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1 | INTRODUCTION

| Gang Huang™® | Huijun Huang' | Chunxia Liu' | Xueyan Bi'

This study investigates the rainfall asymmetry of tropical cyclones (TCs) in the
process of making landfall in Guangdong (GD), south China, on the basis of
satellite-based and reanalysis precipitation data. We mainly focus on TC rainfall
asymmetry, its main influencing factor and its change in the process of landfall,
and the difference between different El Nifilo—Southern Oscillation (ENSO) phases.
The results reveal that vertical wind shear (VWS) is the dominant influencing fac-
tor of TC rainfall asymmetry in GD. The rainfall maximum is located in downshear
left of VWS. The TC rainfall asymmetry has little change in the process of making
landfall, though the rain rate decreases. Both the phase and amplitude of TC rain-
fall asymmetry have no significant change from 24 hr prior to landfall to 12 hr
after landfall. The rainfall maximum steadily lies in downshear left. The amplitude
of rainfall asymmetry is about 50%, suggesting that the asymmetric rainfall is about
half of the axisymmetric rainfall. There is no obvious difference in TC rainfall
asymmetry between El Nifio, La Nifia, and neutral years.
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2018). Chang et al. (2012) found that 50-70% of extreme
rainfall along the southeastern coast of China was associated

A tropical cyclone (TC) is a rotating, organized system of
clouds and thunderstorms that originates over tropical or
subtropical ocean surface. There are about 80 TC geneses on
average over global ocean annually (Emanuel, 2003). Some
of the TCs would make landfall before dissipating. TCs can
cause tremendous damages and large losses in coastal areas
when they make landfall. One of the disaster-causing factors
for landfalling TCs is heavy rainfall. TCs often bring about
extreme rainfall. A large portion of extreme rainfall is con-
tributed by TCs along coastal areas (Khouakhi et al., 2016;
Zhang et al., 2017; Rios Gaona et al., 2018; Zhang et al.,

with TCs. Numbers of extreme rainfall events are related to
landfalling TCs (Yu et al., 2008; Chen et al., 2010a; Dong
et al., 2013). The highest 24-hr rainfall record in China,
which is 1748.5 mm observed at Ali Mountain, is associated
with Super Typhoon Herb (9602) when it landed in Taiwan
Island on July 31, 1996 (Chen et al., 2010b). Extreme TC
rainfall tends to result in widespread inland flood and other
secondary disasters such as mudslides, causing huge losses
in property and human lives. For example, the strongest rain-
fall event on mainland China occurred at Linzhuang of
Henan province in August 1975 when Typhoon Nina (7503)
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made landfall in China and moved inland. The 24-hr rainfall
amount is up to 1,062 mm. This extreme rainfall event
caused severe floods and killed tens of thousands of people
(Chen et al., 2010b). Therefore, investigation of TC rainfall
is very important and necessary for the society and
economy.

The spatial distribution of TC rainfall determines the
region that experiences more rainfall or extreme rainfall. An
adequate understanding of the rainfall distribution of land-
falling TC is crucial in rainfall forecast and disaster mitiga-
tion (Chan et al., 2001; Chan, 2008; Zhang et al., 2010; Li
et al., 2013; Li et al., 2015; Zhu et al., 2015; Zhang et al.,
2016; Emanuel and Zhang, 2017). Many observations (Chan
et al., 2004; Lonfat et al., 2004; Chen et al., 2006; Liu et al.,
2007; Yuan et al., 2010; Xu et al., 2014; Yu et al., 2015)
showed that TC rainfall has asymmetric distribution over the
ocean and on land. The rainfall of TCs is generally not sym-
metrically distributed and is usually more pronounced in a
certain position of TCs. Some early studies (Marks, 1985;
Burpee and Black, 1989) found that TCs over the ocean
have a precipitation maximum in the front quadrant (front-
right or front-left) of the storm when they analysed the rain-
fall distribution of TC cases. Composite analysis based on
large number of TCs also showed a front rainfall maximum
in some studies (Rodgers et al., 1994; Lonfat et al., 2004).
Lonfat et al. (2004) indicated that the maximum rainfall for
the average of global TCs is located in the front quadrants,
and the location of the maximum rainfall is in the front-left
quadrant for tropical storms and in the front-right for hurri-
canes and typhoons. This kind of asymmetry is related to
asymmetric boundary layer convergence caused by storm
motion (Shapiro, 1983; Lonfat et al., 2004). In addition, the
right side of storm track favours more rainfall when a TC
makes landfall (Tuleya and Kurihara, 1978; Jones, 1987;
Chen et al., 2010b). Chen et al. (2010b) found that the maxi-
mum rainfall rates in the inner eyewall, outer eyewall, and
rainband regions occurred in the right quadrant relative to
the storm track for Typhoon Saomai (0608) when it got
close to land. As a TC approaches land, surface friction gra-
dient between land and sea induces a frictional convergence
to the right side of the storm motion in the Northern Hemi-
sphere (Xu et al., 2014). Recently, more and more studies
(Corbosiero and Molinari, 2002; Chen et al., 2006; Wingo
and Cecil, 2009; Yuan et al., 2010; Chen and Fang, 2012;
Xu et al., 2014 ; Yu et al., 2015) indicated that TC rainfall
asymmetry is more related to the environmental vertical
wind shear (VWS). These studies showed that a maximum
of convection and rain rate occurs in downshear or down-
shear left of VWS. Some studies (Xu et al., 2014; Yu et al.,
2015) even pointed out that environmental VWS is the dom-
inant factor that produces TC rainfall asymmetry comparing
to other factors.

