are

transported via spatial propagation information ob-

tained entirely from geostationary satellite IR data.

Since the resolution of rain rate estimated by individ-

ual satellite is on the order of about 12 km 3 15 km,

the CMORPH data are available at 0.258 resolution

every 3h.

To create CMORPH composites, the CMORPH rain-

rate field within a 108 radius of the TC center at each

synoptic time (i.e., 0000, 0600, 1200, and 1800 UTC)

during the intensification period was rotated to fit in a

shear-relative coordinate. Second, each of the 180 TCs

was classified into one of four subgroups according

to the averaged LMFrot orientation during the in-

tensification period (i.e., right of shear, upshear, left of

shear, and downshear). Finally, the composites of ro-

tated CMORPH precipitation rates for the four LMFrot

orientations are constructed from samples during the

intensification periods of the TCs associated with vari-

ous LMFrot orientations.

This study also examines the surface wind associated

with TCs during 2003–09 for those times with available

QuikSCAT observations. The QuikSCAT dataset was

prepared byRemote Sensing Systemswith a geophysical

model function called Ku-2011 (Ricciardulli and Wentz

2015). The SeaWinds instrument on the QuikSCAT

satellite was a specialized microwave radar that mea-

sured near-surface wind speed and direction under all

weather and cloud conditions over Earth’s oceans. Al-

though the resolution ofQuikSCAT data is about 25 km,

and the scatterometer may underestimate high wind

speeds associated with a TC’s inner core, it has been

shown that QuikSCAT data are sufficient to investigate

TC size changes and outer wind structure (Lee et al.

2010; Chan and Chan 2012).

To construct QuikSCAT composites, QuikSCAT

surface wind vectors within a 108 radius of the TC center

were first rotated to fit in the shear-relative coordinate.

Next, these QuikSCAT observations are classified into

four subgroups based on the LMFrot at the closest syn-

optic time from the observation. Finally, QuikSCAT

composites for the four groups of TCs interacting with

right-of-shear, upshear, left-of-shear, and downshear

LMFrot were created.

3. Analyses of TC structural development
described by the RV ratio

a. The relationship between RV ratios and several
environmental factors

As previous studies have shown that TC structural

development is related to the environment where the

TC is embedded (e.g., Lin et al. 2013; Hill and

Lackmann 2009; Dunion and Velden 2004; Emanuel

et al. 2004; Riemer et al. 2010; Rappin and Nolan 2012),

this subsection first explores the relationships between

the RV ratios and several environmental factors (Fig. 4).

As shown in Fig. 4a, the mean TC latitude during the

intensification period is positively correlated with the

RV ratio. This result is consistent with that of the nu-

merical modeling study of Chan and Chan (2014):

a larger planetary vorticity favors a larger TC size.

However, changes in latitude may be also associated

with different thermodynamic conditions, such as the

sea surface temperature, and different synoptic back-

ground flow. Figure 4b shows that the RV ratio is also

correlated with the TC size when it was first recorded in

the JTWC best track data. This result agrees with pre-

vious studies (Chan and Chan 2014, 2015) showing that

large initial vortex size favors size expansion.

Figures 4c and 4d examine the correlations of envi-

ronmental SST and RH with the RV ratio. The envi-

ronmental SST is represented by the averaged SST in a

28–58 radial ring with respect to the TC center through the

entire intensification period, while the environmental RH

is represented by the averaged 700–850-hPaRH in a 28–88
radial ring through the entire intensification period. Al-

though these two environmental factors both exhibit

significant positive correlations with both the TC in-

tensification rate and size expansion rate (not shown), the

correlations of both the SST and the RH with the RV

ratio are not significant.

However, a larger averaged VWS magnitude during

the intensification period significantly correlates with a

larger RV ratio (Fig. 4e). This correlation is hypothe-

sized to occur since there is a significant negative cor-

relation of the VWS magnitude with TC intensification,

while there is no correlation with size expansion

(not shown). Also, there are no significant correlations

AUGUST 2018 CHEN ET AL . 2453



between the RV ratio and LMFmagnitude (Fig. 4f), TC

translation speed (not shown), and VWS direction

(not shown).

b. Examinations of the relationship between the
LMFrot orientations and the RV ratios

It is most notable that the RV ratio also displays a

strong relationship with the LMFrot orientation (Fig. 5).

