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Analysis of the inner rainbands of
tropical cyclones over the South
China Sea during the landfall
process

Chunyi Xiang, Yinglong Xu*, Jian Lin and Shuang Liu

National Meteorological Centre, Beijing, China

Tropical cyclones (TCs) can undergo offshore rapid intensification (RI) shortly
before making landfall over the South China Sea (SCS). In this study, the inner
rainbands distribution of both Rl and non-RI landfall TCs (LTCs) in the SCS
during 2015-2020 is examined based on a multi-source merged precipitation
dataset. It is found that those RI LTCs exhibit a relatively higher averaged rain
rate in the inner core region than that of non-RI LTCs. Both offshore Rl cases
and non-RI LTCs appear to have an increasing tendency of averaged rain rate
after landfall, with the rain rate peak of the Rl cases a few hours earlier than that
of non-RI cases. By defining an axisymmetric index, the inner rainband
evolution of both offshore Rl cases and non-RI ones are further discussed.
For both categories, most of the axisymmetric rainfall is concentric around the
center and over 70% axisymmetric rainfall dominates the inner core region
within three times of radius of maximum wind speed (RMW). It is shown that
there is an obvious inwards shrinkage of axisymmetric rainfall for both offshore
Rl and non-RI cases. Analysis of typical Rl and non-RI LTCs (1713 Hato and
1714 Pakhar) also shows an increasing rain rate of the inner rainbands soon after
landfall, with larger amplitude for Rl example than non-RI case. The inner
rainbands of 1713 Hato show that a clockwise propagation with maximum
enhancement happened at the down-shear left-hand side a few hours after
landfall.

KEYWORDS

landfall tropical cyclone, rapid intensification, inner rainbands, rain rate, landfalling
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Introduction

Accompanied by gale winds, torrential rains, inland floods and mudslides in
mountainous terrain, tropical cyclones (TCs) are one of the most devastating natural
disasters in the world (Chen et al, 2010). The South China Sea (SCS) is affected by
summer Monsoon, Madden-Julian Oscillation, and Subtropical High, and therefore TCs
in this area can have more unpredictable tracks and intensity change (Liang et al., 2011;
Molinari and Vollaro, 2012; Wu et al.,, 2013; Chen et al., 2015). Recently, many studies
have shown that the onset of rapid intensification (RI) in the SCS occurred under
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favorable large-scale circulation, including weaker vertical wind
shear (VWS), warmer ocean surface, and suitable low-level water
vapor convergence (Leighton et al,, 2018; Qiu et al,, 2019; Cai
et al,, 2022; Zhao et al,, 2022a). Both large-scale environment
conditions and complex atmospheric interaction with land and
ocean can induce asymmetric rainfall maximum distribution,
especially during the landfall process. Forecasting and early
warning of landfall TCs (LTCs) that undergo an offshore RI
event before landfall is a considerable challenge. Recent LTCs
such as Mujigae (1522), Mirinae (1603), Hato (1713), and Higos
(2007) had all experienced RI shortly before landfall, which
caused large forecasting errors and related disasters to the
coastal area of the southern part of China. Consequently,
offshore RI events and relevant heavy rainfall distribution are
both crucial to disaster reduction.

Deep convection, in terms of rainbands within TCs, can be
characterized by asymmetry affected by large-scale circulation
(Corbosiero and Molinari, 2002; Chan et al., 2004; Lonfat et al.,
2004; Chen et al., 2006; Cecil, 2007; Li and Dai, 2020). In addition
to surface friction-induced low-level convergence caused by
storm motion and uneven distribution of ocean thermal
condition, environmental VWS in the surrounding areas of
TC is a fundamental factor of asymmetric rainfall (Kaplan
and Demaria, 2003; Kelvin and Johnny, 2011; Xu et al., 2014;
Yuetal, 2015,2017). The maximum convection in term of heavy
rainfall occurs at the down-shear side and left-hand quadrant in
the Northern Hemisphere, regardless of the storm’s motion
(Jiang et al., 2008a; Yu et al., 2015). Actually, not all observed
rain rate distribution can be exactly explained by the shear
induced asymmetries. Other influential factors include the
ocean’s thermal condition (Cecil, 2007, Jiang et al., 2008b),
the surface land-sea contrast (Chen and Wu, 2016), and also
interaction with other systems such as Monsoon Gyre (Qiu et al.,
2020) or interaction between binary typhoon vortex (Xu et al,,
2011) other large-scale atmospheric systems (Zhao et al., 2022b),
and local topography (Liou et al., 2013).