The El Nifio—Southern Oscillation (ENSO) is a tropical
atmosphere—ocean

interaction that modifies the

thermodynamic and dynamic states that influence the
weather and climate system (Bjerknes, 1969). The ENSO
phenomenon plays an important role in modulating the
activity of TCs in the western North Pacific (WNP). Num-
bers of evidences indicate that ENSO significantly influ-
ences TC genesis (Wu and Lau, 1992; Chan et al., 2001;
Wang and Chan, 2002), track (Wu et al., 2004; Fudeyasu
et al., 2006; Zhang et al., 2012), and intensity (Wang and
Chan, 2002; Camargo et al., 2007; Hong et al., 2011; Li and
Zhou, 2012) in the WNP. For example, strong El Nifio
(La Nifia) enhances TC genesis in the southeastern (north-
western) quadrant of the WNP (Wang and Chan, 2002;
Yonekura and Hall, 2014). More intense typhoons tend to
occur during El Nifio than La Nifia because of the eastwards
shift in TC genesis and a longer time spent over warmer
water and within a moister environment (Wang and Chan,
2002; Zhang et al., 2015). There are more recurving TCs
during the El Nifio than the La Nifia phase (Wang and Chan,
2002; Hong et al., 2011). The influence of ENSO on TC
activity in the WNP results in the fact that landfalling TCs in
East Asia are modulated by ENSO. The number of TCs
landfalling in the landmasses rimming the WNP is signifi-
cantly reduced during the late season (September—
November) of El Nifio years, with an exception for Japan
and the Korean Peninsula (Wu et al., 2004). More (less) TCs
are likely to make landfall over China, Indochina, the Malay
Peninsula, and the Philippines during the peak TC season
(June—October) of La Nifia (El Nifio) years because of a
westwards shift of TC genesis and of the subtropical high
(Zhang et al., 2012). Landfalling TCs in south China are
associated with ENSO as well. A strong El Nifio event
reduces the number of landfalling TCs in south China
whereas more TCs tend to make landfall in years associated
with La Nifia events (Liu and Chan, 2003; Saunders et al.,
2000; Wu et al., 2004). Additionally, the chance of a TC
striking the south China coast increases (decreases) signifi-
cantly in May and June after a La Nifa (El Nifio) event (Liu
and Chan, 2003).

The south China coast is one of the coastlines around the
world that are most frequently affected by TCs (Chan et al.,
2004). Guangdong (GD) province, in the south of China, is
the province with greatest occurrence of landfalling TCs in
China. There are 3.9 landfalling TCs on average in GD
every year, and up to a maximum of 7 in some years. Land-
falling TCs frequently cause great losses to GD every year
due to their rainfall. Therefore, it is necessary and beneficial
to study the rainfall distribution of landfalling TCs in
GD. Some studies (Yu et al., 2015; Wen et al., 2017) inves-
tigated the feature of rainfall distribution of landfalling TCs
in GD. Yu et al. (2015) mainly compared the differences of
TC rainfall asymmetry in different provinces over China.
However, the characteristic of TC rainfall asymmetry in GD
and its change in the process of making landfall were not

clearly documented. In addition, there were only
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22 landfalling TCs used for GD in their study. Wen et al.
(2017) only focused the rainfall asymmetry on land after TC
making landfall and its regional and seasonal differences in
GD. This study focuses on TC rainfall asymmetry before,
during, and after landfall and their influencing factors. This
study is going to address four issues associated with the rain-
fall asymmetry of landfalling TCs in GD. What is the char-
acteristic of rainfall asymmetry of landfalling TCs in GD?
How does the TC rainfall asymmetry change in the process
of making landfall? Is the rainfall asymmetry of landfalling
TCs in GD related to storm motion or VWS? Is there differ-
ence in TC rainfall asymmetry during different ENSO
phases? To answer these questions might help to improve
TC rainfall forecast and reduce disaster loss in GD.

2 | DATA SET AND ANALYSIS METHODS

2.1 | Best track data, rainfall data, and ERA-Interim
reanalysis data

Tropical cyclone best track data set from Shanghai Typhoon
Institute, China Meteorological Administration (CMA) is
used in this study. This data set provides 6-hourly informa-
tion of TCs in the WNP (including South China Sea)
since1949. The information includes TC latitude, longitude,
minimum centre pressure, and maximum sustained surface
wind. In order to be consistent with the rainfall data, only
the best track data from 1980 to 2015 are used in this study.

TRMM 3B42 precipitation data (Huffman et al., 2007),
version 7, is used to analyse the TC rainfall distribution.
TRMM 3B42 data has 3-hourly temporal resolution and
0.25 x 0.25° spatial resolution, covering the globe from
50°S to 50°N, available from 1998 to the present. Previous
studies (Jiang er al., 2008a; 2008b; Yu et al., 2009; Chen
et al., 2013) have shown that TRMM 3B42 product could
give quite reasonable rainfall patterns in landfalling TCs
when compared with the gauge data or radar estimates.
Some studies (Shen et al., 2010; Zhao and Yatagai, 2014)
indicated that TRMM 3B42 rainfall data performed reason-
ably well over south China.

Two different reanalysis precipitation data, the Modern-
Era Retrospective analysis for Research and Applications,
version 2 (MERRAZ2) and the European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim), are also utilized to validate the results based
on TRMM satellite data. MERRA? is the latest atmospheric
reanalysis of the modern satellite era produced by NASA’s
Global Modeling and Assimilation Office (GMAO).
MERRAZ? features several major advances, including the use
of observations-based precipitation data products to correct
the precipitation and the allowance of the near-surface air
temperature and humidity to respond to the improved precip-
itation forcing, which results in more self-consistent surface
meteorological data (Reichle er al., 2017). It has a native
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resolution of 0.5° latitude X 0.625° longitude. Hourly time-
average data since 1980 are analysed. The spatial resolution
of ERA-Interim precipitation reanalysis data used is
0.25 x 0.25° and the temporal resolution is 6-houly.

ERA-Interim reanalysis data (Dee and Uppala, 2009) is
used to calculate mean environmental VWS in this study.
Only the meridional and zonal winds at 850 and 200-hPa
levels are extracted. The horizontal resolution of the data is
1.0 x 1.0° and the temporal resolution is 6-hourly.