This relatively new factor proposed to affect TC struc-

ture is somewhat similar to the shear-relative sur-

face flow orientation investigated by Rappin and Nolan

(2012). In their idealized simulations, an upshear/

downshear shear-relative surface flow was prescribed by

adding/removing a 3ms21 mean flow at every level to a

5m s21 deep-layer westerly VWS; thus, an upshear/

downshear shear-relative surface flow is expected to be

associated with a shear-relative LMF with the same

orientation. They also show that an upshear shear-

relative surface flow favors TC intensification. The dis-

tributions of the RV ratios for four subgroups of LMFrot

directed toward right of shear (R), upshear (U), left of

shear (L), and downshear (D) are shown in Fig. 5a. If a

TC is affected by a right-of-shear LMFrot during the

intensification period, it tends to have a larger RV ratio

than that of a TC affected by a left-of-shear LMFrot. To

evaluate the statistical significance of the results, a Stu-

dent’s t test was used to test whether the difference

between the mean of all 180 samples and the mean of

each group is significant. Furthermore, a Kolmogorov–

Smirnov test was also applied to confirm that the dis-

tribution of each group does not significantly differ from

the Gaussian distribution and, thus, is suitable for the t

test. The significance tests show that the mean RV ratio

(1.33) of the right-of-shear LMFrot is significantly larger

than the mean RV ratio (1.21) of all 180 TCs at the 95%

confidence level, while the mean RV ratio (1.06) of the

left-of-shear LMFrot is significantly less than the all-

sample mean (1.21).

As TC structural evolution is clearly a multivariate

problem, it is important to demonstrate that the re-

lationship between the RV ratios and the LMFrot ori-

entations is not coincidently attributed to the correlation

of the LMFrot orientations with other environmental

factors. Figures 5b–e show that except for the SST

(Fig. 5c), no significant differences in VWS magnitude

(Fig. 5b), environmental RH (Fig. 5d), and latitude

FIG. 4. Scatterplots of the RV ratios vs six environmental (or TC) parameters: (a) latitude, (b) the first available R, (c) environmental

SST, (d) environmental RH, (e) VWS magnitude, and (f) magnitude of LMFrot. The least squares regression line and correlation co-

efficient (R5) are shown. The red color in (a)–(c) indicates that these corrections are significant at the 95% confidence level according to

the P values of Pearson correlation.
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(Fig. 5e) are found between the right-of-shear and left-

of-shear subgroups. Recall in Fig. 4 that both the VWS

magnitude and latitude show positive correlations with

the RV ratio; however, analyses here suggest that the

relationship between the RV ratio and the LMFrot ori-

entation could not be attributed to the difference in ei-

ther the latitude or the VWS magnitude. On the other

hand, although the SST is significantly higher for the

right-of-shear subgroup (Fig. 5c), it is the opposite of

what one would expect based on the well-known posi-

tive correlation of intensity with SST. These results in-

dicate the importance of the LMFrot orientation on TC

structural evolution beyond an environmental relation-

ship and motivate the search for the physical processes

associated with the effect of shear-relative LMF on TC

structure discussed later in section 4.

To further explore the effect of VWS magnitude on

the relationship between the RV ratio and the LMFrot,

Figs. 6a and 6b show the means and box plots of the

RV ratios for the four LMFrot groups for strongly

(.5.5m s21; Fig. 6a) and weakly (,5.5m s21; Fig. 6b)

sheared TCs. It again shows that the average of the RV

ratios for left-of-shear LMFrot is significantly smaller

than the all-samplemean at the 95% confidence level for

both the weak and strong VWS. On the contrary, right-

of-shear LMFrot is associated with larger RV ratios for

TCs in relatively weak VWS (Fig. 6b). Note also that the

samples in the uppermost quartile (whiskers above the

boxes in Fig. 6) of the right-of-shear LMFrot had much

larger RV ratios (greater than 1.5). For downshear

LMFrot, the strong VWS subgroup exhibits significantly

larger RV ratios, while the weakVWS subgroup exhibits

significantly smaller RV ratios. To further evaluate the

statistical difference between TCs affected by LMFrot

with various orientations, two-sample t tests were ap-

plied. The results of the t tests suggest that for both the

weak VWS (Table 1) and the strong VWS (Table 1), the

mean RV ratio of right-of-shear LMFrot is significantly

larger than that of left-of-shear LMFrot at the 95%

confidence level. Note that these results of two-sample

t tests also suggest that TCs affected by upshear LMFrot

tend to exhibit RV ratios similar to those of the right-of-

shear LMFrot cases and significantly larger than the RV

ratios of left-of-shear LMFrot cases.

