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Abstract: Considering the high risk of flooding during tropical cyclones (TCs), there is great practical
significance in researching and predicting precipitation during TC landfalls. Using NECP FNL
reanalysis data and GPM_MERGIR datasets, two TCs with similar trajectories, ARB 01 in 2002
and Luban in 2018, were analyzed. For ARB 01 and Luban, there are separate effects of wind
shear at different heights on the development of vertical motion. Meridional wind shear affects the
main deviation direction of vertical motion (downshear), while zonal wind shear mainly affects the
deviation direction of vertical motion to the left or right of downshear. The divergent configuration
of wind promotes the development of vertical motion. The influence of wind speed provided ideal
conditions for ARB 01 to generate symmetric precipitation along its path when it made landfall.
Additionally, more water vapor support was obtained from the southern Indian Ocean, which enabled
ARB 01 to have a larger and broader average precipitation rate after landing.

Keywords: tropical cyclones; precipitation; extreme tropical cyclone precipitation; extreme precipita-
tion; Arabian Sea

1. Introduction

Tropical cyclones (TCs) are often accompanied by extreme rainfall events when they
make landfall, which may trigger flooding. TCs are one of the most destructive natural
disasters in coastal regions of the world [1-3]. To better participate in emergency prepared-
ness and reduce the impact of disasters, TC-related forecasting is particularly important.
Although there has been significant progress in TC path predictions, there is still a large
deficiency in precipitation predictions, and this is due largely to the inability to accurately
predict rainfall distributions and intensities, thus leading to unexpected and often catas-
trophic disasters [4]. The total rainfall of a TC in the region depends greatly on the area
covered by rainfall and the translational speed of the storm [5]. TC rainfall distributions are
related to a variety of variables that include, but are not limited to, storm intensity, transla-
tional velocity, cyclone location, vertical wind shear (VWS), and large-scale environmental
conditions [6-9]. TC landfall rainfall is also affected by the interaction of meteorological
systems, which may lead to different rainfall distributions at seemingly similar landing
sites [10]. In all ocean basins, the asymmetry of precipitation is usually determined by the
motion of VWS and the TC over the sea surface, where the maximum precipitation occurs
mainly downshear and to the left side of the environmental shear vector [11,12]. Before a
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TC makes landfall, the maximum value of precipitation usually shifts to the front quadrant
with respect to its movement direction. After landfall, the maximum precipitation often
moves clockwise from the front right quadrant to the rear right quadrant, which can be
caused by the combined effect of land interaction, TC movement, and VWS [13].

The north Arabian Sea is a semi-enclosed sea with a distinct monsoon climate, and
TCs that usually bring heavy rainfall. TCs usually occur in May and June, associated
with the southwest monsoon, and in November, associated with high sea level pressure
in the Bay of Bengal [14]. As compared with the Bay of Bengal, less attention has been
given to the precipitation of TCs in the Arabian Sea because of their lower frequency. TCs
that make landfall on the Arabian Peninsula are particularly rare, but several strong ones
have brought disasters to the peninsula in recent decades [15]. For example, TC Gonu in
2007 crossed the easternmost Ras Al Hadd of Oman with winds of 164 km/h on 5 June,
bringing torrential rains of up to 610 mm near the eastern coastline, causing severe flooding
damage [16]. TC Phet made landfall near Al Ashkharah in eastern Oman on 3 June 2010,
and triggered torrential rains to wreak havoc on the area [17]. TC Chapala made landfall
near Al Mukalla on Yemen’s central coast on 3 November 2015, causing terrible rainfall
and secondary disasters [18]. Studies show that the frequency of extremely intense cyclonic
storms in the Arabian Sea is increasing [19], but there are few studies on the precipitation
of landfall cyclones in the Arabian Peninsula. Therefore, it is of theoretical and practical
significance to study TC precipitation (especially landfall precipitation) in the Arabian Sea.
In this paper, the precipitation intensity and distribution of two TCs landing with similar
tracks on the Arabian Peninsula were analyzed. Table 1 shows the cases of TCs used to
study landfall precipitation, which lists the time, positions, intensities, and central pressure
of their formation, landing, and disappearance.