During the landfall process, the rainfall distribution is very
complicated when the development and collapse of the mesoscale
circulation system of the inner TC circulation become dominant
(Chen et al.,, 2004; Chen and Wu, 2016). Certain asymmetric
rainfall or convective activities can be estimated through satellite
image or radar rainfall estimation (Mueller et al., 2006; Reasor
et al, 2013), or simulated by numerical models (Li and Wang,
2012). Recent studies have found that the size and structure
change of TC inner rainbands is closely related to the rainfall
distribution in landfall process (Dai et al., 2021; Yu et al,, 2022).
However, not enough observation analysis has been done,
especially for the LTCs over the SCS. It is still unclear that
whether the inner rainbands exhibit a similar structure change
for both offshore RI LTCs and non-RI cases. Although the
majority of previous studies have focused on the external
factors caused by the large-scale environment, it is important
to know the internal dynamical mechanism and mesoscale
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process to trigger the asymmetric distribution of rainfall
during the landfall process. This study has used a newly
developed multiple-source merged precipitation dataset to
figure out the differences of inner rainbands between RI and
non-RI LTCs during their landfall processes over the SCS.

Data and method

Data

The TC track that is used in this study is the best track dataset
from the Shanghai Typhoon Institute (STI) of China
Meteorological Administration (CMA). Using the maximum
wind speed and minimum central sea level pressure to define
the intensity, and the latitude and longitude to define the
location, the STI best track provides TC information in the
western North Pacific and SCS in 6h intervals (Ying et al.,
2014). For offshore TCs (normally within 200 km from the
coastal line), the STI best track dataset can additionally
increase the time interval to 3 h because weather radar and
coastal weather stations can capture their detailed structure.
These multiple observations could be additionally beneficial to
estimate the intensity and location of an offshore TC than other
best track datasets in this region. To figure out the timely
revolution of rainbands during the landfall process, linear
interpolation was used to interpolate the every 6h/3h STI
best track dataset to 1h to specify the location migration
during the landfall process. However, the size of TC cannot
be directly obtained from STI best track dataset, and therefore we
used the analysis from multi-platform tropical cyclone surface
wind analysis (MTCSWA) from NOAA/NESDIS, in which the
radius of maximum wind speed (RMW) is captured from satellite
retrieved surface winds (Knaff et al, 2007). To specify the
influence of VWS for the evolution of inner rain bands,
ERA5 reanalysis from the European Centre for Medium-
Range Weather Forecasts (ECMWEF) is used to examining the
large-scale conditions and circulation.

