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In this paper, multiple sets of reanalysis datasets are used to analyze the intensity of
the Asian summer monsoon from 1979 to 2021. Typhoon Soudelor (No. 1513) and
Typhoon Maria (No. 1808) were selected from the weak monsoon year 2015 and
the strong monsoon year 2018, both of which were generated in the Northwest
Pacific in July and made landfall in South China. The Weather Research and
Forecasting Model (WRF) was used to simulate the two typhoons, starting 48 h
prior to their landfall. The reasons for the differences in precipitation and how the
monsoon affects typhoon precipitation in this process are analyzed from the
aspects of monsoon background, ambient weather systems, typhoon
thermodynamic structure, and water vapor conditions. The analysis shows that
the circulation of Soudelor was stable and maintained for a long time. Despite
existing in the background of a weak monsoon, the monsoon flow was able to
reach the key area affecting typhoons and inject enough warm and moist flow to
affect Soudelor. Combined with the analysis of typhoon structure, the strong
water vapor transport of Soudelor and increased low-level convergence were
conducive to the formation of typhoon-related rainstorms. The monsoon
appeared to provide environmental conditions favorable for typhoon
precipitation, resulting in a wide range of precipitation and heavy precipitation.
Typhoon Maria developed and changed rapidly, moved rapidly, and the
precipitation maintained itself for a relatively short time. The monsoon flow
was not transported into Maria, resulting in insufficient water vapor inside
Maria, which prevented the strengthening of typhoon precipitation. The
precipitation of Maria mainly came from the dynamics of the typhoon itself
and was not affected by the monsoon. In addition, this study defines an area
on the southwest side of the typhoon moving with the center of the typhoon as
the key area affecting typhoons. The characteristics of this area can be simply
linked to typhoon precipitation, which can be considered an important research
area for future analysis and prediction of typhoon precipitation.
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1 Introduction

China is the country with the largest number of tropical cyclones
(TCs) in the world and is among the countries with the worst
typhoon disasters. The main factors that cause typhoon disasters are
typhoon gales, heavy precipitation, and storm surge, coupled with
secondary disasters such as floods and debris flows. Among these,
typhoon rainstorms are one of the most frequent disasters. Many
extreme rainfall records are related to tropical cyclone activities,
posing great threats to life and property (Tao, 1980; Zhang et al.,
2009; Zhang et al., 2011; Emanuel and Centre, 2018). Therefore, it is
of great scientific significance to study the characteristics of typhoon
precipitation, in addition to addressing the urgent need for national
disaster prevention and mitigation.

According to the statistical analysis of the CMA-STI tropical
cyclone best track dataset of the China Typhoon Network from
1949 to 2019, the TCs that made landfall in China are concentrated
in the Taiwan Strait and along the coastline of the Beibu Gulf to the
south, mostly in July-September (Su et al., 2021). The Asian summer
monsoon evolves during this time, first initiated in the Bay of Bengal
in early May before advancing eastward to the South China Sea and
the tropical Northwest Pacific (Wu et al, 2013). The highest
frequency of landfalling TCs in China basically coincides with
the strongest period of the Asian summer monsoon, and the
active areas are also consistent with each other. Therefore, the
monsoon flow is likely to interact with typhoons during landfall
and affect associated extreme weather activities.

A typhoon is a strong and deep warm cyclone with sufficient
water vapor and strong ascending motions. However, the intensity
of typhoon precipitation is not completely affected by the internal
structure and intensity of the typhoon. Rather, it is often the result of
the interaction of different scale systems, and the influence
mechanisms are very complex and diverse. The large-scale
environmental field also plays an important role in typhoon
precipitation, and the role of the East Asian summer monsoon is
certainly worthy of attention. The intensity of precipitation during
typhoon landfall is largely due to the environmental conditions
related to monsoon dynamics, the magnitude of water vapor
transport, the low-level transport of moist static energy, and the
supplement of vortex energy (Lei and Chen, 2001; Lei and Chen,
2003; Chen et al., 2004; Chen et al., 2010; Chen and Xu, 2017).
Tropical Storm Bilis (No. 0604) is a typical example of the
interaction between a landfalling typhoon and a monsoon surge.
It encountered the monsoon surge as it traveled westward. The water
vapor and energy provided by the monsoon surge and the strong
low-level convergence under the strong monsoon background
allowed the typhoon remnant vortex to recover, Bilis was
maintained for an extended time and caused stronger typhoon-
related precipitation (Teng et al., 2008; Wang et al., 2010a; Wu et al.,
2021). Typhoon Morakot (No. 0908) was similar to Bilis. Its
interaction with the prevailing southwest monsoon before and
after landfall was the main mechanism of typhoon heavy rainfall,
breaking many precipitation records in Taiwan and causing serious
flooding, i.e., the “August 8 Flood.” Chang et al. (2017) analyzed the
effects of convergence intensity and water vapor content of
Morakot-related precipitation with the Weather Research and
Forecasting Model (WRF) by changing the intensity of the
southwest monsoon (Chang et al., 2017). The results show that
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they are positively correlated and associated with precipitation
enhancement. Additional studies have shown that due to the
low-frequency oscillation of the East Asian summer monsoon,
the monsoon surge features a northward propagation, which
continues to provide water vapor for typhoons, thus affecting the
heavy rainfall in typhoons (Liu et al, 2022a). Therefore, how
monsoon flow affects typhoon activity, especially regarding its
impact on heavy precipitation, needs further study.