Table 1. TC status, time, position, intensity, central pressure, and maximum wind speed is (MWS).

Central
TC (DD ll\l/l)l:/[t/eYYYY) Latitude (°N) Longitude (°E) (11:/[1.‘:181) Pressure
(hPa)
Generated 5 May 2002 8.6 67.7 25 1002
2002_ARBO01 Landfall 10 May 2002 16.5 53.3 32 997
Dissipated 10 May 2002 174 53.1 30 1000
Generated 5 October 2018 11.2 68.9 20 1004
LUBAN Landfall 14 October 2018 15.8 52.2 35 996
Dissipated 14 October 2018 16.5 51 25 1004

A comparative study of TC precipitation caused by ARB 01 in 2002 and Luban in
2018 was performed. The data and methodology are described in Section 2. The results
are presented in Section 3, and discussion analyses are presented in Section 4. Finally,
the conclusion is described in Section 5.

2. Data and Methodology
2.1. Data

The tracks of TCs ARB 01 and Luban were obtained from the Joint Typhoon Warning
Center (JTWC; https:/ /www.metoc.navy.mil/jtwc/jtwc.html accessed on 20 October 2021),
which provided typhoon forecasts for the Western Pacific and Indian Ocean basins. Data of
TC was at 6-hour intervals, including time, wind speed, and central location. The moving
speed of a TC can be calculated according to the moving distance of the TC center every
6 h. The tracks of the two TCs are shown in Figure 1. As shown there, the path of 2002 ARB
01 is similar to that of 2018 Cyclone Luban, where 2002 ARB 01 was generated at 18:00 on
5 May 2002, landed at 12:00 on 10 May 2002, and dissipated at 18:00 on 10 May 2002. TC
Luban was generated at 18:00 on 5 October 2018, landed at 06:00 on 14 October 2018, and
dissipated at 18:00 on 14 October 2018. Both TCs had similar central pressures at landfall,
but TC Luban’s maximum wind speed was slightly stronger than that of ARB 01.
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Figure 1. Paths and MWS (m-s 1) of tropical cyclones ARB 01 and Luban. ARB 01 is represented by
dots and Luban by lines.

The 0.5 h (0.1° x 0.1°) accumulated precipitation product was derived from GPM
IMERG Final Precipitation (GPM_3IMERGHH). The GPM extends the TRMM sensor load
and significantly improves its precipitation observation capability. Research has shown
that IMERG products are far superior to ERA-Interim (European Centre for Medium
Range Weather Forecasts) and TPMA-3B42 (TRMM and Multi-satellite Precipitation Anal-
ysis) products [20,21]. Data are available at https:/ /disc.gsfc.nasa.gov/datasets/GPM_
3IMERGHH_06/summary?keywords=%22IMERG%?20final%?22/ (accessed on 2 November
2021).

The GPM_MERGIR brightness temperature data with 0.5 h (4 km pixel resolution)
(equivalent blackbody temperature) originate from NOAA /NCEP. Products come from Eu-
ropean, Japanese, and American geostationary satellites (GOES-8/9/10/11/12/13/14/15/16,
METEOSAT-5/7/8/9/10, and GMS-5/MTSat-1R /2 /Himawari-8). The dataset has been
widely used in scientific research [22]. Data are available at https://disc.gsfc.nasa.gov/
datasets/GPM_MERGIR_1/summary/ (accessed on 5 November 2021).

NCEP FNL Operational Global Analysis data from the Global Data Assimilation
System (GDAS) are used to obtain horizontal wind, vertical velocity, relative humidity,
and air temperature. The data are available on temporal resolution of 6 h and the spatial
resolution is (5/2)° x (5/2)°. Data are available at https://rda.ucar.edu/datasets/ds083.2
/#description (accessed on 7 November 2021).