Given that satellite based rainfall estimation has a wide
coverage and continuous monitoring, most previous research
of TC rainfall characteristics have been based on satellite
estimation datasets, such as the tropical rainfall measuring
mission (TRMM; Chen and Wu et al, 2016; Yu et al,, 2015;
Yu et al.,, 2017), global precipitation measurement (GPM; Hou
et al., 2014), or integrated multi-satellite retrievals of GPM
(IMERG; Huffman et al., 2020; Guzman and Jiang, 2021). For
TC overland, the precipitation retrieved from radar can also be
used to estimate the TC rainfall in certain cases (Chan et al.,
2004). Because few previous studies have used an in-situ rain
gauge from an automatic weather station (AWS), we chose to use
the CMA multi-source merged precipitation analysis system
(CMPAS), which has includes more than 40,000 AWSs.
Meanwhile, CMAPS has also included the satellite retrieved
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rainfall from climate precipitation centre morphing (CMORH)
and radar estimation. Other than a single source of observation,
the CMPAS merged three sources of precipitation observation
with different temporal and spatial resolutions using Bayesian
multi-model averaging and optimal interpolation. Independent
verification has confirmed that the estimation root square mean
errors of CMPAS are lower than those of a single source of
estimation, such as CMOPH and radar retrievals (Shen et al.
2014). By combining geostationary satellite, radar observations,
and especially rain gauge observation (including inland, offshore,
and on-islands), this multiple-source fusion data could give a full
picture of rainfall structure during their landfall process
considering equivalent merging technique over land and sea.
To discuss the inner rainbands distribution of LTCs during
the landfall process, three preliminary conditions were defined
according to the research purpose. First, only the first landfall
event for each LTC is included. In this way, those LTCs that made
landfall on Hainan Island and then followed the second or third
landfall on the mainland after passing over the ocean’s surface are
excluded. Second, selected LTCs should maintain at least 12 h
after making landfall on mainland and 6 h after making landfall
over Hainan Island to ensure a sufficient analyzed period for the
temporal and spatial evolution of the symmetric and asymmetric
structure of rainfall. From the 24 h before landfall to the 12h
after landfall, all selected LTCs were captured in the same periods
of time to examine the landfall process. Because the CMAPS
dataset starts from 2015 with the domain of 5-60°N, 70-140°E,
10 LTCs from 2015 to 2020 over SCS were finally selected
Detailed
information of these LTCs will be given in third section.

according to the previous two conditions.

Method

The asymmetric and symmetric components of precipitation
are decomposed to study the relationship of asymmetric
convection and other large-scale environmental factors (e.g.,
VWS) in previous studies (Lonfat et al., 2004; Uhlhorn et al.,
2014; Yu et al., 2017). We used the same method to decompose
precipitation distribution during a TC’s landfall process into
axisymmetric and asymmetric components, as follows:

D(r,\t) = D(r,t) + D' (r, A1) (1)

in which ® and ®' represent the axisymmetric and asymmetric
components, respectively; and 7, A denote the radial and tangent
direction, while ¢ is the time variable.

Following the idea of defining the asymmetric convection in
Miyamoto and Takemi (2003), we specified an axisymmetric
index as a ratio of the axisymmetric precipitation to both
axisymmetric and asymmetric components. Because the
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asymmetric component has both a positive and negative
value, they were both squared, as follows:

D (r, 1)
O(r 07 + [0 (r, 1)L

2n

0(r.t) = @

where 7,\, t have them same meaning as in Equation 1. The
axisymmetric index 0 denotes normalized axisymmetric degree
of precipitation distribution regardless of the rain rate differences
related to intensity of LTCs. If it is close to 1, then the
precipitation is fully axisymmetric to the TC center. If it close
to 0, then it equals extremely asymmetric rainfall distribution at a
specified radium or time. To specify the inner rain rate, the radial
distance from the center of TC is converted to multiples of RMW.
The inner rainbands are defined as 3 times of RMW, where most
of rainfall is induced by deep convection of the inner core region
of the TC (Wang, 2009). Following previous research, the VWS is
defined as the difference of averaged wind speed within a radius
of 220-880 km to the center of TC (Kaplan and DeMaria 2003;
Shu et al., 2012; Qiu et al., 2020).

Evolution of rain rate during the
landfall process

Based on the criterion listed in the last section, 10 offshore
LTCs in the SCS were selected during the period of 2015-2020
(see Table 1). Six of them made landfall on Guangdong Province
and the other four made landfall on Hainan Island. The averaged
landfall intensity is 36.9ms™', with a maximum of 48 ms™
(Mujigae, 1522) and a minimum of 23 ms™" (Son-Tinh,1809).
The earliest landfall time of those 10 LTCs is in June (Kujira,
1508) and the last one is in October (Sarika, 1621).