Typhoon Soudelor (No. 1513) and Maria (No. 1808) were both
generated in the Northwest Pacific in July when the summer
monsoon was strong and hit Taiwan, South China, and other
regions in China. Their paths were similar, but the intensities of
the two monsoons were different. It remains unclear how monsoon
flows will affect East Asian typhoons under different summer
monsoon backgrounds. In this paper, the WRF mesoscale
numerical weather prediction model is used to simulate the 48-h
process coincident with the two typhoons making landfall.
Combined with the global reanalysis data, the landfall processes,
precipitation results, and basic atmospheric elements of the two
typhoons under strong and weak monsoon backgrounds are
compared and analyzed, and the nature by which the
precipitation of each typhoon is affected by the differing
monsoon flows is discussed.

2 Data and methods
2.1 Datasets

In this study, the global climate and weather reanalysis data
ERA5 from the European Centre for Medium-Range Weather
Forecasts (ECMWF) is used as the initial and boundary
conditions of the WRF model, it is also used to analyze the
typhoon circulation situation and verify the WRF precipitation
simulation results, with time resolution is 1 h and the horizontal
resolution is 0.25° x 0.25°. The Integrated Multi-satellite Retrievals
for GPM (IMERG) from Global Precipitation Measurement (GPM)

TABLE 1 WRF V4.2 model configuration.

Name Description

Background field ERA5 (0.25°%0.25°)

Simulation region D01:550%247x70; D02:418%x340x70

Horizontal resolution DO01:18 km; D02:6 km

Vertical top height 50 hPa
Vertical layers 70 layers
Cloud microphysics parameterization WSM3
longwave radiative RRTM
shortwave radiation Dudhia
surface layer parameterization s MM5
land surface parameterization Noah

cumulus parameterization Kain-Fritsch(new Eta)

Planetary boundary layer YSU
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FIGURE 1
Simulation region, the shadow represents terrain height (unit: m).

is used as observation data to verify the WRF precipitation
is 0.5h and the
horizontal resolution is 0.1° x 0.1°. The typhoon observation data
are from the IBTrACS (International Best Track Archive for Climate
Stewardship) dataset, including the position and pressure of the

simulation results, with time resolution

center and maximum sustained wind speed.

2.2 Model and experimental design

The global reanalysis data ERA5 is used as the background initial
field and the WRF V4.2 is used to simulate Soudelor and Maria. All
times are given in universal Time Coordinates. The simulation time
of Soudelor (2015) is from 1800 6 August to 1800 8 August, and the
simulation time of Maria (2018) is from 0600 9 July to 0600 11 July.
These 48-h periods coincide with the northwestward typhoon
movement process into mainland China after crossing the 48-h
warning line for typhoons in China.

The detailed mode configuration scheme is shown in Table 1.
The simulation adopts a two-layer nest whose specific areas are
shown in Figure 1, both of which have a vertical resolution of
70 layers. The outermost layer—the entire monsoon region—has a
horizontal resolution of 18 km; the innermost layer—the typhoon
area—has a finer horizontal resolution of 6 km.

2.3 South Asia summer monsoon index
calculation

The total horizontal wind components (u, v) are divided into
two subcomponents, the vertical mean (u,,, v,,) and vertical shear
(us, vs) values (deviating from each horizontal vertical mean), as
follows:
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U=1u,+uandv="v, + v, (1)
noting that the mean component is defined as:

1
Po— Pt

On= 5| Odp @
where the integration takes place over the approximate depth of the
troposphere, from p, = 1,000 hPa to p, = 100 hPa.

Using the above equation, the kinetic energy and its components
can be expressed as:

igj (o + ) dp, 3)
:ij w2+ 2 )dp, (4)
ZLJ w2 +47)dp, )
K=K, +K, (6)

Here, K,, is the vertically averaged flow energy (barotropic
component), and K is the shear flow energy (baroclinic component).
Xuand Chen. (2002) pointed out that the kinetic energy over South Asia
is dominated by K. The South Asian summer monsoon and the East
Asian summer monsoon are interdependent to some extent, and their
intensities are obviously related to the same land-sea contrast on the
global scale. In this paper, the average shear K in the region bounded by
0-20°N, 40-100°E is defined as the South Asian Summer Monsoon Index
(SASMI) (Xu and Chen, 2002).