2.2. Methodology

The deep-level environmental vertical wind shear (EVWS) is usually defined as the dif-
ference of wind between 850 hPa and 200 hPa [9,23,24]. EVWS can be calculated according
to Equations (1)—(3):

Allooo_850 = Zi‘(uzoorzrussoi) 1)

o L1 (v200i —Vs50i)
Avppo_gs0 = = — 2
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VWS = (Augpo-g50) - | + (Avago—g50) - | (3)

where 1509 and ugs) are the zonal wind speed at 200 hPa and 850 hPa, respectively. vy
and vgsg are the meridional wind speed at 200 hPa and 850 hPa, respectively. VWS is the
calculated environmental VWS vector. The low-level environmental VWS is usually the
difference of wind between 700 hPa and 925 hPa, the calculation method is the same as
deep-level environmental VWS. This method is also very mature in its usage [12,25,26].

The water vapor flux (WVF) is the amount of water vapor flowing through a unit area
in unit time. WVF can be calculated according to Equation (4):

|WVEF|=1|V|q/g 4)

where v and g are the wind speed and specific humidity, respectively. g is the acceleration
caused by gravity. This method is also very mature in its usage [27].

3. Results
3.1. Precipitation Distribution

The precipitation caused by a TC can be divided into inner core precipitation and outer
rainband precipitation, where the total precipitation radius is often 300 km~500 km [28-30].
In this paper, the average and maximum precipitation rates in a region 400 km from the TC
center are calculated to study the precipitation difference between ARB 01 and Luban.

Figure 2 shows the surface precipitation rate distribution of ARB 01 and Luban during
the period of TC landfall and half an hour after TC landfall. TC ARB 01 made landfall at
12:00 on May 10, and precipitation was symmetrically distributed on both sides of the path
in the back quadrant of the TC center. After landfall, precipitation was concentrated on the
right and front of the TC center. TC Luban landed at 06:00 on October 14, and precipitation
was concentrated in the rear quadrant of the TC center. After landing, the precipitation
peak was still concentrated in the coastal area of the back quadrant. Table 2 shows their
average and maximum precipitation rates within a radius of 400 km. At the time of landfall,
the average and maximum precipitations of ARB 01 were less than those of Luban. After
landfall, precipitation of ARB 01 extended inland and took up a wider distribution range
with greater than 3 mm/h than that of Luban, although there was concentrated heavy
precipitation for Luban. The precipitation peak of ARB 01 was 17.05 mm/h, less than
that of Luban’s 35.49 mm /h, but the average precipitation of ARB 01 (0.0042 mm/h) was
stronger than that of Luban (0.0015 mm/h) within a radius range of 400 km.

Table 2. Average precipitation rate and maximum precipitation rate in a radius range of 400 km of
the TC central pressure.

. . Average Maximum
Tropical Cyclone Date and Time Precipitation (mm/h) Precipitation (mm/h)
ARB 01 10 May 2002 12:00 0.0077 34.07
10 May 2002 18:00 0.0042 17.05
14 October 2018 06:00 0.0099 60.80
Luban

14 October 2018 12:00 0.0015 35.49
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Figure 2. Precipitation (mm/h) distribution for ARB 01 on (a) 10 May 2002 12:00 and (b) 10 May 2002
18:00, and Luban on (c) 14 October 2018 06:00 and (d) 14 October 2018 12:00.