By definition, the RV ratio is affected by eitherV orR

of a TC. Thus, Figs. 6c–f examine the averaged in-

tensification rate and averaged expansion rate during

the intensification period for TCs interacting with vari-

ous LMFrot orientations under weak and strong VWS.

For TCs affected by strong VWS (Figs. 6c,e), right-of-

shear LMFrot favors higher size-expansion rates (sig-

nificantly larger than the mean of all samples at the 90%

confidence level; the green X in Fig. 6c) and moderate

intensification rate, whereas left-of-shear LMFrot favors

lower size-expansion rates (Fig. 6c) and higher intensi-

fication rates (Fig. 6e). On the other hand, for the weak

VWS subgroup (Figs. 6d,f), the relationship between the

FIG. 5. (a) Boxplots of RV ratios for TCs affected by the four

LMFrot orientations (i.e., R, U, L, and D). All 180 TCs are included,

and the red font indicates the sample sizes of each group. In each box,

the mean and the 25th (q1) and 75th (q3) percentiles are indicated;

the whiskers extend to the most extreme data points not considered

outliers; and the 1 symbol indicates outliers that are greater than

q3 1 2.7s or less than q1 2 2.7s, where s is the standard deviation.

The horizontal blue line indicates themean of all samples, and the red

(black) 3 represents that the mean of a group larger or less than

the mean of all samples at the 95% (not significant) confidence level.

(b)–(e) As in (a), but for (b) VWS magnitudes, (c) SST, (d) RH, and

(e) latitudes during the intensification period for TCs affected by right-

of-shear and left-of-shear LMFrot orientations. The red text in

(c) indicates the mean difference between these two groups, which is

significant at the 95%confidence level according to a two-sample t test.
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expansion rates and the LMFrot orientations is not clear

(Fig. 6d). It is presumably because such a relationship

requires a convective asymmetry (or active rainbands)

that is more common with at least moderate VWS

magnitudes. Alternatively, significantly lower and

higher intensification rates are associated with upshear

and left-of-shear LMFrot (Fig. 6f), respectively, for

relatively weak VWS magnitudes. The higher intensifi-

cation rates seem to explain the relatively small RV

ratios for the TCs affected by left-of-shear LMFrot.

In several studies regarding TC size and structure

(Lee et al. 2010; Chan and Chan 2012; Chen et al.

2014a), the size parameter (e.g., the radius of 34-kt

wind, R34) calculated directly fromQuikSCAT surface

wind was analyzed. Although the size data from the

QuikSCAT and JTWC are technically not independent

(JTWC estimates the R34 based on several observa-

tional platforms, including the QuikSCAT), the com-

parisons between the results based on the QuikSCAT

size and on the JTWC size in those studies were able to

strengthen their arguments. Therefore, the current

study also examined the relationship between LMFrot

and the RV ratio that was calculated with R based on

QuikSCAT observations and V from the JTWC best

FIG. 6. As in Fig. 5a, but the boxplots of three TC structural parameters are for TCs affected by the four LMFrot

orientations (i.e., R, U, L, and D) under two conditions: (a),(c),(e) VWS magnitudes. 5.5m s21; (b),(d),(f) VWS

magnitudes , 5.5m s21. These three structural parameters are (a),(b) RV ratios; (c),(d) averaged size expansion

rates during the TC intensification periods [dR/dtT , n mi (24 h)21]; and (e),(f) averaged intensification rates during

the TC intensification periods [dV/dtT , kt (24 h)
21].
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track data. TheQuikSCATRwas calculated following

the methodology of Lee et al. (2010). As shown in

Fig. 7a, the scatterplot of the JTWC R and the

QuikSCAT R presents a positive correlation, with a

correlation coefficient of 0.57.

Figure 7b examines the RV ratios calculated by

QuikSCAT R and JTWC V. Since the QuikSCAT ob-

servation might not be available at the peak intensity of a

TC, the analysis only includes TCs with a QuikSCAT R

available during the last 24-h period of the intensification

period. Consistent with Fig. 5a, TCs affected by right-of-

shear LMFrot have larger RV ratios, while the TCs af-

fected by left-of-shear LMFrot have significantly smaller

RV ratios. However, the result based on the QuikSCAT

R (Fig. 7b) shows an upward shift of the box plot for the

upshear LMFrot and a downward shift of the box plot for

the downshear LMFrot. These shifts could be attributed

to a significantly larger R and smaller R obtained from

QuikSCAT relative to JTWC for the TCs affected by

upshear and downshear LMFrot, respectively (Fig. 7c).