2.4 Dynamic monsoon surge index
According to the definition within the “Meteorology

Vocabulary” of the American Meteorological Society, a
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monsoon surge is the temporary extension of monsoon flow to a
place that is usually not dominated by continuous monsoon flow.
Under the background of the Asian summer monsoon
the
significant increase in wind speed and a significant change in

circulation, monsoon surge is characterized by a
weather phenomena and is highly correlated with the low-level
jet. Previously, the monsoon surge was often defined as the
regional average of the 850-hPa zonal wind over the
designated area (Dong et al., 2010). However, considering the
east-west movement of typhoons in the Northwest Pacific, the
dynamic monsoon surge index (DMSI) (Zhao et al., 2021; Liu
et al., 2022b) is used to distinguish between the typhoon
circulation and monsoon surge circulation before and after

typhoon landfall, which is defined as:

X
DMSI = NZU“O [x4ow710w,)’zosfo] (7)
n=1

Here, Ugs represents the 850-hPa zonal wind. The square
brackets indicate the dynamic range of the monsoon surge, that
is, a longitude range of 40°-10° to the west of the typhoon and a
latitude range of 20° to the south of the typhoon. The DMSI is the
average of N grid points in this range. This method ensures that
the typhoon is always in the center of the study area, and the
monsoon surge is always located to the southwest of the
typhoon.
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3 Circulation background and landfall
situation

3.1 Circulation background

Typhoons Soudelor and Maria were generated on 30 July
2015 and 4 July 2018, respectively, during the month with the
strongest Asian summer monsoon (Supplementary Figure SI).
However, the background monsoon intensities associated with
the two typhoons were different (Supplementary Figure S2),
considering that 2015 was a weak monsoon year and 2018 was a
strong monsoon year. The strong and weak years of the East Asian
summer monsoon will feature certain differences in water vapor
conditions circulation
The

typhoon may also be different under different circulation

transport and dynamic background

conditions. interaction between the monsoon and the
backgrounds.

The 500-hPa geopotential height and wind field at
1800 6 August 2015 are shown in Figure 2A. At this time, the
mid-tropospheric airflow in the middle and high latitudes of Asia
has assumed the form of “two troughs and two ridges.” A trough
extends from the northeastern part of Mongolia to the northern part
of Hubei, which affects the westward extension of the western Pacific
subtropical high. The subtropical high is zonally distributed. The
ridge line of the subtropical high is located at about 35°N, its main
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The observation and simulation of (A) the path of Soudelor and Maria, and the minimum sea level pressure at the typhoon center (unit: hPa) for (B)
Soudelor and (C) Maria. Panels (D, E) are the same as in (B, C), but for the maximum wind speed of the typhoon center (unit: m/s).

body occupying the western Pacific with the strongest center located
over southern Japan, where the intensity reaches 592 dagpm and the
westernmost ridge point reaches as far as 120°E. At this time,
Typhoon Soudelor moved northwestward along the southern
extent of the subtropical high with strong intensity. This “saddle-
shaped” circulation situation can slow the translation speed of the
typhoon, thus providing favorable conditions for the maintenance of

Frontiers in Earth Science

the typhoon and the enhancement of precipitation (Wang et al.,
2010b). The 500-hPa geopotential height and wind field at
0600 9 July 2018 are shown in Figure 2B. There is a cyclonic
center (vortex) of 560 dagpm over Lake Baikal, and the
subtropical high in the western Pacific is strong, showing a zonal
distribution. There is an anticyclonic center of 592 dagpm in the
southern and eastern seas of Japan. The ridge line of the subtropical
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high is distributed in an east-west direction and was located near
30°N. The western ridge line of the subtropical high extends to the
mainland, and the westernmost ridge point extends to 110°E. The
guiding airflow was strong, and Typhoon Maria moved rapidly
westward along the subtropical high. From the 850-hPa wind field in
Figures 2C, D, it is evident that there is a jet stream to the south of
Soudelor, which obviously connects the southwest monsoon flow
with the cyclone’s circulation. This jet stream belt can transport
water vapor and low-level moist static energy to the typhoon and
affect its precipitation intensity. Different from Soudelor, the
southwest monsoon flow at 60°-100°E is stronger, but the
southwesterly wind speed on the south side of Maria was much
smaller.

3.2 Typhoon landfall situation

Both Soudelor and Maria were summertime super typhoons
generated in the Northwest Pacific. Maria had a strong intensity
and maintained itself for a long time (up to 81 h) as a super typhoon.
After generation, their movement paths were consistent, to the west-
northwest. Their intensity gradually increased to attain super typhoon
status, before finally making landfall in Fujian Province, China.
Soudelor first made landfall in Taiwan Province, before making a
second landfall in Fujian Province after crossing the Taiwan Strait.