3.2. Brightness Temperature

As changes in the TC distribution of wind and precipitation can be studied using
brightness temperature (BT), this and deep-level environmental VWS of the two TCs before,
during, and after the TC made landfall are given in Figure 3. The lower the BT is, the higher
the cloud top and the stronger the convection [31,32]. When BT is less than —75 °C, it is
defined as the deep convection region [33]. Overall, the distribution in BT is essentially
consistent with the precipitation in Figure 2. Before landfall, the VWS of ARB 01 and Luban
were in the forward direction of the TC center, when the convection region appeared to the
left of downshear. During landfall, the VWS direction of ARB 01 was in the direction of
the TC, and the convection region appeared in the TC center and its right side, especially
in the back quadrant of the TC center. BT was at the minimum at this position, and
the deep convection region of —76.15 °C may be the main reason for the symmetrical
distribution of precipitation. The VWS direction of the Luban rotated counterclockwise,
which was opposite to the direction of the TC, where the convective region was to the left
of the VWS. After landing, the VWS direction of ARB 01 was still in the positive quadrant
of the TC direction, but the convection region was on the right side of the VWS. The
direction of the VWS of Luban was in the opposite direction of the direction of TC, and the
convection region was C-shaped surrounding the TC center, where the convection on the
right side of downshear was stronger than that on the left. The low BT can reflect the spiral
rainbands [34]. During and after the landfall of the TC, the spiral rainbands of ARB 01
were mainly distributed inland, and the spiral rainbands of Luban were mainly distributed
along the coast. The distribution characteristics of the spiral rainbands are consistent with
the precipitation distribution shown in Figure 2.
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Figure 3. Brightness temperature (°C) distribution of ARB 01 on (a) 9 May 2002 18:00, (b) 10 May 2002
12:00, and (c) 10 May 2002 18:00, and Luban on (d) 13 October 2018 12:00, (e) 14 October 2018 06:00,
and (f) 14 October 2018 12:00. The black arrow indicates the direction of the deep-level environment
VWS.

3.3. Wind Speed

Yu et al. [35] calculated the estimated rainfall values of 133 landing TCs in China
to test the relationship between TC intensity and rainfall distribution and found that the
average rainfall rate and area of average rainfall were closely related to TC intensity, but
there was no significant relationship between the maximum rainfall rate and TC intensity.
Figure 4 shows the distribution of wind speed (WS) at 850 hPa of ARB 01 and Luban before,
during, and after making landfall. From the correspondence between the WS and strong
convection, it can be seen that wind intensity is also one of the reasons for determining
the precipitation distribution in ARB 01 and Luban. The WS of ARB 01 was asymmetrical
around the TC center before (Figure 4a), during (Figure 4b), and after landing (Figure 4c),
but the WS was symmetric along the TC path at landing (Figure 4b). After the TC made
landfall (Figure 4c), the WS was mainly concentrated on the right side of the TC path. The
WS played an important supporting role in both symmetric precipitation on the TC path
during landfall, and precipitation was mainly concentrated on the right side of the TC path
after landfall. The Luban WS was symmetric about the TC center before landfall (Figure 4d),
and asymmetric during (Figure 4e) and after landfall (Figure 4f), where the strong wind
was concentrated on the right side of the TC path. Asymmetric WS plays an important role
in supporting the asymmetric distribution of precipitation. In addition, it can be seen from
Table 3 that the average wind speed of ARB 01 within the radius range of 400 km around
the TC center was weaker than that of Luban, but the average wind speed of ARB 01 within
the radius range of 400-1000 km around the TC center was stronger than that of Luban.
After landing, ARB 01 was stronger than Luban in both carrying water vapor from the sea
and invading the land interior, bringing more water vapor support for precipitation.
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Figure 4. Wind speed (m/s) distribution of ARB 01 on (a) 9 May 2002 18:00, (b) 10 May 2002 12:00,
and (c) 10 May 2002 18:00, and Luban on (d) 13 October 2018 12:00, (e) 14 October 2018 06:00, and
(f) 14 October 2018 12:00. Black dots indicate the TC center.

Table 3. Average wind speed in a radius range of 400 km (400-1000 km) around the TC center.