Note also that based on similar examinations of two-

sample t tests shown in Table 1, TCs affected by LMFrot

TABLE 1. Results of two-sample t tests between the mean RV

ratios from the two TC groups interacting with different LMFrot

orientations (i.e., R, U, L, and D) under two conditions: (top)

VWS magnitudes . 5.5m s21 and (bottom) VWS magnitudes ,
5.5m s21. The symbol1 (2) represents that the mean RV ratio of

the group indicated by the first column is significantly larger

(smaller) than that of the group indicated by the first row at the

95% confidence level; the symbols represents that the difference

is not significant.

FIG. 7. (a) Scatterplot of radii of 34-kt wind estimated by JTWC

(x axis; n mi) and radii of 34-kt wind calculated by QuikSCAT data

(y axis; n mi). The least squares regression line and correlation

coefficient for all samples are shown. Brown, red, green, and blue

indicate TCs encountering right-of-shear, upshear, left-of-shear,

and downshear LMFrot, respectively. (b) As in Fig. 5a, but for RV

ratio calculated byQuikSCATR and JTWCV. (c) As in (b), but for

the difference between QuikSCAT R and JTWC R.
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with right-of-shear and upshear orientation have signifi-

cantly larger RV ratios than TCs affected by left-of-

shear and downshear LMFrot. The analyses based on

QuikSCATR found a result generally consistent with the

previous one.

c. Synoptic environments setting up various LMFrot

orientations

To increase the practical significance of this study to

forecasters, this subsection relates the four LMFrot ori-

entations back to possible synoptic environments in

which the TC is embedded. Figure 8 shows the TC tracks

affected by the four LMFrot orientations. In addition,

following a similar method used to construct the

CMORPH composite (section 2c), composite geo-

potential height, relative humidity, and wind at 850 hPa

from the NCEP-FNL data for TCs affected by the four

LMFrot orientations were created (Fig. 9). Note, how-

ever, that these composites were rotated again to align

the LMFrot vector with the mean 850-hPa wind vector

(see the red arrows in Fig. 9). Recall that in Fig. 3c, TCs

affected by right-of-shear and upshear LMFrot usu-

ally encountered south-southeasterly and southerly

LMF, respectively, while TCs affected by left-of-

shear and downshear LMFrot usually encountered

east-southeasterly LMF.

A TC affected by right-of-shear (Figs. 8a, 9a) or

upshear LMFrot (Figs. 8b, 9b) is likely to be associ-

ated with a monsoonal environment. Figures 8a and

8b show that these TCs are generally concentrated in

the latitude range of 158–228N. Also, recall from

Fig. 3b that most of the TCs in July and August (red

dots in Fig. 3b) experienced right-of-shear and upshear

LMFrot. Also, the 850-hPa composites (Figs. 9a,b)

further reveal that for the right-of-shear case (Fig. 9a),

the moisture-rich monsoon trough extends far to-

ward the west, and the TC is affected by a northeast-

erly VWS. On the other hand, for the upshear case

(Fig. 9b), the monsoonal moisture is located to the

southwest of the TC, and the TC is affected by a

northerly VWS. Finally, the composite TC affected by

the upshear LMFrot is located along the western edge

of the subtropical high (the anticyclonic circulation

in Fig. 9b).

TCs affected by left-of-shear LMFrot show a rela-

tively wide latitude distribution, and many TCs are

located north of 208N (Fig. 8c). Also, visual inspection

of the track color in Fig. 8c reveals that these TCs tend

to have a relatively small RV ratio (see also Fig. 5).

The 850-hPa composite (Fig. 9c) suggests that the

relative humidity in the southwest quadrant is lower

than that of the right-of-shear and upshear cases

FIG. 8. Tracks of TCs affected by the four LMFrot orientations. For each TC, only the track before the ending point

of the intensification period is plotted. The color indicates the TC RV ratio.
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(Figs. 9a,b), and the TC is affected by a southwesterly

VWS. Furthermore, the streamlines suggest a low-

level synoptic flow pattern associated with easterly

trade wind. Therefore, these TCs appear to be em-

bedded in the environment where the monsoon trough

is relatively shallow.

A TC affected by a downshear LMFrot (Figs. 8d, 9d)

tends to be a late-season case (see also Fig. 3b) that

moves toward the west at low latitudes south of 208N
(Fig. 8d). Figure 9d shows an area with high relative

humidity in the southeast quadrant, coinciding with the

confluence region between the TC circulation and the

cross-equatorial flow.