In previous studies, the 95th percentile of all the samples of
24h intensity change of maximum sustained wind speed for TCs
was normally settled as the threshold to define RI (Kaplan and
DeMaria, 2003). We used the threshold of 15ms™ in 24h to
define a RI event in the Northwestern Pacific basin followed
previous works (Kaplan et al., 2010; Knaff et al., 2018). Second, to
investigate the offshore intensity change before landfall over SCS,
only the RI events that happened within 200 km from coastal line
were defined as offshore RIs (i.e., those LTCs that experienced RI
and landfall process at the same time when they are approaching
the coastal line). The track segments of these LTCs during the
landfall process, from 24h before landfall to 12 h after landfall,
are given in Figure 1. Among these, four LTCs—Mujigae (1522),
Mirinae (1603), Hato (1713) and Higos (2007)—had experienced
offshore RI before landfall. Among these four offshore RI cases,
three had an increase of 20 m s during 24 h and Mirinae (1603)
had 15 m s7', respectively. The other six non-RI LTCs (presented
in blue in Figure 1) had a more moderate intensity change during
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TABLE.1 Information of 10 LTCs in SCS.

TC name (TC number)

Landfall time

10.3389/feart.2022.956977

Landfall intensity (m-s™")

Kujira (1508) 20 UTC. 22 June2015 25
Mujigae (1522) 06 UTC. 4 October 2015 48
Mirinae (1603) 14 UTC. 26 July 2016 28
Nida (1604) 19 UTC. 1 August 2016 42
Sarika (1621) 02 UTC. 18 October 2016 45
Hato (1713) 06 UTC. 23 August 2017 45
Pakhar (1714) 01 UTC. 27 August2017 33
Son-Tinh (1809) 21 UTC. 17 July 2018 23
Mangkhut (1822) 09 UTC. 16 September 2018 45
Higos (2007) 22 UTC. 18 August 2020 35

30°N

25°N

20°N

2|

15°N

N

2007 Higos
1822 Mangkhut
1809 Son-Tinh
1714 Pakhar
1713 Hato

-1621 Sarika
1604 Nida -
1603 Mirinae
1522 Mujigae
1508 Kujira

10°N g S -
100°E 105°E

FIGURE 1

Track segments of 10 LTCs in SCS. The red (blue) lines represent Rl (non-Rl) in the period from 24 h before to 12 h after the landfall, respectively

(the number and name of the LTCs are listed).

the landfall process. The landfall point spread from the east coast
of Pearl] River Estuary to the east of Hainan Island, covering the
majority landfall places in this region. Further examination
indicates that only Kujira (1508) was generated locally in the
middle of SCS, while the others moved north-westward from the
east of the Philippines.

With a fully developed structure, over 80% of deep convection in
TC s enveloped inside the inner core regions (Miyamoto and Nolan,
2018), which is normally defined as three times of RMW (Wang,
2009). The spiral rainbands could be concentrated within inner core
regions, where the inner rainbands and distant rainbands could
overlap or coincide to intensify the rain rate within inner core
regions. For RI TCs, the convective bursts (CBs) within the inner
core region could trigger the rainfall increase (Chen et al,, 2004;
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Reasor et al., 2013). To figure out the rain rate distribution within the
inner core region for LTCs in the SCS during the landfall process, we
first composited the radial rain rate of the RI and non-RI LTCs to
present rainfall evolution. Recent studies have investigated the
possible relationship between the TC size change and the radial
distribution of rainfall, and found that a large amount of rainfall
occurs in low inertial stability regions when intense convection
happened (Tsuji and Nakajima, 2019). To avoid the possible
influence of rainfall distribution from TC size, we normalized the
rain rate from distance to TC center to multiples of RMW, which is
closely related to the TC eyewall.