Average Wind Speed  Average Wind Speed
in a Radius Range of  in a Radius Range of

Tropical Cyclone Date and Time 400 km around the TC  400-1000 km around
Center (m/s) the TC Center (m/s)
10 May 2002 12:00 12.7 10.2
ARB 01 10 May 2002 18:00 11.6 9.7
Lub 14 October 2018 06:00 14.4 8.3
uban 14 October 2018 12:00 13.0 6.8

3.4. Water Vapor Flux

Figure 5 shows the WVF distribution of ARB 01 and Luban at 850 hPa during and after
making landfall. WVF represents the water vapor source for TC precipitation. The water
vapor sources of the two TCs are both from the sea surface and continuous water vapor
transport from the southern Indian Ocean. Compared with Luban, ARB 01 has a tendency
to carry more water vapor inland and has a stronger ability to transport water vapor from
the sea after landfall. Figure 6 shows the variation of regional average water vapor flux
of the two TCs with time series. Since 18 h before the TC’s landing, the water vapor
transported by ARB 01 had already exceeded Luban. After the TC’s landing, the amount
of water vapor transported between ARB 01 and Luban was further expanded, providing
more water vapor and more sustained water vapor support for ARB 01’s precipitation.
More water vapor supports the regional average precipitation of ARB 01.
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Figure 5. Water vapor fluxes distribution of ARB 01 on (a) 10 May 2002 12:00, and (b) 10 May 2002
18:00 at level = 850 hPa and Luban on (c) 14 October 2018 06:00, and (d) 14 October 2018 12:00 at
level = 850 hPa. Black dots indicate the TC center.
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4. Discussion
4.1. Vertical Wind Shear and Atmospheric Vertical Motion

Many scholars have studied the relationship between vertical shear and vertical
motion of wind. For example, Frank and Ritchie [36] conducted a series of numerical
simulations of TCs in an idealized large-scale environment and found that the maximum
upward motion was continuously located on the left side of the downshear. Furthermore,
Corbosiero and Molinari [37] proposed three mechanisms for vertical motion on the left
side of downshear, namely the upper anticyclonic shear advection along the center of
shear, the (3 effect, and the relationship between zonal wind and meridional potential
vorticity. Generally, the maximum vertical movement is located to the left of the downshear,
while heavy precipitation continues to move farther with the counterclockwise rotation
of TC [38]. However, Finocchio et al. [24] conducted statistical analysis on environmental
wind profiles of 7554 TC cases in the tropical Northern Hemisphere and found that VWS
occurred in separate locations under different conditions, so both high and low levels may
be affected by VWS. Demonstrating this, Figure 7 shows the variations in the 200-800 km
mean meridional zonal wind at different levels.

In Figure 7a,b, it can be observed that shear mainly occurs at low levels below 600 hPa
and high levels above 400 hPa. The low-level shear tends to the southeast direction, the
high-level shear tends to the northwest direction, and the low-level shear is weaker than the
high-level shear (Figure 7a). Combined with the observations in Figure 8a, it can be found
that weak shear at a low level (low-level environment VWS has a value of 2.67 m/s) has
difficulty preventing the development of vertical motion. Therefore, affected by high-level
shear, vertical motion tends to be in the downshear of the deep-level environment VWS.
Due to the strong upper-air north wind shear (Figure 7a), the vertical movement tends
to the right of the downshear. In Figure 7b, the low-level (high-level) shear tends to the
southeast (northwest), where the low-level shear is slightly weaker than the high-level
shear. Combined with the observations in Figure 8b, it can be found that when the low-level
shear is stronger, vertical movement is mainly controlled by the low-level shear (low-level
environmental VWS has a value of 4.65 m/s), with the north wind shear and the preference
for vertical movement along the left side of the downshear. In Figure 7c,d, shear mainly
occurs at the low level below 600 hPa, the medium level between 400-600 hPa, and the
high level above 200 hPa. The meridional and zonal winds are equal in magnitude and
opposite in direction below 700 hPa. Therefore, the vertical movement below 700 hPa
mainly occurred in the TC center (Figure 9a). In the rising process (Figure 7c), influenced
by easterly shear, the vertical movement tended to downshear the deep-level VWS. As of
the strong north wind shear in the middle layer, the vertical movement tends to the left side
of the downshear. In Figure 7d, the shear changes from a low to a high level in a southeast
direction. In the middle layer, the shear is influenced by weak north wind shear, so the
vertical movement mainly tends to follow the shear direction of the deep-level environment
VWS. In addition, the vertical movement on the south side of the shear is stronger than
that on the north side, forming the C-shaped convection region in Figure 3f.
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Figure 7. Variation in 200-800 km mean meridional (U_wind)(m/s) and zonal (V_wind)(m/s) winds
at (a) 10:12, May 2002, (b) 10:18, May 2002, (c) 14:06, October 2018, and (d) 14:12, October 2018.