In summary, this subsection reveals the associative

relationship between certain LMFrot configurations and

low-level synoptic environments. Specifically, whereas

the composites of the right-of-shear and upshear groups

resemble a monsoonal environment, the composite of

the left-of-shear group is associated with easterly

trade winds.

4. Effects of LMFrot orientation on the rainfall
distribution and surface wind asymmetry

Following the steps described in section 2c, the com-

posites of CMORPH rain rate and QuikSCAT surface

wind were constructed. By analyzing these composites,

the current section explores the asymmetric features of

convection and surface wind. In addition, processes as-

sociated with these features are hypothesized to explain

FIG. 9. Composites of relative humidity (color shading; %), height (blue contours; m), wind vectors (m s21; scale

at the lower left of each panel), and streamlines at 850 hPa from the NCEP-FNL data on the rotated coordinates for

TCs encountering LMFrot with (a) right-of-shear, (b) upshear, (c) left-of-shear, and (d) downshear orientations.

Plotted at the lower right of each panel is a schematic showing the VWS (black) and the LMFrot (red) vector. Note

that the composite is rotated to align the LMFrot vector with the mean 850-hPa wind vector of the corresponding

composite samples. The units of x axis and y axis are degrees.
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the effects of LMFrot on the structural development of a

vertically sheared TC.

a. TC rainfall asymmetry induced by the four
LMFrot orientations

As shown in Fig. 10, CMORPH composites (the

contours) for the four LMFrot orientations generally

reveal downshear rainfall asymmetries induced by the

TC–VWS interaction within radii of about 48, which is

consistent with previous studies (e.g., Corbosiero and

Molinari 2003; Reasor et al. 2004; Riemer et al. 2010;

Reasor et al. 2013). However, the different LMFrot ori-

entations (red arrows plotted at the lower right of each

panel) are also likely to modify the rainfall distributions

based on the investigations of the CMORPH rain-

rate differences between each composite and the

FIG. 10. Composites of CMORPH precipitation rate (contours at 0.5, 1, 2, 4, 6, and 8mmh21) on rotated co-

ordinates, in which the VWS vector is rotated toward the west, for the four LMFrot orientations. The shaded color

indicates the rain-rate difference from the all-sample mean (color bar; mmh21). The dotted area represents where

the rain rate significantly differs from the all-sample mean according to two-sample t tests. Plotted at the lower right

of each panel is a schematic showing theVWS (black) and theLMFrot (red) vectors. The units of x axis and y axis are

degrees. The sample number is shown at the upper-right corner of each panel.
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all-sample mean (shaded color in Fig. 10). First, whereas

the upshear LMFrot composite exhibits a larger area

with positive rain-rate differences (the warm color in

Fig. 10b), the left-of-shear composite exhibits a larger

area with negative rain-rate differences (the cool color in

Fig. 10c). This result suggests that a TC affected by a left-of-

shear LMFrot tends to have a smaller rainfall extent. As the

distribution of the first availableR of the left-of-shear group

does not significantly differ from that of other groups (not

shown), this small rain shield is attributed to the interaction

between theTCand the left-of-shearLMFrot. Furthermore,

the small rain shield in part explains the relatively small

RV ratio because the inactive rainbands are not favorable

for the expansion of TC outer wind (Wang 2009).

Figure 10 also shows that for all composites, an enhanced

rain rate in the outer region (i.e., beyond 38) is present in
the upstream semicircle with respect to the LMFrot, while

the enhanced rain rate within a 38 radius is presented in the
downstream-left quadrant. This feature is particularly ob-

vious for the right-of-shear and the downshear composites.

Thus, for TCs affected by LMFrot with right-of-shear ori-

entations (Fig. 10a), rainfall is enhanced in the left-of-shear

outer region and in the downshear-right rainband region. In

contrast, for TCs affected by LMFrot with left-of-shear

orientations (Fig. 10c), rainfall is suppressed in the left-of-

shear outer region and downshear-right rainband region.