As shown in Figure 2, the inner core averaged rain rate of RI
LTCs is obviously higher than that of non-RIs during the entire
landfall process. In agreement with other observation analyzes, there
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FIGURE 2

Comeparison of averaged rain rate distribution within three RMW of four RI LTCs (indicated in red marked line) and six non-RI LTCs (indicated in
blue) during the landfall process. The horizontal coordinate is the time before/after landfall.

is an obvious inner core CB in the RI cases (Reasor et al., 2013).
Given that offshore RI LTCs actually have higher landfall intensity
(39.0 m s™' on average) compared to that of non-RIs (35.5 ms™ on
average), the averaged rain rate within inner core region indeed
depends on the landfall intensity. It is also noticed that both RI LTCs
and non-RI cases experienced an outbreak of rain rate during the
first 6h after landfall, when the peak rain rate shows up at the 2h after
landfall for RI cases and around 4h for non-RI cases. This obvious
intensification of rain rate within inner core region nearly doubled
the rain rate (with a maximum rain rate over 10 mm/h) just a few
hours after landfall, which might be related to the outbreaks of deep
convection in the inner core regions after the landfall for both RI and
non-RI LTCs. In the following 6-12 h after landfall, the rain rate of
both the RI and non-RI cases decreased sharply to less than 5 mm/h.
During that period, the difference between the two categories
narrowed because the LTCs circulation were fully over land or
island after the outbreak of rain rate within the first 6 h after landfall.
The F-test is used to exam the statistical significance for the
difference between RI and non-RI case during the landfall
process. The yield results show that the difference of those two
categories has passed 95% confidence level for the whole process.

Distribution of inner rainbands during
the landfall process

We used an axisymmetric index defined in Section 2 to
present the radial concentration of rainfall during the landfall
process. The differences in axisymmetric evolution of rainfall
between RI LTCs and non-RI LTCs are further examined as
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shown in Figure 3. The statistical significance of over 95% for the
radial distribution is marked in shadows.

To avoid the possible influence of a TC’s size on its radial
structure, the radial distance to TC center is at first converted into
its relevant multiples to RMW. For both RI and non-RI LTCs, the
axisymmetric rainfall shows a tendency of inwards concentration
during the landfall process, with over 70% axisymmetric rainfall
dominating the inner core region (here referred to 3SRMW) 1 day
before landfall. However, as the TC’s center approaches the coast
line in the following hours, the inner core region is gradually
dominated by asymmetric rainfall other than axisymmetric
rainfall because only less than 50% total rainfall could be
decomposed to azimuthal mean rainfall after landfall. This
obvious inwards shrinkage of axisymmetric rainfall could also
be found in the non-RI cases, while the differences appeared after
the landfall. Compared to the steady asymmetric process, the
non-RI LTCs show up the sharp collapse of axisymmetric rainfall
soon after landfall, which means the asymmetric components of
rainfall are eventually dominant outside the RMW for non-RI
LTCs. It is found that the difference of axisymmetric rainfall after
landfall for those two categories is of statistical significance when
compared to the period before landfall.

To better distinguish the evolution of the inner rainbands’
evolution between RI LTCs and non-Rls, two typical LTCs
1713 Hato and 1714 Pakhar were selected to represent RI and
non-RI cases respectively. Generated in August 2017, Hato and
Pakhar successively made landfall over the western part of
Guangdong Province. Other than similar prevailing tracks
before landfall, the tracks after landfall also bear little
difference. Given that 1713 Hato experienced RI shortly
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The first EOF pattern (A) (units: mm) and amplitude (B) of rainfall during the landfall process of 1713 Hato, R indicates the RMW. The horizontal

coordinate is the time before/after landfall.

before landfall, the landfall intensity of 1713 Hato was higher
than that of 1714 Pakhar. The Empirical Orthogonal Functions
(EOF) analysis was used to simplify a spatial-temporal data set by
transforming the rainfall to spatial patterns of variability and
temporal projections of these patterns.

As in Figure 4A the radial coordinate is the radius relative to
RMW, while only the inner rainbands distribution within 3R
from the center was presented. From the typical EOF analysis, the
first EOF pattern contributed over 40% variation of inner
rainbands in the case of 1713 Hato. The majority of positive
rainfall was concentric around the center within RMW, which
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means the inner rainbands were intensified during the landfall
process, especially within the eyewall. The amplitude of EOF
shows the time evolution of this pattern. As shown in Figure 4B,
the inner core rainbands intensification exhibited an increase
soon after its landfall, which means that the inner core rain rate
actually double compared to the periods before landfall. The EOF
analysis of a single example 1713 Hato has confirmed the
previous composite analysis of inner core rainfall shown in
Figure 2. We also examined the other three RI LTCs,
1522 Mujigae, 1603 Mirinae, and 2007 Higos using the same
method. Although the first EOF pattern turned out to be
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Same as in Figure 4, but for 1714 Pakhar.