Summarizing, wind shear has an overall influence on the organization of vertical
motion by the deep-level environment VWS and is further adjusted by mid-level shear.
When mid-level shear is stronger, the vertical movement tends to the shear direction as
a whole and then tends to the north side of the downshear under the influence of zonal
wind (Figure 9a). When mid-level shear is weaker, the vertical motion in the middle layer
tends to be slightly in the direction of zonal wind deflection (Figure 9b). When the zonal
and meridional wind have a large difference in intensity, when low-level shear is stronger
(weaker), vertical movement is mainly influenced by low-level (high-level) shear and
vertical movement toward the direction of the low-level (deep-level) environment VWS in
Figure 8b (Figure 8a). For ARB 01 and Luban, meridional wind shear mainly affects the
deviation direction (downshear) of vertical motion, and zonal wind shear mainly affects
the deviation direction of vertical motion to the left or right of the downshear.
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Figure 8. The vertical velocity (hPa/H) distribution of ARB 01 during (a,c,e) and after landfall (b,d,f)
at level = 850 hPa, level = 500 hPa, and level = 200 hPa. The black arrow represents the deep-level
environment VWS, and the red arrow represents the low-level environment VWS.
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Figure 9. The vertical velocity (hPa/H) distribution of Luban during (a,c,e) and after landfall (b,d,f)

at level = 850, level = 500, and level = 200. The black arrow represents the deep-level environment
VWS, and the red arrow represents the low-level environment VWS.
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4.2. Divergence Configuration

The configuration of convergence at a low level and divergence at a high level are
conducive to the development of upward motion and the growth of strong convection [38,39].
Figures 10 and 11 show the divergence field distribution of ARB 01 and Luban at 850 hPa
and 200 hPa. Negative (positive) values of divergence indicate convergence (divergence).
During and after the landing of ARB 01, there was a strong divergence in the upper right
part and convergence in the lower right part along the TC path, which promoted the
upward movement on the right side of the TC path. Luban was also configured with low-
level convergence and upper-level divergence during and after making landfall. During
the landing period, upper-level divergence mainly occurred on the right side of the TC
path (Figure 11a), while low-level convergence was almost symmetrical on both sides of
the path (Figure 11c), with stronger convection on the right side of the TC path (Figure 3e).
After making landfall, the low-level convergence zone is distributed on the left side of the
TC path (Figure 11d), and the high-level divergence zone is distributed on both sides of
the path (Figure 11b), resulting in the convection on the left side being stronger than that
on the right (Figure 3f). Therefore, under the guidance of the atmospheric environment,
convection is further strengthened.

(a) 10 May 2002 12:00 (b) 10 May 2002 18:00
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Figure 10. The divergence (107° s~1) of ARB 01 during and after landfall. (a) 10 May 2002 12:00,
(b) 10 May 2002 18:00 at level = 200 hPa; (c) 10 May 2002 12:00, (d) 10 May 2002 18:00 at level = 850 hPa.
The black dot indicates the TC center.
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Figure 11. The divergence (10~ s~ 1) of Luban during and after landfall. (a) 14 October 2018 06:00,
(b) 14 October 2018 12:00 at level = 200 hPa; (c) 14 October 2018 06:00, (d) 14 October 2018 12:00 at
level = 850 hPa. The black dot indicates the TC center.