Recall from section 3b that while the LMFrot with a

left-of-shear orientation favors intensification over

expansion, the LMFrot with a right-of-shear orientation

favors expansion over intensification. Also, these two

LMFrot orientations are associated with the largest RV

ratio differences. Thus, the rain-rate difference between

the right-of-shear and the left-of-shear LMFrot compos-

ites is evaluated. Figure 11 shows that the rain rate for the

right-of-shear composite is significantly larger than that

for the left-of-shear composite in the downshear-right

rainband region (18–38 from the center). This rain-rate

difference suggests that TCs affected by right-of-shear

LMFrot havemore rainband activity than TCs affected by

left-of-shear LMFrot. Wang (2009) showed that in an

idealized model, active TC rainbands favor size expan-

sion because of the additional heating from the rainband

convection. Other studies (May and Holland 1999; Hill

and Lackmann 2009) also suggested that rainbands may

promote size expansion when the cyclonic potential

vorticity is generated in the midtroposphere strati-

form precipitation region. Therefore, the rain-rate

difference between the right-of-shear and left-of-

shear LMFrot composites may explain the RV ratio

differences. This result motivates further examination

of the physical processes contributing to the different

rainfall distributions associated with various LMFrot

orientations.

b. TC surface wind asymmetry induced by the four
LMFrot orientations

QuikSCAT surface winds of TCs during 2003–09 were

used to construct composites to investigate the TC sur-

face wind asymmetry induced by the four LMFrot orienta-

tions (see section 2c). As shown in Fig. 12, LMFrot
orientations dominate the asymmetry of both tangential

wind and radial wind. For all four composites, tangential

wind maxima are found on the right-hand side of the

LMFrot orientation due to the superposition of the low-

level flows and the TC circulation (Figs. 12a,d,g,j). Also,

Figs. 12b, 12e, 12h, and 12k suggest that the inward radial

velocity is present in the upstream semicircle of theLMFrot.

The surface flow with respect to the moving TC center

is also examined. Although the radial velocity asym-

metry locations are different among the four composites

(Figs. 12b,e,h,k), the storm motion relative inflow loca-

tions for the various LMFrot orientations are similar

(Figs. 12c,f,i,l). Specifically, the storm motion relative

inflow is present in the downshear quadrants for all four

composites. In addition, assuming (i) a 2D flow and (ii)

the pattern of storm motion relative flow does not

quickly evolve at a time scale of about a day, the storm

motion relative streamlines would be similar to the in-

flow trajectories. Thus, approximate trajectories were

calculated based on the QuikSCAT composites, as dis-

cussed later in section 4c.

As the QuikSCAT composites suggest that the LMFrot
orientations are associated with the asymmetry of

FIG. 11. The difference of CMORPH precipitation rate between

the composite of TCs affected by right-of-shear and left-of-shear

LMFrot. The dotted area represents that where the means between

the two composites significantly differ from each other at the 95%

confidence level. The units of x axis and y axis are degrees.
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FIG. 12. Composites of QuikSCAT surface winds on rotated coordinates, in which the VWS vector is rotated toward the west. For TCs

with a right-of-shear LMFrot orientation, composites show (a) tangential wind velocity, (b) streamlines and radial wind velocity toward the

TC center, and (c) streamlines and radial inflow relative to themoving TC center. Plotted at the left are the averaged rotatedVWS vectors

with the magnitude (black; m s21), averaged LMFrot vector (red; m s21), and averaged TC motion vector (blue; m s21). (d)–(l) As in

(a)–(c), but for TCs encountering LMFrot with (d)–(f) upshear (U), (g)–(i) left-of-shear (L), and (j)–(l) downshear (D) orientations. The

units of x axis and y axis are degrees. The sample number is shown at the upper-right corner of each panel.
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ground-relative wind speed, it is proposed that the

LMFrot affects the asymmetry of the air–sea enthalpy

flux. Figure 13 examines the air–sea latent heat flux

(LHF) for TCs affected by right-of-shear and left-of-

shear LMFrot based on the NCEP-FNL composites. The

methodology to construct the composites of surface

wind speed and latent heat flux is similar to that of Figs. 8

and 10. Also, the LHF is calculated via the bulk formula

LHF5L
y
c
k
r
d
U

10
(q

SST
* 2 q) ,

where Ly is the latent heat of vaporization, ck is the

enthalpy exchange coefficient, rd is the dry air density,

U10 is the 10-m wind speed, qSST* is the saturated specific

humidity at SST, and q is the 2-m specific humidity.