2.2 | Methods

2.2.1 | Landfalling time and storm motion of TC

GD has a long coastline and is affected by TCs every year
(Figure 1). There are 109 (54) TCs making landfall in GD
during 1980-2015 (1998-2015). For some TCs, the landfall-
ing time is not consistent with the recorded time in the best
track data, since the data set is 6-hourly. If the actual land-
falling time of a TC do not agree with the recorded time in
best track data, the nearest recorded time is treated as land-
falling time. For example, if a TC makes landfall at
0700 UTC (1000 UTC), 0600 UTC (1200 UTC) is regarded
as landfall time. This study investigates the rainfall asymme-
try of TCs before, during, and after making landfall. The
period from 24 hr before landfall to 24 hr after landfall is
treated as the process of making landfall in the study of Yu
et al. (2015). However, a TC weakens quickly after landfall
due to the friction of land surface and the cutting off of
energy source. About 25% TCs used in this study has no
record in best track data 18 hr after landfall. Therefore, the
period from 24 hr before landfall to 12 hr after landfall is
selected to study the TC rainfall asymmetry in this study.
Storm motion vector is calculated from TC centre posi-
tion in best track data using a 6-hours centred differencing
scheme. For a selected time, the storm motion vector is the
average of the past and next 6-hours motion vectors based
on adjacent two points. If there is no next (past) 6-hours

26°N . | . | . | . |

SuperTY

TY STY

24°N —

22°N —

20°N T T
108°E 110°E 112°E 114°E 116°E 118°E

FIGURE1 Tracks of TCs making landfall in GD during 1980-2015.
Storm intensity is indicated by different colours. Tropical depression (TD),
tropical storm (TS), severe tropical storm (STS), typhoon (TY), severe
typhoon (STY), and super typhoon (SuperTY) are indicated by cyan,
yellow, orange, red, dark red, and purple, respectively [Colour figure can be
viewed at wileyonlinelibrary.com]
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motion vector for the last (first) record of the track being at
the selected time, the past (next) 6-hours motion vector is
regards as the storm motion vector for the selected time.

222 |

Following Lonfat et al. (2004) and Yu et al. (2015), the grid
rainfall data is interpolated into storm-relative coordinate to

Rainfall interpolation

show the rainfall distribution of TCs, since the centres of
TCs are not the same. The coordinate is 10 km X 1° azimuth
polar grid centred on the storm centre outwards to 500 km.
After interpolation, the rainfall for each TC is in the same
coordinate system, and it is convenient to make composite
analysis for the rainfall distribution of TCs.

223 |

VWS is computed following the methodology of Hanley
et al. (2001). The zonal and meridional winds at 850 and
200-hPa levels are first interpolated onto a 100 km X 22.5°
azimuth polar grid centred on the storm centre outwards to
500 km, respectively. These winds are then averaged over a
radius of 500 km from storm centre to remove symmetric
vortex so that the winds provide a better measure of the
environmental flow across the storm. The 200-850-hPa

Vertical wind shear

VWS is then calculated form these area-averaged winds over
the inner 500 km of radius. This methodology was widely
used to calculate VWS in other studies (Hanley et al., 2001;
Chan et al., 2004; Qian et al., 2016).

224 |

The rainfall distribution in a TC can be decomposed into axi-
symmetric and asymmetric components. We use Fourier

Rainfall analysis

transformation to decompose TC rainfall into wavenumber-0
component and a series of lower-wavenumber components
of TC rainfall. The wavenumber-0 component, which is the
azimuthal mean, represents the TC rainfall symmetry. The
lower-wavenumber components depict the TC rainfall asym-
metry. As will be found in section 3.1, wavenumber-1 rain-
fall asymmetry can depict the main feature of TC rainfall
asymmetry. Thus wavenumber-1 Fourier coefficient is used
to characterize the asymmetric rainfall distribution of TCs in
this study. This method was widely used in studies (Lonfat
et al., 2004; Chen et al., 2006; Yu et al., 2015) on TC rain-
fall asymmetry.

As mentioned above, the TC rainfall in polar coordinate
is in 10-km-wide annuli from TC centre to 500-km radius.
In each annulus, the wavenumber-1 Fourier coefficients are
computed using all rainfall in all azimuths:

a; = X;[R; cos (0;)]and by =X,[R; sin (6;)],

where R; is the individual rainfall in each azimuth and 6; is
the phase angle of the rainfall relative to azimuth reference.
The azimuth reference can be either the spatial direction
(e.g., the north), storm motion, or VWS. The wavenumber-1
rainfall asymmetric component can be represented by

M, ={aj cos (0) + b, sin (9)].

M, is the spatial distribution of wavenumber-1 rainfall
component, which can display the TC rainfall asymmetry.

The azimuth reference is storm motion (VWS) when
wavenumber-1 rainfall relative to storm motion (VWS) is
calculated. However, the storm motion (VWS) of each TC is
different. Thus the azimuth references are not the same.
Same azimuth reference for each TC is needed to composite
wavenumber-1 rainfall. Therefore, wavnumber-1 rainfall and
storm motion (VWS) for each TC are rotated clockwise until
the angle of storm motion (VWS) is at 90° in polar coordi-
nate before composition. In addition, the wavenumber-1
rainfall relative to storm motion (VWS) means that the azi-
muth reference is storm motion (VWS) when Fourier trans-
formation is performed.

3 | RESULTS

3.1 | TC rainfall asymmetry and main influencing
factor

We first examine the rainfall distribution of landfalling TCs
during 1998-2015 based on TRMM 3B42 rainfall data to
provide an overview of TC rainfall asymmetry in GD. Fi-
gure 2a,d shows the average rainfall distributions of landfall-
ing TCs in GD at different stages in the process of landfall.
There are significant rainfall asymmetries in the TC rainfall
distributions, and the asymmetric distributions are similar at
different stages (Figure 2a,d). The rainfall distributions show
that the southern side has more rainfall than the northern
side, and the rainfall maximum is located in the south near
the TC centre. This feature is more obvious from the distri-
butions of wavenumber-1 rainfall in Figure 2eh. The
wavenumber-1 rainfall gives a better illustration for TC rain-
fall asymmetry. There are generally negative values in north-
ern side and positive values in southern side for
wavenumber-1 rainfall. The maximum of the wavenumber-1
rainfall is in the south near the TC centre as well. The distri-
butions of average TC rainfall and wavenumber-1 rainfall
indicate that the southern side of TC would have more rain-
fall for landfalling TCs in GD. What is more, the feature of
rainfall maximum located in the south exists from 24 hr
before landfall to 12 hr after landfall.

