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An Analysis of the Low Moving Speed of Landfalling Typhoon In-Fa in 2021
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Abstract: The movement speed of Typhoon In-Fa (2021) was notably slow, at 10kmh™ or less, for over 20 hours
following its landfall in Zhejiang, China, in contrast to other typhoons that have made landfall. This study examines the
factors contributing to the slow movement of Typhoon In-Fa, including the steering flow, diabatic heating, vertical wind
shear (VWS), and surface synoptic situation, by comparing it with Typhoons Yagi (2018) and Rumbia (2018) which
followed similar tracks. The findings reveal that the movement speed of Typhoons Yagi and Rumbia is most closely
associated with their respective 500 hPa environmental winds, with a steering flow of 1012 m s™'. In contrast, Typhoon In-
Fa’s movement speed is most strongly correlated with the 850 hPa environmental wind field, with a steering flow speed of
only 2 ms™'. Furthermore, as Typhoon In-Fa moves northwest after landfall, its intensity is slightly greater than that of
Typhoons Yagi and Rumbia, and the pressure gradient in front of Typhoon In-Fa is notably smaller, leading to its slow
movement. Additionally, the precipitation distribution of Typhoon In-Fa differs from that of the other two typhoons,
resulting in a weak asymmetry of wavenumber-1 diabatic heating, which indirectly affects its movement speed. Further
analysis indicates that VWS can alter the typhoon’s structure, weaken its intensity, and ultimately impact its movement.
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1 INTRODUCTION

The forecast and study of tropical cyclone movement
have been essential topics in atmospheric sciences (Chen
etal [, Zhang et al. B Fy et al. B, Tropical cyclones in
the Northern Hemisphere tend to move northwestward
(Chan and Williams ). However, the moving direction and
speed of tropical cyclones are also affected by environmental
factors such as steering flow (Wang et al. ©; Chen et al. [*)),
interaction with mid-latitude weather systems (Zhu et al. [;
Yuan and Cao ™); Fan et al. ”)) and topography (Bender et
al. U Chen et al. "), Typhoons after landfall can still
bring rainstorms or even extreme rainstorms, resulting in
severe disasters (Han et al. '”; Huang et al. ["); Wu et al. [').
For example, Typhoon Nina in 1975, as a weakened
tropical depression, moved inland and caused a
devastating flood in Henan, China, claiming tens of
thousands of lives (Li et al. ™). Similarly, Super
Typhoon Lekima (2019) caused heavy precipitation in
Zhejiang, Jiangsu, and Shandong during its landfall and
movement northward (Zheng et al. U8 Given that
typhoon tracks determine the distribution of heavy
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precipitation, numerous scholars have investigated the
anomalous tracks of landing typhoons (Yang et al. ['"); Hill
and Lackmann ™). For instance, Zhang et al. ' used
numerical simulations to analyze the causes of the
abnormal track of Typhoon Maggie (1999), attributing it
to the influence of a neighboring tropical cyclone. Ma et
al. ™ investigated the effect of dipole flow on typhoon
tracks from the perspective of environmental fields. Duan
et al. ®Y discussed the causes of the abnormal tracks of
Typhoons Aere (2011) and Meari (2011) based on energy
dispersion. Additionally, several scholars studied the
causes of anomalous typhoon tracks (Zheng et al. *;
Zhang and Zheng ¥, Wang et al. %),

In general, due to the near-surface friction effect, the
input kinetic energy of the lower-layer typhoon circulation
rapidly reduces after typhoon landfall, and the inflow and
pumping effect within typhoon circulation weakens (Yuan
et al. P Li and Pu ®; Wang and Ying “”). Meanwhile,
since the water vapor on the underlying surface decreases
after typhoon landfall, the warm-core structure of a
typhoon is unable to be maintained, resulting in a rapid
weakening of typhoon intensity (Huang and Chen ©;
Zhang et al. ). However, owing to the incursion of cold
air (Zhao et al. P% Powell et al. "), the typhoon
transition can appear after landfall under the interaction
with mid-latitude circulation systems (Zhao ©%; Zeng et
al. ) or favorable topography (Smith and Thomsen *;
Yang et al. B which can make the low-pressure
circulation of the weakened typhoon to develop and
strengthen again. According to Zhu et al. %, the speed of
a closed low pressure is inversely proportional to the
strength of the system, so the strengthening or weakening
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of typhoons also affects the speed of typhoons to some
extent.