These variables are directly taken from or derived based

on the NCEP-FNL dataset. Composites of latent heat

flux suggest that the flux differences between the com-

posites are highly dependent on differences in the sur-

face wind speed. Whereas the positive latent heat flux

asymmetry is present on the upshear side of the right-of-

shear composite (Fig. 13a), the positive latent heat flux

asymmetry is present in the downshear side of the left-

of-shear composite (Fig. 13b).

c. Hypothesized processes of TC structure
development associated with shear-relative LMFrot

Figure 14 shows that the enhanced rainfall in the

rainband region (18–38 from the center) for the right-of-

shear case is strong and concentrated in the downshear-

right quadrant (Fig. 14, red contour). Also, compared

with the right-of-shear case, the area with high rain rate

for the left-of-shear composite (Fig. 14b, lightly shaded

area) is cyclonically shifted toward the left-of-shear side,

leading to a more axisymmetric convective feature.

To explain the enhanced rainfall in the rainband re-

gion for the right-of-shear composite, we propose a

conceptual model based on approximate flow trajecto-

ries and the distinct latent heat flux asymmetries (pro-

portional to the surface wind speed; black contours in

Fig. 14). These approximate trajectories were com-

puted with respect to the moving TC center from the

QuikSCAT composites (black lines in Fig. 12c,i), as-

suming two-dimensional flow. As such, the trajectories

should be interpreted as a schematic representation of

the flow. As shown in Fig. 14, three backward trajecto-

ries are released in the downshear rainband region,

while another three are released in the upshear inner

core. The trajectories were computed over a 36-h period.

As the boundary layer moisture distribution could not

be easily estimated by composites based on available

satellite remote sensing, the averaged latent heat

flux along each trajectory (trajectory color in Fig. 14)

is calculated based on the NCEP-FNL composites

(Fig. 13). Extended analyses were done to confirm that

the trajectory and flux calculated based on the com-

posites generally agree with the averaged characteristics

of trajectories and fluxes for each case that goes into the

composite (not shown). What we propose below draws

heavily on the published numerical simulations of

Rappin and Nolan (2012). They suggested that for an

upshear surface flow case, the relatively large surface

latent heat flux in the left-of-shear area of high surface

FIG. 13. Composites of surface latent heat flux (shaded, Wm22) and surface wind speed (contoured at 8, 10, 12, and

14m s21) from the NCEP-FNL data for the TCs encountering LMFrot with (a) right-of-shear and (b) left-of-shear ori-

entations. The dotted area represents where the latent heat fluxes between the two composites significantly differ from

each other. Plotted at the lower right of each panel is a schematic showing theVWS (black) and the LMFrot (red) vectors.

The units of x axis and y axis are degrees. The sample number is shown at the upper-right corner of each panel.
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wind speed helps recover boundary layer moisture and

promotes convection in the upshear-left quadrant.

For TCs affected by right-of-shear LMFrot (Fig. 14a),

air parcels experiencing higher surface fluxes (higher

average wind speed) along the trajectories in the up-

shear quadrants enter the downshear convective region

(trajectories with warm colors in Fig. 14a), and air par-

cels experiencing lower surface fluxes along the trajec-

tories in the downshear quadrant enter the upshear

inner core (blue trajectories in Fig. 14a). This pattern of

inferred surface fluxes would enhance the asymmetric

rain rate that exists because of the vertical wind shear.

The relatively strong rainfall asymmetry for the right-of-

shear LMFrot case suggests active rainband develop-

ment in the area and accounts for the large TC expansion

rate and the large RV ratio. As suggested by previous

studies (Wang 2009; May and Holland 1999; Hill and

Lackmann 2009), the diabatic heating from rainband

activity is hypothesized to broaden the TCwarm core and

expand TC size.

For TCs affected by left-of-shear LMFrot (Fig. 14b),

air parcels experiencing moderate surface fluxes along

the trajectories in the upshear quadrant enter the

downshear rainband region, while air parcels experi-

encing comparably moderate surface fluxes in the

downshear quadrants might promote convection in the

upshear inner core. The combined effect of these two

trajectory bundles leads to a more axisymmetric rainfall

distribution that, in turn, promotes intensification.

Specifically, a more axisymmetric convective distribu-

tion may lead to more efficient intensification. Nolan

and Grasso (2003) and Nolan et al. (2007) used a three-

dimensional framework to show the nonhydrostatic,

unsteady, and symmetric response of a TC-like vortex

to the evolving asymmetries. They found that the sym-

metric response to the azimuthally averaged heating

was much larger than the symmetric response to the

asymmetric heating. Also, recent observational studies

(Nguyen et al. 2017; Fischer et al. 2018) have shown that

more symmetric convection is associated with greater

intensification rates, including rapid intensification.

5. Conclusions

This article explores the effects of shear-relative LMF

on TC structural evolution based on observational and

reanalysis datasets. TC structural evolution during the

intensification period was estimated by the RV ratio,

which simultaneously examines TC size and intensity.