In addition to the phase (or position) of maximum rain-
fall, storm motion and VWS are relatively steady during the
landfall process. In general, the storm motion is northwest-
wards, and the VWS is southwestwards (Figure 2). The rain-
fall maximum is located in the left or rear-left of storm
motion (Figure 2). At the same time, the rainfall maximum
lies in downshear left of VWS (Figure 2). From this point of
view, both the storm motion and VWS could be the
influencing factor of TC rainfall asymmetry in GD. In order
to figure out the main influencing factor, we make a
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Average TC rainfall (top row) and wavenumber-1 rainfall (bottom row) 24 hr prior to (left column), 12 hr prior to (second column), at the time

of (third column), and 12 hr after landfall (right column) derived from TRMM 3B42 data. Black and white arrows represent VWS and storm motion,

respectively [Colour figure can be viewed at wileyonlinelibrary.com]

composite analysis of wavenumber-1 rainfall relative to
storm motion and VWS, respectively.

The average storm motion of all landfalling TCs is north-
westwards (Figure 2). Same as the average, most TCs have
northwestwards storm motion as well. For example, 49 TCs
out of 54 moved northwestwards 12 hr prior to landfall dur-
ing 1998-2015 (Table 1). The northwest moving TCs are
still the majority at other time (Table 1). Therefore, we
divide landfalling TCs into two groups: northwest moving
TCs, and non-northwest moving TCs. We composite the
wavenumber-1 rainfall relative to storm motion for the two
types of TCs. Since the distribution of wavenumber-1 rain-
fall of northwest moving TCs is quite similar with that for
all TCs, we only show the average wavenumber-1 rainfall of
all TCs and non-northwest moving TCs (Figure 3). It can be
seen that there are positive values in the left side and nega-
tive values in the right side in the distribution of
wavnumber-1 rainfall for all TCs. The rainfall maximum is
located in the left or rear-left of storm motion. However,
those for non-northwest moving TCs are totally different.
There is no similar wavenumber-1 rainfall distribution for
moving TCs. More than that the
wavenumber-1 rainfall distributions are diversified at differ-
ent time and the locations of positive and negative values are
disordered. The significant discrepancy of wavenumber-1
rainfall relative to storm motion between all TCs
(or northwest moving TCs) and non-northwest moving TCs

non-northwest

indicates that the position of rainfall maximum relative to
storm motion changes significantly as the direction of storm
motion changes. Thus storm motion cannot well explain the
TC rainfall asymmetry in GD. In addition, certain studies
(Lonfat er al., 2004; Chen et al., 2010b) showed that the
rainfall maximum is ahead of the storm centre on open sea
or at the right of the track for a TC close to land when storm
motion plays a leading role on rainfall asymmetry. However,
the average maximum rainfall of all TCs is located in the left
or rear-left of storm motion during the landfall process.
Thus, storm motion could not be the main influencing factor
of TC rainfall asymmetry in GD.

Figure 2 shows that the average VWS for all landfalling
TCs is southwestwards. Table 1 also exhibits that most of
the TCs, same as the average, have southwestwards VWS.
Accordingly, TCs are classified into two groups based on
the directions of VWS: TCs with southwestwards VWS, and
TCs with non-southwestwards VWS. The wavenumber-1
rainfall relative to VWS is composited for all TCs, TCs with
southwestwards VWS, and TCs with non-southwestwards
VWS, respectively. The wavenumber-1 rainfall of TCs with
southwestwards VWS is not displayed in Figure 4, since it is
similar with that of all TCs. Figure 4a,d shows that there are
positive values in downshear left and negative values in
upshear right in the average wavenumber-1 rainfall of all
TCs. The rainfall maximum occurs in downshear left of
VWS. TCs with southwestwards VWS have almost the same
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wavenumber-1 rainfall (not shown). Similarly, the
wavenumber-1 rainfall of TCs with non-southwestwards
VWS still have positive values in downshear left and nega-
tive values in upshear right. The rainfall maximum is
steadily located in downshear left of VWS. These results
indicate that the position of rainfall maximum relative to
VWS changes little regardless of the variations of VWS.
Therefore, the consistent rainfall asymmetry in different
environmental VWS suggests that VWS is the main factor
that determines the rainfall asymmetry of landfalling TCs in
GD. The relative location of rainfall maximum is in down-
shear left of VWS. Since the average VWS shear is south-
westwards (Figure 2), the position of downshear left is
mainly in the south. This explains the preceding result that
the spatial location of rainfall maximum is in the
south of TC.

Some numerical studies (Frank and Ritchie, 1999; Rogers
et al., 2003; Ueno, 2007) suggested certain processes to
explain the impact of VWS on TC rainfall asymmetry. These
processes involve downshear tilt of TC vortex, a combination
of downshear tilt and strength of TC vortex, the latent heat
release due to water vapour saturation. However, they did not
give a complete physical mechanism. Black et al. (2002)
presented a physical mechanism to explain the VWS-induced
rainfall asymmetry based upon observations. Differential
advection of the axisymmetric vorticity by the shearing
storm-relative flow induces a vertical motion dipole with
ascent on the downshear side and descent on the upshear side
(Frank and Ritchie, 2001). Convection form near the down-
shear side of the eyewall and move more slowly than the
swirling wind. Convection cells grow as they move around
the eye and reach maturity where the greatest rainfall
occurred on the left side of VWS. When the hydrometeors
advect farther around the eye and migrated outwards, the
condensate fell out of them on the upshear right side. There-
fore, the rainfall maximum is in downshear left of VWS.

The above analysis shows that wavenumber-1 rainfall
clearly  characterizes TC  rainfall asymmetry in
GD. However, It is unknown to what extent it depicts the
actual TC rainfall asymmetry. Therefore, we compare the
wavenumber-1 rainfall with total asymmetric rainfall, which
is TC rainfall minus axisymmetric rainfall. The axisymmet-
ric rainfall, that is the azimuthal mean, is represented by
wavenumber-0 rainfall. Since VWS is the main influencing

TABLE 1 Number of landfalling TCs with northeastwards (NE),
southeastwards (SE), southwestwards (SW), and northwestwards

(NW) storm motion 24 hr prior to, 12 hr prior to, at the time of, 12 hr after
landfall during 1998-2015 (1980-2015)

NE SE SW NW
—24 hr 6 (14) 0(0) 24 46 91)
—12 hr 4(8) 0 (0) 1(1) 49 (100)
0 hr 8 (12) 0(0) 2(2) 44 (95)
12 hr 8 (15) 0 (0) 6 (10) 33 (73)

factor of rainfall asymmetry, total asymmetric rainfall is
derived relative to VWS as well. It can be seen from
Figure 4i,] that total asymmetric rainfall also has positive
values in downshear left and negative values in upshear
right. Similar spatial patterns between wavenumber-1 rain-
fall (Figure 4a,d) and total asymmetric rainfall (Figure 4i,1)
indicate that wavenumber-1 rainfall is able to depict the
main feature of TC rainfall asymmetry in GD. Therefore, it
is reasonable to use wavenumber-1 rainfall to analyse the
rainfall asymmetry of TCs.