Using the historical track data of TCs in the IBTTACS dataset, the
accuracy of the track and intensity of the two typhoons in the 48 h of
this numerical simulation was tested. Figure 3A shows the comparison
of the track results near the time of the typhoon landfalls. It can be
seen that the track simulation (red) of Typhoon Soudelor is more
accurate before landfall in Taiwan Province, but there is a large
deviation after its initial landfall in Taiwan Province, and there are
some deviations until the second landfall in Fujian Province. The track
simulation result of Typhoon Maria track (blue) is satisfactory, but
also demonstrated a northerly bias in the last two moments after
landing in Fujian Province; otherwise, the simulation basically
coincides with the observation. In general, the process of two
typhoons moving northwest is well simulated, which is beneficial
to the following research. However, there are different degrees of
deviation after landfall, which may be related to the influence of land
friction on the typhoon; but as far as the landfall points are concerned,
the two typhoons are closer to the actual situation, with almost no
time delay. It can also be seen that within 48 h of the same duration,
the track of Typhoon Maria is longer than that of Soudelor, indicating
that the typhoon moved and developed faster. Figures 3B-E compares
the observed and simulated minimum sea level pressure at the
typhoon center and the maximum wind speed at the typhoon
center to test the simulation effect of typhoon intensity. It can be
seen that over the course of 48 h, the numerical testing scheme
simulates the process of typhoon intensity maintenance and
weakening, and the overall trend is consistent with the actual
situation. However, in both observations and simulations, the
intensity of Typhoon Maria (blue) changed more than that of
Typhoon Soudelor (red), implying that Maria weakened faster;
while the pressure of Soudelor in the early and middle stages
little.
decompression process that was accompanied by an increase in

changed Soudelor also  experienced a significant

wind speed, which was conducive to the maintenance of its intensity.
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4 Typhoon precipitation simulation
results

The WRF simulated 12-h cumulative precipitation spatial
distribution for typhoons Soudelor and Maria are verified by
using ERA5 reanalysis data and GPM precipitation observation
data in Figures 4, 5. Upon comparison with the ERA5 reanalysis
data, the WRF simulation more closely mirrors the precipitation
level and spatial distribution found in the GPM precipitation
observation data. Conversely, the ERA5 appears to underestimate
the precipitation process. Such findings underscore the WRF
model’s superior capability in simulating the precipitation
processes of the two typhoons. Furthermore, the resolution of
ERAS5 is more coarse than that of the WRF, limiting its ability to
capture the mesoscale intricacies of typhoon precipitation.
Consequently, the WRF model was chosen to simulate the
precipitation of the two typhoons for this study. In the 48 h of
simulation, Soudelor and Maria moved along a northwest trajectory,
bringing strong precipitation to Taiwan, Fujian, and Zhejiang
provinces, and affecting Jiangxi, Hunan, Guangdong, and other
provinces. It can be seen from Figures 4, 5 that the precipitation
distribution characteristics of the two typhoon processes have
obvious asymmetry. The 12-h cumulative simulated precipitation
exceeds the magnitude of the heavy rainstorm by 140 mm in many
places and at many times. In particular, the cumulative precipitation
of Soudelor (Figures 4A-D) exceeded 210 mm or even 240 mm in
many places, and the precipitation range was also much larger than
that of Maria. The precipitation is relatively concentrated, while
Maria (Figures 5A-D) moved faster, the position of the precipitation
center changed faster, and the intensity and range of precipitation
were not as strong as Soudelor. Combined with the 3-h cumulative
precipitation map of the two typhoons in Figure 6, it can be seen that
the cyclonic characteristics of Soudelor’s precipitation are more
obvious, with a widely extended spiral rain belt with large
precipitation intensity. Before the first landfall in Taiwan
Province, the large-value area of precipitation was mainly on the
southeast side of the typhoon. Upon landfall, the large-value area of
precipitation gradually moved to the land area. Especially after the
second landfall in Fujian Province, the large-value area of
precipitation was mainly located in Fujian Province, Zhejiang
Province, and western Taiwan, further noting a gradual reduction
in Soudelor’s precipitation range. In contrast, Maria’s spiral
rainbands were less extensive, and the precipitation was mainly
distributed on the southeast side of the typhoon. As the typhoon
approached northern Taiwan, the precipitation on the south side of
the typhoon gradually increased. After landfall, the precipitation was
mainly distributed in Fujian Province and Zhejiang Province.