12h

6h

-12h

Hour before(-)/after(+)landfall

-18h

-24h

FIGURE 6

Azimuthal-time distribution of inner rain bands (units: mm) for (A) 1713 Hato and (B) 1714 Pakhar. The vertical coordinate is the hours before/
after landfall and the horizontal coordinate is azimuth angle. Dashed lines indicate VWS; UL/UR represent up-shear left/right and DL/DR denote

down-shear left/right.

distributed differently, the temporal series of amplitude for those
patterns has all exhibited the same tendency of increasing after
landfall.

The spatial and temporal distribution of inner rainbands of
1714 Pakhar, which made landfall to the west of the Pearl River
Estuary around 4 days after 1713 Hato, are given in Figure 5. The
first EOF pattern of 1714 Pakhar has shown as a pattern of spiral
rainbands, which starts from the southeast quadrant outside
RMW and rotates anticlockwise into the TC center. Although
the maximum value in the first EOF pattern of 1714 Pakhar was
lower than that of 1713 Hato, this enhancement of inner
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has also exhibited an increase after landfall.

Compared to the RI cases, this increase of inner rainbands

rainbands

did not last as long as 1713 Hato, and another decreasing
tendency of inner rainbands was dominant only 6h after
landfall. Even though the EOF analysis of other non-RI LTCs
presented in different spatial patterns, a similar increasing
tendency of rainfall could be shown.

As discussed in previous studies (Kaplan and Demaria, 2003;
Kelvin and Johnny, 2011; Xu et al,, 2014; Yu et al., 2015, 2017),
environmental VWS is related to the asymmetric distribution of
rainfall. The maximum rainfall often exhibit over the left-hand side
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along the direction of shear (Chen et al., 2006; Shimada et al., 2017;
Yuetal, 2017). To figure out the inner rainbands’ evolution during
the landfall process under different environmental VWS, the
azimuthal-time distribution of inner rainbands of both
1713 Hato and 1714 Pakhar are given in Figure 6.

As shown in Figure 6A, the rain rate of inner rainbands was
averaged within the domain of three RMW from the TC center.
The inner rainbands of 1713 Hato have shown up an obvious
clockwise propagation during the landfall process. Meanwhile,
the averaged rain rate within 3R intensified after landfall, which
confirmed the previous analysis (as shown in Figure 3). The
maximum rain rate doubled during the post-landfall period
compared to before landfall. It is also noticed that the inner
rain bands presented an obvious clockwise propagation, during
which the spiral rain bands started from the Down-shear Right
(DR) side and intensified as the Down-shear Left (DL). This kind
propagation of spiral rainbands has also been discussed in
numerical simulation (Li and Wang, 2012; Li and Dai, 2020).
In the case of 1713 Hato, the inner rain bands intensified at the
southern part after landfall, which might be related to the rainfall
enhancement over the coastal line. As the non-RI case,
1714 Pakhar presented a much moderate intensification of
inner rainbands after landfall (shown in Figure 6B). The
maximum rain rate of inner rainbands could be found at DL
side of TC at nearly 6 h after landfall. Given that the direction of
VWS experienced a much wider change compared to that of
1713 Hato, the phenomenon of clock-wised propagation of inner
rainbands was less obvious in this case. The maximum rain rate
can be found in the southern semicircle after landfall, which is
also related to the topographic influence.