We extend our analysis to 1980 in order to examine the
rainfall asymmetry with more TC samples using reanalysis
precipitation data. There are 109 landfalling TCs in GD dur-
ing 1980-2015. Same analysis method used above is applied
to diagnosing the relationship between rainfall asymmetry
and storm motion and VWS. Table 1 shows that northwest-
wards storm motion is the majority during 1980-2015. TCs
are divided into northwest moving TCs and non-northwest
moving TCs. We composite the wavenumber-1 rainfall rela-
tive to storm motion for the two types of TCs (figure not
shown). Diverse wavenumber-1 rainfall distributions are
found between the two groups of TCs, which agree with the
result based on TRMM 3B42 data during 1998-2015. The
result also supports that storm motion could not explain the
rainfall asymmetry of landfalling TCs in GD.

Table 2 shows that most of VWSs are southwestwards
during 1980-2015. Similarly, we classify landfalling TCs
into two groups: TCs with southwestwards VWS and TCs
with non-southwestwards VWS. Wavenumber-1 rainfall rel-
ative to VWS is composited for the two groups. The
wavenumber-1 rainfall of TCs with southwestwards VWS is
not displayed in Figure 5, since it is similar with that of all
TCs. Figure 5a,d shows that average wavenumber-1 rainfall
of all TCs (or TCs with southwestwards VWS) derived from
MERRA?2 data has positive values in downshear left and
negative values in upshear right. The rainfall maximum is
mainly located in downshear left of VWS. The distribution
of wavenumber-1 rainfall of TCs with non-southwestwards
VWS (Figure Se,h) is similar with that of all TCs (or TCs
with southwestwards VWS). The average wavenumber-1
rainfall of all TCs derived from ERA-Interim data also has
positive values in downshear left and negative values in
upshear right. Although it is a little different from that of all
TCs, of TCs
southwestwards VWS has positive values in downshear to
dwonshear left and negative value in upshear to upshear
right. Overall, these results are consistent with those derived
from TRMM 3B42 rainfall during 1998-2015. The differ-
ence in the positions of positive values and negative values
between MEERA?2 and ERA-Interim data is probably related
to the different temporal resolutions of two reanalysis data.
Therefore, both satellite-based and reanalysis precipitation

the wavenumber-1 rainfall with non-

data support that VWS is the main factor that determines the
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FIGURE 3  Average wavenumber-1 rainfall relative to storm motion 24 hr prior to (left column), 12 hr prior to (second column), at the time of (third

column), and 12 hr after landfall (right column) derived from TRMM 3B42 data. The top row is the average of all TCs, and the bottom row is the average of
non-northwest moving TCs. The storm motion is pointed to the top in all panels [Colour figure can be viewed at wileyonlinelibrary.com]

rainfall asymmetry of landfalling TCs in GD. The rainfall
maximum is located in downshear left of VWS.

However, it should be noted that the wavenuber-1 rain-
fall in reanalysis data is weaker than that in satellite-based
data. It is probably associated with a general defect in reana-
lysis system and atmospheric model. Models tend to under-
estimate heavy precipitation and overestimate light
precipitation (Kimoto et al., 2005; Dai, 2006; Sun et al.,
2006). Some evaluations also indicate that reanalysis prod-
ucts show similar systematic behaviours in overestimating
small and medium precipitation amounts and underestimat-
ing high amounts (Pfeifroth e al., 2012; Zhou and Wang,
2017). Still, the pattern of rainfall asymmetry and its rela-
tionship with VWS is reliable.

The analysis above reveals the average characteristics of
TC rainfall asymmetry in GD using composite wavenumber-
1 rainfall. We further discuss the significance of the compos-
ite results. We would like to know whether the composite
rainfall asymmetry is able to represent the rainfall asymme-
try of most TCs. Similar with Corbosiero and Molinari
(2003), we calculate the wavenumber-1 rainfall at different
octants and figure out the location (the octant) of the maxi-
mum wavenumber-1 rainfall for each TC. And then we
count the number and proportion of TCs at each octant
where the maximum wavenumber-1 rainfall is located dur-
ing the process of landfall. Only the proportions, which are
shown in Figure 6, are displayed since they are better to
reflect the difference in quantity between different octants.

Figure 6a,c displays the proportions derived from TRMM
data during 1998-2015. The bold numbers represent the
octants in which the maximum wavenumber-1 rainfall is
most frequently observed. These octants are referred to as
the preferred octants where the TC rainfall maximum
occurrs. Figure 6a,c shows that the maximum wavenumber-
1 rainfall, no matter within inner 100 km, the radii of
100-300 km, or 300-500 km, frequently occurs in down-
shear to downshear left of VWS, especially in downshear
left. Up to 70.3, 82.5, and 65.4% of TCs have the maximum
wavenubmer-1 rainfall in downshear to downshear left
within the radii of 0-100, 100-300, and 300-500 km,
respectively. Of note is the very significant decrease in the
proportions at the octants away from downshear. The pro-
portions are consistent with the composite rainfall asymme-
try based on satellite-based data. The proportions of TCs
during 1980-2015 is calculated as well based on MERRA2
(Figure 6d,e) and ERA-Interim (Figure 6g,i) reanalysis data.
The proportions derived from MERRA?2 data are quite simi-
lar with those derived from TRMM data. Figure 6d,e shows
that the octants in downshear to downshear left have the
most frequent occurrence of maximum wavenumber-1 rain-
fall. The proportions there are 62.8, 71.2, and 61.2% within
the radii of 0-100, 100-300, and 300-500 km, respectively.
The proportions are consistent with the composite rainfall
asymmetry based on MERRA?2 data as well. The proprotions
derived from ERA-Interim data have slight difference with
those based MERRA?2 and TRMM data. The proportions are
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FIGURE4 Average wavenumber-1 rainfall (top two rows) relative to VWS and TC rainfall minus axisymmetric (wavnubmer-0) rainfall (bottom row) 24 hr
prior to (left column), 12 hr prior to (second column), at the time of (third column), and 12 hr after landfall (right column) derived from TRMM 3B42 data.
The top row is the average of all TCs, and second row is the average of TCs with non-southwestwards VWS. The VWS is pointed to the top in all panels
[Colour figure can be viewed at wileyonlinelibrary.com]