Currently, there are numerous studies focusing on the
intensity and movement tracks of typhoons, shedding light
on the mechanisms behind variations in intensity and
track. The track and intensity of a typhoon determine the
distribution of typhoon-induced wind and precipitation and
the degree of potential disasters. It is important to note that
abnormally low or high typhoon movement speeds not
only impact the prediction of typhoon-induced wind and
precipitation but also influence the timing of typhoon
defense measures. According to statistics, the moving
speed of typhoons generated in the northwest Pacific
Ocean is typically 20-30 km h™" after landfall, and it can
reach 40 kmh™' or more as typhoons weaken (Zhu et
al. B, However, Typhoon In-Fa (2021), which formed in
the northwest Pacific on July 18, made landfall in Zhejiang
Province on July 25, weakened, and dissipated on July 30,
with a lifespan of 12 days. Throughout this period, the
typhoon maintained a slow speed of approximately 10
kilometers per hour. This sluggish movement resulted in
severe flooding disasters in various parts of China,
perplexing weather forecasters who questioned the
unusually slow speed of the typhoon. The inaccurate
assessment of Typhoon In-Fa’s movement speed by
forecasters led to deviations between forecasted and
observed precipitation ranges and intensities, and missed
opportunities to issue disaster warnings in certain areas. In
order to study the cause of the low moving speed of
Typhoon In-Fa, Typhoons Yagi (2018) and Rumbia (2018),
which had similar tracks to that of Typhoon In-Fa, are used
for comparative analysis. This study deepens the
understanding of the physical mechanisms that influence
typhoon moving speed.

The remainder of this paper is organized as follows.
Section 2 briefly introduces the data and methods used in
this study. Section 3 describes the movement
characteristicsof Typhoon In-Fa. Section 4 reveals the
causes of the low moving speed of Typhoon In-Fa, which
include the influences of steering flow, diabatic heating,
VWS, and surface situation. Finally, the main conclusions
and discussion are shown in section 5.

2 DATA AND METHODS

2.1 Data

The datasets used in this study are the 1-hour typhoon
information (center position, intensity, and moving speed)
provided by the typhoon website of the National
Meteorological Center, the 1-hour observed precipitation
data provided by the China Meteorological Administration,
and the reanalysis data provided by the National Centers
for Environmental Prediction (NCEP). Among them, the
elements of the reanalysis data include geopotential height,
temperature, wind field, and latent and sensible heat fluxes
at the sea (land)-air interface, with spatio-temporal
resolutionsof 0.5° x 0.5° and 1hour. The calculated
diabatic heating is the sum of sensible and latent heat

fluxes in this study. Note that the negative heat flux at the
sea (land)-air interface indicates that the atmosphere
provides heat to the ocean (land), i.e., the atmosphere
heats the ocean (land). Conversely, the positive heat flux
indicates that the ocean (land) heats the atmosphere.

2.2 Methods

2.2.1 PROCESSING OF TYPHOON TRACK DATA

Suppose the position of a typhoon at time #is 7,(lon,, lat )

and the position at time #+1 is txﬂ(lonxﬂ, lat ., 1). The

distance between the two adjacent moments divided by the
interval time is regarded as the moving velocity of the
typhoon. Decompose this moving velocity on the X-axis
and Y-axis. Since the unit longitude difference in the
Northern Hemisphere decreases with increasing latitude,
the u-component and v-component are expressed as Egs. 1
and 2, respectively.

_ cos(lat,)(lon,;—lon,) *111
u=
S

b= (lat,.;—lat,) *111
L 2%

(0

)

where the units of u-component and v-component are
km h™', “lon” the longitudes, and “lat” the latitudes. The
unit longitude (latitude) difference is approximately 111 km.
2.2.2 PROCESSING OF THE ENVIRONMENTAL WIND FIELD

In environmental wind fields, the typhoon circulations
need to be removed, and the kinetic separation method is
applied in this paper. The core idea of this method is that in
the environmental field containing typhoon circulation, the
vorticity field of a typhoon is typically one to two orders of
magnitude larger than that of the external environmental
field and has a relatively clear boundary. The wind field
obtained by the vorticity inversion of a typhoon can be
regarded as the wind field of the typhoon. The environmental
wind field is obtained by subtracting the typhoon wind field
data from the initial reanalysis wind field data.

With a typhoon center as the center of the circle, the
values at the points on the circle with different latitude
distances from the typhoon center are taken to form the
environmental wind field. For example, draw circles with a
radius of 5 latitudes from a typhoon center. In this way, we
can obtain several circles from 1000 hPa to the tropopause.
Then, points are taken on each circle. If the taken points
are not on the grid, we use the three-dimensional bilinear
interpolation method to obtain the values on the
corresponding grid points. The data on these circles
constitute the environmental wind field with a radius of
5 latitudes from the typhoon center.

2.2.3 CALCULATION OF ENVIRONMENTAL VWS

Referring to the method described in Wu and Wang
we calculate the average wind speed of the meridional and
zonal wind fields at 200 hPa and 850 hPa in the 10° x 10°
square grid area centered on the typhoon center. Then, we
calculate the vector difference of the regional average
wind velocities between the two layers (Eq. 3).

[37]
b

Viws = J (300 — gs0)” + (V200 — Vss0) 3
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where V.
VWS, ugs, and u,, indicate the average zonal wind speed
at the 850 hPa and 200 hPa, respectively, and vgsq and v,
denote the average meridional wind speed at the 850 hPa
and 200 hPa, respectively. In this study, we use the
classification criterion in Wingo and Cecil P* to classify

the V,,, into three grades: weak ¥, (<5 m s '), moderate

Vows (5-10m s™) and strong V., (>10 ms™).