Conclusion and discussion

The northern part of the SCS is one of most prevalent areas
for offshore RIs. Therefore, the inner rainband distribution of
both offshore RIs and non-RI TCs was examined from 24 h
before to 12 h after landfall during 2015-2020. The relationship
between TC inner rainbands and previous intensity change
before landfall was studied in this work based on a multiple
merged dataset CMPAS. Finally, 10 LTCs were selected to be
discussed. All LTC samples were classified into two groups
according to the definition of offshore RI events. It is found
that the offshore RI LTCs exhibit a relatively higher than average
rain rate in the inner core region compared to the non-RI LTCs.
Due to possible impact from land-sea contrast and topography,
the averaged inner rain rates for both offshore RI and non-RI
cases appear to have a tendency to increase after landfall. Even
though both composited temporal evolution of inner core rain
rates have a peak within 6 h of landfall, the composited RI LTCs
have a peak value a few hours earlier than that of non-RI cases.
Because most of the offshore RI LTCs have indeed higher landfall
intensities than those non-RI counterparts, stronger LTCs might
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have higher rain rate during their landfall process than weaker
ones. From previous studies, it is known that the large-scale
VWS, which favors the enhancement of TC intensity, might also
an important environmental factor for the development of deep
convection (Yu et al, 2017; Tsuji and Nakajima, 2019). The
offshore RI LTCs have more favorable background conditions for
the growth of both intensity and axisymmetric rainfall.

By defining an axisymmetric index, the axisymmetric rain rate
evolution of both offshore RI and non-RI cases are further discussed.
RMW is an important parameter in determining the inner core
region. Before compositing the RI LTCs and non-RI cases, the radius
change throughout the landfall process was carefully analyzed to
avoid mismatching the size difference and their rainfall distributions.
For both of the two composited azimuthal axisymmetric indices,
most of axisymmetric rainfall is concentric around the center, with
over 70% of axisymmetric rainfalls dominating the inner core region
within 3RMW. When the land-sea contrast and topography have a
gradual impact on the vertical structure of the LTCs, the inner core
region with higher percentage of axisymmetric rainfall before
landfall has lower azimuthal mean rainfall after landfall. It is
noted that there is an obvious inwards shrinkage of axisymmetric
rainfall for both offshore RI and non-RI cases, while the differences
only appeared after landfall. The non-RI LTCs have a sharper
collapse of axisymmetric rainfall soon after landfall, which means
that for non-RI LTCs the asymmetric components of rainfall
eventually dominate the distribution outside the RMW. This
could explain why weaker LTCs that have experienced
weakening before landfall will have much more unpredictable
rainfall distributions than RI cases. In 1508 Kujira and 1809 Son-
Tinh, the inner rainbands hardly disappeared after landfall
However, the distance rainbands caused by the Monsoon surge
might trigger robust heavy rainfall inland. It is therefore important
to further research the structure evolution and rainfall distribution
during the landfall process for weaker or already weakened LTCs.

Two typical LTCs (1713 Hato and 1714 Pakhar) were selected
to study the primary patterns of inner rainbands and its related
temporal evolution using EOF analysis. For the RI case, 1713 Hato,
the inner core rainband intensification exhibited an increase soon
after landfall, while the inner core rain rate was nearly double that
of the periods before landfall. The weaker LTC 1714 Pakhar shows
a pattern of spiral rainbands, but its increase of inner rainbands
lasted only 6h after landfall. Similar to previous numerical
studies, the inner rainbands presented a clockwise propagation,
and maximum intensification happened at the DL side in
1713 Hato. The enhancement of inner rainbands was observed
at the southern part of TC after landfall for both two typical LTCs.
This could be closely related to convective convergence and lifting
along coastal line, which triggered the enhancement of inner
rainbands a few hours after landfall.

It is suggested that the obvious outbreaks of rain rate can be
related to land-sea contrast in most LTCs. More precise studies of
the inner core structure during the landfall process might explain
the dynamic mechanism other than rainfall distribution. In this
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article, we only discussed the relationship between previous
intensity change and rainfall distribution of LTCs based on
observations. The inner dynamic mechanism to explain the
increase of inner rainbands within 6 h after landfall is hardly
known. Numerical simulation or three-dimensional vertical
structure analysis from other high-resolution observations
(e.g., dual polarization radar) might help to answer the
possible influence of topography and land-sea contrast,
particularly during the landfall process.
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