in downshear left to left within the radii of 100-300 and
300-500 km. These are associated with the temporal resolu-
tion of ERA-Interim data as mentioned earlier. Still, the pro-
portions with the composite
asymmetry based on ERA-Interim data. The total propor-

3.2 | Change in TC rainfall asymmetry in the process
of making landfall

The overall TC rainfall asymmetry in GD has been revealed

are consistent rainfall

in front. Change in TC rainfall asymmetry in the process of
making landfall is still our concern. Only satellite-based pre-

tions are 56.8, 69.7, and 63.6% in the preferred octants in
These
results based on seatellite-based data and reanalysis data

which maximum wavenumber-1 rainfall occurrs.

indicate that the composite rainfall asymmetry is able to
reflect the rainfall asymmetry of most TCs.

TABLE 2 Same as Table 1, but for VWS

NE SE SW NW
—24 hr 2(7) 3(7) 39 (75) 10 (20)
—12 hr 5 (14) 5(9) 39 (72) 5(14)
0 hr 4(14) 7(12) 35 (70) 8 (13)
12 hr 8 (18) 5(14) 28 (54) 6 (12)

cipitation data is used to analyse change in rainfall asymme-
try, since reanalysis precipitation data has a defect in
intensity. Figure 7 displays the quadrant average rainfall at
different radii from centre to outwards. The quadrants are
relative to VWS, since VWS is the main influencing factor
of TC rainfall asymmetry. Figure 7a shows that the quadrant
average rainfall within inner 500 km decreases in the pro-
cess of making landfall in all quadrants, including down-
shear left, downshear right, upshear left, and upshear right.
The axisymmetric (wavenumber-0) and asymmetric (wave-
number-1) rainfall in downshear left also has a significant
decrease. These results are consistent with the spatial distri-
butions of TC rainfall in Figure 2 and wavenumber-1 rainfall
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FIGURE 5 Average wavenumber-1 rainfall relative to VWS 24 hr prior to (left column), 12 hr prior to (second column), at the time of (third column), and
12 hr after landfall (right column) derived from MERRAZ2 (top two rows) and ERA-Interim (bottom two rows) reanalysis data. The top row and the third row
are the average of all TCs, and the second row and the bottom row are the average of TCs with non-southwestwards VWS. The VWS is pointed to the top in
all panels [Colour figure can be viewed at wileyonlinelibrary.com]

in Figure 4, where the rainfall shows an obvious friction of land and the cutting off of energy source
decrease in the process of making landfall. What is cause TC to weaken.

more, the decrease in rainfall is also seen at different Another distinct feature is that the downshear left quad-
radii from centre to outwards (Figure 7b,d). There are  rant almost has the largest rainfall during TC landfall process
generally decrease trends within the radii of 0—100 km (Figure 7). The rainfall in downshear left is significant larger
(Figure 7b), 100-300 km (Figure 7¢), and 300-500 km than that in other quadrants. For example, the average rain-
(Figure 7d), especially after making landfall (0—12 hr). fall in downshear left (~4.1 mm/hr) is nearly twice of that in
In general, TC rainfall decreases from centre to out- downshear right (~2.3 mm/hr) or upshear left (~2.2 mm/hr)
wards in the process of making landfall. That is because at 24 hr prior to landfall. This feature can also be seen from
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the distributions of TC rainfall at different stages (Figure 2a,
d), where the rainfall always leans to downshear left of
VWS. In addition, the positive values in wavenumber-1 rain-
fall relative to VWS are invariably located in downshear left
of VWS as well (Figure 4a,d). These results indicate that the
phase of TC rainfall asymmetry in GD hardly changes in the
process of making landfall.

We further analyse the change in the amplitude of TC
rainfall asymmetry. Following Chen et al. (2006), the ampli-
tude of TC rainfall asymmetry is defined as the ratio
between wavenumber-1 rainfall (asymmetric component)
and wavenumber-0 rainfall (axisymmetric component) in
downshear left. Figure 8 displays the amplitude of rainfall
asymmetry in the process of TC making landfall. It can be
seen from Figure 8a,d that the largest amplitude of rainfall
asymmetry is within the radius of 100-300 km. The ampli-
tude is up to 60% (Figure 8e), implying that the
wavenumber-1 rainfall (asymmetric rainfall) reaches up to
60% of wavenumber-0 rainfall (axisymmetric rainfall). The
inner area (0—100 km) has smaller rainfall asymmetry ampli-
tude, which is about 40% (Figure 8a,e). The rainfall asym-
metry amplitude in outwards area (300-500 km) has small
variation in the landfall process at the range of 20-50%. The
overall rainfall asymmetry amplitude within inner 500 km is
about 50%, suggesting that the asymmetric rainfall is half of
the axisymmetric rainfall. Although there are some differ-
ences, the variations in the amplitude of rainfall asymmetry
are small in the process of making landfall based on the spa-
tial distributions in Figure 8a,d. The quadrant average also
indicates that the amplitude has no significant change from
24 hr prior to landfall to 12 hr after landfall. The amplitudes
of rainfall asymmetry also hardly change at different radii
from centre to outwards (Figure 8e). These results make
sense since the VWS, the main factor influencing rainfall
asymmetry, is relatively stable in the process of making
landfall (Figure 2).

In general, although TC rainfall decreases, the phase and
amplitude of TC rainfall asymmetry have no significant
change in the process of making landfall.