This parameter is defined as the ratio of a TC’s maxi-

mum intensity and its radius of 34-kt wind at the ending

point of the intensification period. Based on the analyses

of 180 western North Pacific TCs, TCs with the RV ra-

tios in the lowest quartile of all 180 samples favored

FIG. 14. Composite CMORPH rain rate (shaded from 0.5 to 10mmh21), the difference in CMORPH composites

between right-of-shear LMFrot and left-of-shear LMFrot (red contour at 0.8mmh21), composite QuikSCAT sur-

face wind speed (contoured at 8, 10, and 12m s21), and approximated surface trajectories for the TCs affected by

LMFrot with (a) right-of-shear and (b) left-of-shear orientations. These hypothesized backward trajectories are

calculated based on the QuikSCAT composite of surface wind concerning the moving TC center (Figs. 12c,i). The

parcels are released at positions indicated by 3; each circle indicates a 12-h interval; the text and color of each

trajectory indicate the average of latent heat flux (Wm22; see Fig. 13) along the trajectory. Plotted at the lower right

of each panel is a schematic showing the VWS (black) and the LMFrot (red) vector. The units of x axis and y axis are

degrees.
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intensification over expansion, with 82% of these TCs

experiencing rapid intensification; TCs with the RV ra-

tios in the topmost quartile favored size expansion, with

only 28% of these experiencing rapid intensification.

Among several environmental factors that may affect

the RV ratio, this study highlights the role of LMF ori-

entation with respect to the deep-layer VWS, referred to

here as LMFrot. The RV ratio is found to have a signif-

icant relationship with the LMFrot orientation. Specifi-

cally, whereas an LMF directed toward the left-of-shear

orientation favors TC intensification, a right-of-shear

LMF favors size expansion.

To understand the interaction between the TC and

LMFrot, this study further analyzed the asymmetric

surface flow and asymmetric rainfall distribution of TCs

by QuikSCAT surface wind and CMORPH rain rate,

respectively. The CMORPH composites reveal that

active rainbands are likely to develop in the downshear-

right quadrant for the TCs affected by right-of-shear

LMFrot, while rainbands are suppressed for the TCs af-

fected by left-of-shear LMFrot. Furthermore, a concep-

tual model (Fig. 14) regarding the asymmetric surface

features induced by the different LMFrot orientations is

hypothesized to explain these different rainband be-

haviors, as well as the distinct structural evolutions of

the vertically sheared TCs.

This conceptual model proposes that TC structural

evolution is controlled by the interaction between (i)

surface enthalpy flux associated with the surface wind

maximum induced by TC–LMF interaction and (ii) flow

trajectories with respect to the moving TC center, which

are associated with the inflow in the downshear quad-

rants. Note that for all four LMFrot orientations, the

storm-relative inflow region is always located on the

downshear side. Therefore, for a TC affected by an

LMFrot with a right-of-shear orientation, the air mass

influenced by high-enthalpy fluxes in the upshear

quadrant along the trajectory is transported into the

downshear convective region, promoting the rainband

development. On the other hand, for a TC affected by a

left-of-shear LMFrot, the air mass influenced by low-

enthalpy fluxes in the upshear quadrant along the tra-

jectory is transported into the downshear convective

region, suppressing the rainband development. It is

suggested that stronger rainfall asymmetry in the

downshear rainband region for TCs affected by right-of-

shear LMFrot promotes TC size expansion due to the

heating effects of rainbands (May and Holland 1999;

Wang 2009; Hill and Lackmann 2009). In contrast, the

more symmetric rainfall distribution for TCs affected by

left-of-shear LMFrot may favor intensification over ex-

pansion due to a better intensification efficiency (Nolan

and Grasso 2003; Nolan et al. 2007).

The next phase of the current study will involve ide-

alized Weather Research and Forecasting Model simu-

lations to explore the physical processes accounting for

the structural evolution of a vertically sheared TC. An

advantage of using idealized model simulations is that

the effect of LMFrot on TC structure could be explored

without the influence of other environmental factors,

such as environmental humidity. Also, the simulated

data allow the direct calculation of the trajectories and

moisture budgets within the boundary layer. This work

will not only validate the conceptual model explaining

the TC rainfall distribution associated with the in-

teraction between the LMF-related surface flux and

storm motion relative inflow, but also explore the me-

soscale processes and feedbacks associated with the

rainband development attributed to distinct LMFrot

orientations.
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