5 Possible reasons for the rainfall

5.1 Characteristics of the wind field and
water vapor flux

From the previous section, we can see that during the two
typhoons, the western Pacific subtropical high extended significantly
westward, and the formation of Soudelor led to a relatively more
stable “saddle-shaped” The westward

circulation situation.
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FIGURE 4

The cumulative precipitation per 12 h (unit: mm) for Soudelor (A—D) WRF simulation results, (E-H) GPM precipitation observations and (I-L)

ERAS reanalysis data.

extension point of Maria’s subtropical high extended inland into
China. The circulation background of both typhoons was conducive
to the northwest movement, thus affecting the location of
precipitation. In addition, water vapor may have played a more
important role in their heavy precipitation. To analyze the influence
of Asian summer monsoon flow on typhoon precipitation, the 850-
hPa wind field and water vapor flux field were compared and
analyzed. It can be seen from Figure 7 that both Soudelor and
Maria had obvious southwest monsoon flow on the southwest side
during their landfall. According to the above analysis, the monsoon
background and southwest monsoon flow of Soudelor were weaker,
but the monsoon flow can also be transported from the Indian
Ocean to the South China Sea, allowing the typhoon to maintain a
large intensity. Although the monsoon background of Maria was
stronger, the wind speed suddenly weakened after passing through
the South China Sea region, and there was a clear fracturing
phenomenon evident.

There is a strong correlation between water vapor transport and
wind field. The size of water vapor flux is determined by both the
specific humidity and wind speed, which plays an important role in
typhoon-related heavy precipitation (Liu et al., 2008; Zhang et al.,
2008). Combined with Figure 8, it can be seen that during the
Soudelor landfall process (Figures 8A-D), a complete water vapor
transport belt was formed from the Arabian Sea, the Bay of Bengal,
and the South China Sea to the Typhoon Soudelor area. The
southwest monsoon flow transported warm and humid water
vapor from the Indian Ocean to the typhoon area, providing

Frontiers in Earth Science

abundant water vapor conditions for Soudelor, and part of the
water vapor even flowed into the Northwest Pacific. During the
landfall of Maria (Figures 8E-H), similar to the 850-hPa wind field,
the water vapor flux from the northern Indian Ocean to the South
China Sea is strong, but there was an obvious fracture in the Luzon
Strait area, which made it impossible to transport water vapor to
Maria. More water vapor flowed northward to land when passing
through the Bay of Bengal, and continued to flow eastward to the
Northwest Pacific Ocean. In summary, during the two typhoon
landfalls, Soudelor received large amounts of heat and water vapor
transported by the Asian summer monsoon flow; in contrast,
Maria’s water vapor transport was, to a large degree, self-
generated from the Northwest Pacific Ocean, which was also an
important reason for the precipitation differences between Soudelor
and Maria.

5.2 Dynamic monsoon surge index

Many previous studies have shown that monsoon surges
significantly impact both extreme precipitation and precipitation
enhancement. For example, the 850-hPa cross-equatorial flow and
zonal wind are significantly enhanced, allowing for the transport of
large amounts of heat and water vapor into the typhoon’s
circulation. It may also reduce the zonally averaged geostrophic
flow, resulting in a slower typhoon translational speed and enhanced
rainfall (Wang et al., 2010a; Lu et al., 2012; Zhao et al.,, 2021; Liu
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FIGURE 5
Same as in Figure 4, but for Maria.
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The 3-h cumulative precipitation (unit: mm) for Soudelor (2015) (A) 0300 7 August, (B) 1,500 7 August, (C) 0300 8 August, and (D) 1,500 8 August; and
for Maria (2018) (E) 1,500 9 July 1,500, (F) 0300 10 July, (G) 1,500 10 July, and (H) 0300 11 July. The purple frame is the typhoon area, ranging from 2.5°
west to 2.5 east of the typhoon center.

et al,, 2022a), prompting one to consider whether DMSI can be  precipitation is the same as the purple rectangular box in Figure 6,
effectively used as a new indicator to predict typhoon precipitation. ~ which mainly extends 2.5° in latitude and longitude from the
Figure 9 shows the time series of DMSI (solid line) and typhoon  typhoon center to the north, south, east, and west. It can be
regional precipitation (columnar). The selected area of typhoon  found that the DMSI of Soudelor is significantly weaker than
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FIGURE 9
Time series of the dynamic monsoon surge index (solid line) and typhoon precipitation (columnar).

that of Maria, but its precipitation was much more than that of  to strong precipitation, there is no obvious consistency between the
Maria. That is to say, for these two typhoon cases, a strong DMSI  change trend of DMSI and precipitation. Therefore, in the process of
corresponded to weak precipitation. If the DMSI were to correspond ~ these two typhoons, it is not enough to use DMSI to explain the
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FIGURE 10

Time series of water vapor flux (columnar), zonal wind (dotted line), and meridional wind (solid line) in the key influence area of the typhoon.

influence of monsoon flow on typhoon precipitation, so we need to
resort to other methods/metrics to study the relationship between
typhoon precipitation and strong and weak monsoons.