3.3 | TC rainfall asymmetry in El Nifio and La Niiia
years

ENSO strongly impacts the climate and weather in WNP
and East Asia (Lau and Nath, 2000; Wang et al., 2003; Wu
et al., 2003; Karori et al., 2013; Hu et al., 2014). The large-
scale circulation is quite diverse during different ENSO
phases (Wang et al., 2000; Wu et al., 2010; Karori et al.,
2013). Thus we further investigate the TC rainfall asymme-
try in GD during El Nifio and La Nifia years. The entire
36-year period from 1980 to 2015 is subdivided into El Nifio
years, La Nifia years, and neutral years according to Oceanic
Nifio Index (ONI) of TC season (July—September). The ONI
is 3-month running mean of ERSST.vS SST anomalies in
the Nifio3.4 region (5°N-5°S, 120°-170°W). It is El Nifio

(a) 0-100 km; TRMM

(b) 100-300 km; TRMM (¢) 300-500 km; TRMM

50
Sl

(f) 300-500 km; MERRA2

(d) 0-100 km; MERRA2  (e) 100-300 km; MERRA2

(g) 0-100 km; ERA (h) 100-300 km; ERA

FIGURE 6
wavenumber-1 rainfall is located during the process of landfall within the
radii of 0—100 km (left column), 100-300 km (centre column), and
300-500 km (right column), derived from TRMM 3B42 data (top row),
MERRAZ2 data (centre row), and ERA-Interim data (bottom row),
respectively. The three largest proportions are shown in bold font. The
VWS is pointed to the top in all panels

Proportion (unit: %) of TCs at each octant where the maximum

(La Nifia) year when ONI is equal or greater (less) than 0.5
(—=0.5). It is neutral year when ONI range from —0.4 to 0.4.
The classification is given in Table 3. There are 4 (9) El
Nifio years, 6 (9) La Nifia years, 8 (18) neutral years during
1998-2015 (1980-2015).

Table 4 shows the proportion of VWS in different direc-
tions during 1998-2015 and 1980-2015. Southwestwards
VWS dominants no matter whether it is El Nifio year or La
Nifia year. There are 60-70% southwestwards VWS.
Although El Nifio years have a slight more northeastwards
VWS and less southeastwards VWS than La Nifla years,
they only account for a small proportion. In general, there is
no significant difference in VWS in different ENSO phases.

Figure 9 displays spatial distributions of average
wavenumber-1 rainfall during El Nifio, La Nifia, and neutral
years derived from satellite-based data and reanalysis data.
TRMM 3B42 data shows that distributions of wavenumber-
1 rainfall are quite similar between El Nifio, La Nifia, and
neutral years (Figure 9a,c). There are no differences in the
patterns of wavenumber-1 rainfall. They are characterized
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Quadrant average rainfall, wavenumber-0, and wavenumber-1 rainfall derived from TRMM 3B42 data from 24 hr prior to landfall to 12 hr after

landfall within the radii of 0-500 km (a), 0—100 km (b), 100-300 km (c), 300-500 km (d). Red, orange, green, blue, black, and grey lines represent rainfall in
downshear left (R_DSL), downshear right (R_DSR), upshear left (R_USL), upshear right (R_USR), wavnumber-0 rainfall (WO_DSL), and wavenumber-1
rainfall (W1_DSL), respectively [Colour figure can be viewed at wileyonlinelibrary.com]

by positive values in the south and negative values in the
north. Reanalysis data also indicates that there are
remarkable resemblance in the features of wavenumber-1
rainfall between El Nifio, La Nifia, and neutral years.
MERRA?2 data shows that wavenumber-1 rainfall has
positive values in the south and negative values in the
north in El Nifio, La Nifia, and neutral years (Figure 9d,
f). This feature is analogous to that derived from TRMM
data. The wavenumber-1 rainfall derived from ERA-
Interim data also has similar features in different ENSO
phases (Figure 9g,i). The positive values are in the south-
east quadrant and negative values are in the northwest
quadrant. The phases of positive values and negative
values are a little different with those in MERRA?2 data.
It is associated with the temporal resolution of ERA-
Interim precipitation data and the movement of TCs.
ERA-Interim precipitation is the cumulative rainfall over
the past 6 hr. In addition, most of TCs have a northwest-
wards moving track. Therefore the rainfall maximum is in
southeastern quadrant. Both satellite-based data and

reanalysis data indicate that there is no obvious difference
in TC rainfall asymmetry between different ENSO
phases.

The relationship between rainfall asymmetry and VWS
in El Nifio, La Nifia, and neutral years is examined as well.
Figure 10 displays the average wavenumber-1 rainfall rela-
tive to VWS in El Nifio, La Nifla, and neutral years derived
from satellite-based data and reanalysis data. TRMM data
shows that the wavenumber-1 rainfall has the same features
in El Nifio, La Nifia, and neutral years (Figure 10a,c). It is
characterized by positive values in downshear left and nega-
tive values in upshear right. The rainfall maximum is in
downshear left of VWS. Thus satellite-based data indicates
that there is no difference in TC rainfall asymmetry between
El Nifio, La Nifa, and neutral years. Reanalysis data also
shows similar feature. Both MERRA?2 (Figure 10d,f) and
ERA-Interim (Figure 10g.,i) reanalysis precipitation data
show that there is no significant difference in wavenumber-1
in different ENSO phases.
wavenumber-1 rainfall are quite similar between El Nifio, La

rainfall The patterns of
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FIGURE 8 Average amplitude (W1/WO0) of rainfall asymmetry 24 hr prior to (a), 12 hr prior to (b), at the time of (c), and 12 hr after landfall (d) and
quadrant average amplitude (e) of rainfall asymmetry in downshear left from 24 hr prior to landfall to 12 hr after landfall within the radii of 0-500 km (red),
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TABLE 3 Years classified according to ONI of TC season (JAS) Nifia, neutral years. Positive values are generally in down-
El Nifio La Nifia Neutral shear left and negative values are in upshear right. The dif-
1982 1985 1980 ference in the positions of positive values and negative
1986 1988 1981 values between MEERA2 and ERA-Interim data is related
1987 1995 1983 to the difference in temporal resolution of data. Thus, VWS
1991 1998 1984 is still the main influencing factor of rainfall asymmetry of
1997 1999 1989 landfalling TCs in GD no matter in El Nifio years or La Nifia
2002 2000 1990 years.