4.3. The Coordination of WVF and Vertical Velocity in Vertical Direction

Figure 12 shows the zonal profiles of WVF and vertical velocity during and after
landfall for ARB 01 and Luban. Figure 13 shows the meridional profiles of WVF and
vertical velocity during and after landfall for ARB 01 and Luban. For ARB 01, during
landfall in the zonal direction (Figure 12a), ascending movement mainly occurred on the
north side of the TC center with a maximum ascending velocity of —2.5 hPa/H and on the
south side with a maximum ascending velocity of —1 hPa/H below 700 hPa. The WVF in
the south is closer to the core of TC. In the north, although there is strong vertical movement
in the spiral rain belt and less water vapor supply, the precipitation in the north is weaker
than that in the south of the TC center. In the meridian direction (Figure 13a), water vapor
is noticeably concentrated on the east side of the TC center due to the ocean providing
more water vapor sources. After landfall, the WVF and vertical velocity are closely linked.
In Figure 12b, the vertical velocity rising to a higher altitude is generally inclined to the
north side of the TC center and carries a small amount of water vapor. In Figure 13b, both
the vertical velocity and WVF are clearly concentrated on the east side of the TC center,
so precipitation is concentrated on the east side of the TC center.
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Figure 12. Zonal profiles of WVF and vertical velocity during and after landfall of ARB 01 (a,b) and
Luban (c,d), where background colors indicate WVE. Black contour lines indicate vertical velocity.

For Luban, during landfall in the zonal direction (Figure 12c), the vertical movement
of the atmosphere is close to the TC center, the rising height is insufficient, and the height
is below 600 hPa. In the meridional direction (Figure 13c), the WVF is concentrated on
the east side of the TC center near the ocean, and the vertical movement is offset between
600-800 hPa. After landfall, in the zonal direction (Figure 12d), the WVF tends to the north
side of the TC center, but the vertical movement tends to the south side of the TC center
from low to high. In the meridian direction (Figure 13d), the WVF on the east side of the TC
center is noticeably stronger than that on the west side, but the vertical movement of water
vapor on the west side of the TC center rises higher and then tends to the east side. The
combination of vertical motion and poor WVF results in no heavy precipitation in the core.
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Figure 13. Meridional profiles of WVF and vertical velocity during and after landfall of ARB 01 on

(a) 10 May 2002 12:00, (b) 10 May 2002 18:00, and Luban at landfall on (c) 14 October 2018 06:00, and

(d) 14 October 2018 12:00.

5. Conclusions

The environmental VWS, BT, WS, and WVF and the divergence of TCs ARB 01 and
Luban with same paths were analyzed to study the influence on precipitation distribution.
It was identified that for ARB 01 and Luban, meridional wind shear affects the main
deviation direction of vertical motion (downshear), while zonal wind shear mainly affects
the deviation direction of vertical motion to the left or right of downshear. When ARB 01
made landfall, because of the influence of high-level wind shear, convection was mainly
distributed on the right side of the shear of deep-level environment VWS. However, as
there was not enough water vapor, heavy precipitation could not form on the right side of
the shear. After landfall, convection with the influence of low-level shear mainly occurred
on the right side of the downshear of low-level environment VWS. Luban was generally
influenced by deep-level environment VWS and adjusted by wind shear in the middle
layer. Additionally, it was shown that the divergence configuration of high-level and low-
level divergence promoted the development of vertical movement, and further provided
environmental support for precipitation distribution.

Precipitation requires abundant water vapor support in addition to vertical movement.
Due to the lack of water vapor support, at the north side of the TC when ARB 01 landed and
in the core of the TC after Luban landed, heavy precipitation could not be formed. Under
the influence of the TC wind field, although the overall WS of the ARB 01 circulation was
weaker than that of Luban, the WS of the peripheral flow field was stronger than that of
Luban. Under this influence, more water vapor support can be obtained from the southern
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Indian Ocean. After landing, the average precipitation rate of ARB 01 was stronger than
that of Luban. At the time of landing, the WS of ARB 01 was approximately symmetric
about the path, while the strong WS of Luban was biased to the right of the TC path. This is
also one of the reasons why the precipitation of ARB 01 was symmetric about the TC path,
while the precipitation of Luban was biased to the right of the TC path.
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