5.3 The change of meteorological factors in
the key area affecting typhoons

According to the previous comparative analysis, it is found that
the southwest monsoon flow transport associated with typhoons
Soudelor and Maria is significantly different in their southern
region. Through this region, Soudelor is connected to the
monsoon flow, while Maria is decoupled from the monsoon flow.
Therefore, a key area affecting typhoons is defined by extending the
typhoon center from 2.5° to the west and 7.5° to the east and from 15
to the south and 5° to the north, whose position moves with the
typhoon center, as shown in the blue rectangular frame in Figure 7, to
study the relationship between the changes of meteorological elements
in this area and typhoon precipitation. Figure 10 depicts a time series
diagram of meteorological factors in the key area affecting typhoons.
Table 2 gives the average precipitation in the typhoon area and the
portion of the time that meteorological factors changed in the key area
affecting typhoons. It can be found that the water vapor flux in this
area is consistent with the change of the two wind components, and
the size of each element of Soudelor is significantly higher than that of
Maria. Combined with typhoon precipitation, it is found that the
precipitation of Soudelor is highly consistent with the factors within
its key area affecting typhoons, especially the meridional wind. During
the landfall process, the water vapor flux and zonal wind maintain
high values, while the meridional wind had a obvious downward
trend, and the precipitation intensity also decreases with the
weakening of the meridional wind. In contrast, the precipitation
intensity of Maria does not change much with time. Although the
elements in the key area increase to a certain extent in the later period,
it may be because the values of the factors are relatively small, and the
monsoon flow experienced difficulty in maintaining the transport of
water vapor and energy to the typhoon area. By analyzing the changes
of the elements in the defined dynamic key area affecting typhoons, it
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TABLE 2 Typhoon precipitation and changes in meteorological factors within
the key area affecting typhoons.

Time(h) 09 21 33 45

Precipitation (mm) Soud 27.0 24.6 23.0 13.7

Mar 114 116 113 101

Water Vapor Flux (g-s'hPa'em™)  Soud = 21.0 = 205 210 173
Mar 8.1 94 | 139 150

Usso (?/?) Soud = 121 116 135 113

Mar 5.0 4.6 72 80

Viso (2/7) Soud 107 101 89 | 72

Mar = 06 = 36 63 57

is found that Soudelor occurred under the background of a weak
monsoon, noting that if the monsoon flow continued to maintain and
transport water vapor and energy to the key area, the zonal wind
would further transport water vapor and energy to the typhoon area,
resulting in strong typhoon precipitation. In contrast, Maria existed
under the background of a strong monsoon, but the monsoon was
unable to transmit the warm and humid airflow to the key area, so the
typhoon precipitation in Maria was only slightly affected by the
monsoon. The characteristics of the key area are related to
typhoon precipitation to a certain extent and can respond to
typhoon precipitation. As such, this area can be considered to be
an important research area for future analysis and prediction of
typhoon precipitation.

5.4 Typhoon vertical water vapor
characteristics and thermodynamic
structure

The above analysis shows that there are great differences
concerning a monsoon’s influence on typhoon precipitation
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Soudelor (A) The time-varying profile of the regional average water vapor flux divergence field (unit: g-s"'hPa—tcm), and (B) the variable is the
vertical velocity field (unit: 10 Pa s™). Panels (C, D) are same as in (A, B), but for Maria.

under different monsoon background intensities. In addition to the
favorable large-scale background circulation field and whether the
monsoon can transport water vapor to the key area affecting
typhoons, the internal water vapor distribution, vertical motion,
and thermodynamic structure of the typhoon are also key factors
affecting typhoon precipitation.

The basic ingredients for heavy rainfall are the same as the
general rainstorm conditions, which require abundant water vapor
and strong ascending motion. From the evolution of the water vapor
flux divergence field and vertical velocity field of the two typhoons in
Figure 11, it can be seen that the low-level water vapor convergence
and upper-level divergence of Soudelor are strong (Figure 11A) and
accompanied by a strong vertical ascending motion (Figure 11B),
which is also due to the southwest monsoon. This setup provides
favorable water vapor conditions combined with strong ascending
motion and is conducive to the occurrence and development of
typhoon-related heavy precipitation, and the water vapor flux
divergence and vertical motion fields are consistent with the time
variation of Soudelor precipitation. In contrast, the water vapor flux
divergence and vertical ascending motion of Maria is weaker
(Figures 11C, D), which is related to the previous analysis that
the monsoon cannot transport warm and humid water vapor to the
typhoon area, resulting in less water vapor and weaker vertical
motions within Maria.