2004 2007 1992
2009 2010 1993
1996

2001 In this study, we investigate the rainfall asymmetry of TCs

2003 in the process of making landfall in GD based on best track

2005 data and satellite-based and reanalysis precipitation data. TC

2006 rainfall is decomposed into different wavenumber compo-

2008 nents through Fourier transformation. Same as previous

2012 studies (Lonfat et al., 2004; Chen et al., 2006; Yu et al.,

2013 2015), wavenumber-1 rainfall is used to analyse the TC rain-

2014 fall asymmetry, since it has a similar distribution with TC

rainfall minus axisymmetric rainfall (wavenumber-0

rainfall).

We first composite the rainfall distribution of landfalling

TABLE 4 Percentage of VWS in different directions during 1998-2015 TCs in GD and their storm motion and VWS. It is found that

(1980-2015) there is more rainfall in the southern side than the northern

LD s < L1/ side of TC and the rainfall maximum is in the south near the
El Nifo 175175 3084 675 (359) 100(182) centre. In order to figure out the relationship between rainfall
La Nifia 7.5 (10.9) 10.3(11.6) 63.6 (61.7) 186 (158) asymmetry and storm motion and VWS, TCs are classified
Neutral 6.7 (11.6) 10.0 (7.8) 72.2 (70.6) 11.1 (10.0)

into different group based on storm motion and VWS,
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FIGURE9 Average wavenumber-1 rainfall during El Nifio (left column), La Nifia (centre column), and neutral (right column) years derived from TRMM

3B42 data (top row), MERRAZ2 (centre row), and ERA-Interim (bottom row) reanalysis data [Colour figure can be viewed at wileyonlinelibrary.com]

respectively. The wavenumber-1 rainfall relative to storm
motion is quite different between northwest moving TCs and
non-northwest moving TCs. The position of rainfall maxi-
mum relative to storm motion changes significantly as the
storm motion changes. This indicates that storm motion can-
not explain the rainfall asymmetry of TCs in GD. On the
contrary, TCs with southwestwards VWS and TCs with non-
VWS have
wavenumber-1 rainfall relative to VWS. Wavenumber-1
rainfall relative to VWS changes little as VWS changes. The

southwestwards similar distributions of

consistent rainfall asymmetry in different VWS implies that
VWS is the main influencing factor of TC rainfall asymme-
try in GD. The rainfall maximum is located in downshear
left of VWS.

In addition, we analyse the change in rainfall asymmetry
of TCs in the process of making land in GD. The rainfall
decreases during the landfall process, especially after mak-
ing landfall. However, the location of rainfall maximum is
consistently in downshear left from 24 hr prior to landfall to
12 hr after landfall. The amplitude of rainfall asymmetry,
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FIGURE 10  Average wavenumber-1 rainfall relative to VWS during El Niiio (left column), La Nifia (centre column), and neutral (right column) years
derived from TRMM 3B42 data (top row), MERRA?2 (centre row), and ERA-Interim (bottom row) reanalysis data. The VWS is pointed to the top in all
panels [Colour figure can be viewed at wileyonlinelibrary.com]

which is defined as the ratio between wavenumber-1 (asym-
metric) rainfall and wavenumber-0 (axisymmetric) rainfall,
has no significant change in the process of landfall as well.
The area within the radius of 100-300 km has the largest
amplitude of rainfall asymmetry, which is about 60%. The
average amplitude is about 50% within inner 500 km, sug-
gesting that the asymmetric rainfall is about half of the axi-

symmetric rainfall.

We finally analyse the difference in rainfall asymmetry
of landfalling TCs in different ENSO phases. Both satellite-
based data and reanalysis data indicate that there is no obvi-
ous difference in TC rainfall asymmetry between El Nifio,
La Nifa, and neutral years. VWS is the main influencing
factor of rainfall asymmetry of landfalling TCs in GD
whether in El Nifio, La Nifia, or neutral years. The rainfall

maximum consistently lies in downshear left of VWS.
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The rainfall asymmetry and main influencing factor of
GD is consistent with those over south China reported by
Xu et al. (2014). However, the two areas are not the same,
although two areas have some overlaps. Xu et al. (2014)
reported the TC rainfall asymmetry and its association with
VWS based on the composited total TC rainfall and its rela-
tive location to VWS and storm motion. In addition to total
TC rainfall, wavenumber-1 rainfall is used to display the
rainfall asymmetry in this study. The wavenumber-1 rainfall
gives a better illustration for TC rainfall asymmetry than
total TC rainfall as used by Xu et al. (2014).What is more,
we divide TCs in different groups based on VWS to examine
the relationship between rainfall asymmetry and VWS. We
find the relative location of maximum rainfall to VWS is the
same in different VWSs. The result in this study gives a
more robust relationship between rainfall asymmetry and
VWS than that in the study of Xu et al. (2014). Last but not
the least, this study reveals the change in the amplitude of
TC rainfall asymmetry in the process of making landfall,
which is not involved in the study of Xu et al. (2014).
Although Yu et al. (2015) analysed the TC rainfall asymme-
try in GD, the characteristic of TC rainfall asymmetry in GD
was not clearly documented. They mainly compared the
rainfall asymmetry in different regions of China and found a
cyclonic rotation of rainfall maximum from south China to
east China. In addition, there are only 22 landfalling TCs
over GD and 15 TCs 24 hr after landfall in the study of Yu
et al. (2015), which is far less than the 109 TCs used in this
study. Furthermore, the method that we use to examine the
relationship between rainfall asymmetry and VWS is more
elaborate. More TCs used and more elaborate analysis make
the results of this study more robust.

GD is the province that has the most landfalling TCs in
China. This study reveals the rainfall asymmetry, its main
influencing factor, its change in the process of landfall, and
different ENSO phases in
GD. Results of this study can increase the scientific under-
standing of TC rainfall asymmetry in GD. More importantly,
they are useful for making prediction of rainfall distribution,
especially the heavy rainfall area of landfalling TCs.

its difference between
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