At the same time, the dynamic conditions and structure of the
typhoon itself are important factors affecting the intensity and
location distribution of typhoon precipitation (Chen and Win-
Nielsen, 1976; Yan et al, 2019; Han et al, 2021). To further
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analyze the mechanism by which the monsoon affects typhoon
precipitation, the thermal dynamic structure of Soudelor and Maria
during their development and evolution is analyzed below. Yang
Chang et al. (2017) pointed out that both the temperature and
vorticity fields are important factors affecting a typhoon (Yan et al.,
2019). Horizontal vorticity is an important physical quantity to
measure the dynamic conditions of heavy rainfall, and it is also an
important factor to trigger heavy rainfall. In particular, it plays an
important role in the formation of spiral rainbands (Rasmussen
et al, 1994; Xu and Wu, 2003; Min et al., 2010). The vertical
distribution of pseudo-equivalent potential temperature is a
physical quantity that characterizes the of
atmospheric energy and the state of vertical stability; as such, it

distribution

is a useful diagnostic tool for heavy precipitation. Figure 12 shows
the profiles of absolute vorticity and pseudo-equivalent potential
temperature at different times for the two typhoons. It can be seen
that the vertical positive vorticity column of Soudelor at
0300 7 August 2015 is widely distributed in the meridional
direction. There is a large vorticity center between 0.5° and 1° of
longitude on both sides of the typhoon center (especially on the east
side of the typhoon). The absolute vorticity value decreases with
height in the vertical direction, indicating the presence of large
divergence at upper levels. There is a dense area of pseudo-
equivalent potential temperature lines on the east side of the
typhoon at this time, indicating that there is obvious convective
instability in this area. Such a thermodynamic structure is conducive
to the occurrence of strong vertical motions, which favors
precipitation. These characteristics are consistent with the heavy
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precipitation area in Figure 6A. However, by 1,500 8 August the
absolute vorticity value in the meridional and vertical directions is
greatly reduced, and the pseudo-equivalent potential temperature
lines become sparse. This indicates that the vertical motion of the
typhoon is weakened and that the precipitation is reduced
(Figure 6D), which may be related to landfall processes. In
contrast, Maria’s positive vorticity
distribution is more concentrated in the center of the typhoon
and the value is larger; therefore, the positive vorticity changes
slowly with height. Similarly, on both sides of the typhoon center,
there are dense areas of equivalent potential temperature lines, but
less so than in Soudelor. From the above analysis, it can be seen that

two-time horizontal

the internal structure and changing nature of the typhoon are the
key factors triggering precipitation. The internal structure of
Soudelor is more conducive to the triggering and maintenance of
typhoon precipitation, lifting water vapor from the lower to upper
levels to form precipitation.

The vertical wind shear environment is also an important factor
affecting the intensity of typhoons. Good vertical wind shear
conditions are conducive to the maintenance of typhoons and
are also related to the asymmetric distribution of convection and
precipitation (Chen et al., 2006; Wingo and Cecil, 2010). Figure 13
shows the evolution of vertical wind shear in two typhoon processes
over time. It can be found that the vertical wind shear of Maria is
weak, which maintains the warm core structure of the typhoon well,
corresponding to its thermal structure. Soudelor existed in a strong
vertical wind shear environment. This is because the environmental
wind field of Soudelor is basically controlled by the monsoon flow,
and the environmental wind field in the lower and upper layers is

Frontiers in Earth Science

12

28
1 A pon A
1 "“~r/ \\u” -‘\\ /,” \
26 5 - \
Sl besf” \
© 4 \
£ 24 \
s A \
() - \
&5 22 N
el 1 \
s ] ,/'\ \\
= 20] ot o s
© P . \ .
O i - ~ ] \
e b= ~a ! \
9] ] S 4 "
> 18 7 <
] & 7 .
] -e- SOUDELOR S ! S~
-l .s~
161 ~*7 MARIA
15 18 21 24 27 30 33 36 39 42 45 48
Time
FIGURE 13
Time series of the 200-850-hPa vertical wind shear of Soudelor
and Maria.

strong, which makes its warm core structure more dispersed.
However, in the middle period, the vertical wind shear increased
less and weakened significantly in the later period, which was
conducive to the maintenance of typhoon intensity. Strong
vertical wind shear is often accompanied by dynamic instability.
Although the formation of typhoons requires small vertical wind
shear and that strong vertical wind shear is known to inhibit the
development of typhoons, vertical wind shear is accompanied by the
accumulation and release of unstable energy, resulting in strong
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horizontal vorticity and secondary circulations, which further
strengthens the upward motion in the rainstorm area and
provides dynamic conditions conducive for strong rainstorms
(Yu et al,, 2007; Ding et al., 2018).

6 Discussion

The tracks of typhoons Soudelor and Maria are similar. They
were first generated in the Northwest Pacific Ocean near the
Marshall Islands and developed during the strong summer
monsoon period. Their intensities reached super typhoon status
and both made landfall in South China, causing heavy
precipitation. However, their respective monsoon backgrounds
were quite different, and the heavy precipitation from the two
typhoons was greatly and differentially affected by the monsoon.
In this paper, the WRF is used to simulate their processes 48 h
prior to the landfall of the two typhoons, and the precipitation of
each typhoon is compared. The reasons for the difference in
precipitation and how the monsoon flow affected typhoon
precipitation in this process are analyzed from the aspect of
monsoon  background, ambient  atmosphere, typhoon
thermodynamic structure, and water vapor conditions. The

main conclusions are as follows.

(1) Typhoon Soudelor occurred under the background of a weak
monsoon, while Maria existed under the background of a strong
monsoon. The environmental conditions for the formation and
development of the two typhoons were both good, and the
subtropical high was strong. Soudelor formed a more stable
pattern of “two troughs and two ridges” and connected with the
monsoon flow through a jet stream to its southwest, and its
intensity was well maintained. Maria’s westward ridge point was
deeper and the typhoon intensity was large, but the movement
speed was fast, its development rapid, and there was a clear
blocking between the monsoon flow.

(2

~

The two typhoon precipitation processes demonstrate obvious
asymmetries regarding their typhoon-related precipitation. The
precipitation was mostly distributed on the southeast side of the
typhoons and gradually moved to the land with a large-value
area of precipitation upon landfall. Among them, Maria moved
fast with quick transit, and the duration of precipitation was
short-lived. Soudelor moved relatively slowly, and the range and
magnitude of precipitation were much larger than that of Maria.
The characteristics of the 850-hPa wind field and water vapor
flux field in the two typhoon processes are different. Although
the monsoon background of Soudelor is weak, a complete
conveyor belt is formed, directed from the Indian Ocean-
South China Sea to the typhoon, which continuously injects
a large amount of warm and humid air into the typhoon
through the monsoon flow. The monsoon background of
Maria is strong, but the monsoon flow suddenly weakens
after flowing through the South China Sea, and the water
vapor conveyor belt is obviously broken.

Using the monsoon surge to study the influence of monsoon on
typhoon precipitation, we find that the DMSI intensity does not
correspond to precipitation, and the DMSI of Soudelor that
caused heavy precipitation is much weaker than that of Maria.
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Therefore, this paper defines a key influence area for the
typhoon to study its relationship with typhoon precipitation.
We find that the values of Soudelor’s meteorological elements in
this area are significantly higher than those of Maria, and the
precipitation is highly consistent with each element, especially
the meridional wind and water vapor flux. Therefore, it appears
that under the background of this weak monsoon, the monsoon
flow can be further transported to Soudelor specifically into the
typhoon’s key influence area, enhancing its ability to bring
heavy precipitation. In contrast, under the background of a
strong monsoon, the typhoon precipitation of Maria is less
affected by the monsoon as the monsoonal warm and humid
airflow cannot be transported into the key area.

From the perspective of the internal structure of the typhoon,
the southwest monsoon transported a large amount of water
vapor to Soudelor. Coincident with the strong upward motion,
the absolute vorticity weakened with height, the upper-level
divergence was strong, and the strong vertical wind shear led to
conditional instability. However, the relative stability in the
early and middle periods and the weakening in the later period
allowed for Soudelor’s intensity to be maintained, so Soudelor’s
precipitation intensity was large, its range was wide, and its
duration was long. Maria had a complete and compact typhoon
circulation structure and weak vertical wind shear, but its
precipitation differs greatly from Soudelor’s. The main
reasons were that the southwest monsoon flow was blocked
causing deficient water vapor conditions, the vertical ascending
motions were weak, the upper-level divergence was weak, and
the typhoon moved and developed fast.

In this paper, the influence of Asian summer monsoon flow on
typhoon precipitation is preliminarily discussed through the study
of two typhoon cases. It is inferred that the strong typhoon
precipitation of Soudelor was affected by the monsoon, mainly
because of the monsoon-related transport of warm and humid air
to the typhoon center, providing energy for typhoon development
and providing water vapor conditions for heavy precipitation.
Maria was less affected by the monsoon, and the water vapor
conditions contributing to precipitation mainly came from the
typhoon itself and the underlying ocean surface. This paper
proposes the establishment of a key area that is particularly
sensitive to modulating typhoon development and morphology,
which may be used as an area for detailed analysis to deduce to
what degree monsoon flow can affect typhoon precipitation. This
key area represents an important research direction for future
analysis and prediction of typhoon precipitation. At present, this is
only a simple case study, which is not universal. In the future, it will
be necessary to further account for whether the precipitation from
a large number of typhoons is affected by this region and to assess
the change of monsoon flow into the region as well as its change
mechanism.
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