With the typhoon center as the original point, the Y-
axis direction is 0° (or 360°). The direction of the VWS is
represented by the angle between it and the Y-axis in the
clockwise direction.

In this paper, the center position of the three typhoons
(In-Fa, Yagi and Rumbia) provided by the National
Meteorological Center during the study period is compared
with those determined by the NCEP reanalysis data. The
result shows that the center position deviation of the above
two is within 0.3°. Therefore, using the typhoon location
information provided by the National Meteorological Center,
the typhoon vortex can be removed from the NCEP
reanalysis data, and then the environmental wind field and
vertical wind shear affecting the typhoon can be calculated.

represents the intensity of the environmental

3 MOVEMENT CHARACTERISTICS
PHOON IN-FA

Typhoon In-Fa was generated in the northwest Pacific
Ocean at 1800 (Coordinated Universal Time, UTC) on
July 17, 2021, and then it moved northwestward. At 04:30
on July 25, this typhoon made landfall on the coast of
Putuo District, Zhoushan City, Zhejiang Province, and
continued to move northwestward after entering inland.
Then, it turned northward in Anhui at 1200 UTC on July

OF TY-

28. At 1800 UTC on July 29, the typhoon entered the
Bohai Sea and turned to move northeastward. At 0900
UTC on July 30, it weakened and transformed into an
extratropical cyclone in the Bohai Sea. Two typhoons with
similar tracks to Typhoon. In-Fa, namely Typhoons Yagi
(2018) and Rumbia (2018), are selected for comparative
analysis in this research. Typhoons Yagi and Rumbia were
generated in the northwest Pacific Ocean with
northwestward tracks, and they both made landfall on
the coast of Zhejiang. In addition, Typhoons Yagi and
Rumbia still moved northwestward after landfall. Typhoon
Yagi turned northward in Anhui, and Typhoon Rumbia
turned northward in Henan. For comparison, the periods
when the intensity of the three typhoons were tropical
storms (the near-surface maximum wind speed near the
centers was 17.2-24.4ms ') and the typhoons moved
northwestward, and the underlying surface of the three
typhoons was plain, i.e., comparative periods, are selected
in this research (Fig. 1).

Figure 2 shows the moving speed of the three
typhoons during the comparative periods. For Typhoon
Yagi (2018), the initial speed in the comparative period
was 39 km hfl, and it decreased to 30 kmh™! after six
hours and approximately 25kmh™" after 16 hours.
Typhoon Rumbia (2018) moved slightly slower than
Typhoon Yagi (2018), with the initial speed being about
32 kmh™" in the comparative period. After 10 hours, the
moving speed of Typhoon Rumbia decreased to 20 km h™".
During the first two hours of the comparative period, the
speed of Typhoon In-Fa (2021) was approximately 7 km h ™,
and then the speed increased slightly and remained at 10
km h™'. The intensity of the three typhoons is comparable,
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Figure 1. Tracks of Typhoons Yagi (2018), Rumbia (2018) and In-Fa (2021). The black curved lines represent the tropical storm phase,

with the comparison period between the two red dots on the track.
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and the underlying surfaces they traveled through are
relatively similar. Under such situations, why did Typhoon
In-Fa (2021) move overly slowly? In the following
section, we will focus on the causes.

4 CAUSES OF THE LOW MOVING SPEED OF
TYPHOON IN-FA (2021)

4.1 Effect of the steering flow

The role of the steering flow in the movement of
typhoons cannot be ignored. Wu and Wang " pointed out
that the movement of tropical cyclones is essentially

influenced by the large-scale steering flow. Adem and
Lezama’s " numerical experiments showed that under
the condition of constant Coriolis parameters, the positive
pressure symmetric vortex will strictly move along the
uniform basic flow, which can be considered as the large-
scale environment flow is the steering flow. However, in
the actual atmosphere, a tropical cyclone cannot be a strict
axisymmetric vortex, so there is a certain deviation
between the movement of a tropical cyclone and the
steering flow (Chan and Gray ). Fig. 3 presents the
correlations of the typhoon moving speed with the
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Figure 2. The corresponding speed of movement of Typhoons Yagi, Rumbia, and In-Fa in the comparison phase.
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Figure 3. The correlations of the moving speed of (a) Typhoons Yagi (2018), (b) Rumbia (2018), and (c) In-Fa (2021) with the
environmental wind fields at different altitudes and latitude distances from the typhoon centers, the 500 hPa geopotential height fields
(dagpm) at (d) 0000 UTC on August 13, 2018, and (e) 1200 UTC on August 17, 2018, and (f) the 850 hPa geopotential height field

(dagpm) at 0000 UTC on July 27, 2021.
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environmental wind fields at different levels and latitude
distances from the typhoon centers. The results indicate
that the speed of Typhoon Yagi (2018) has the best
correlation with 500 hPa and 600 hPa wind fields at 5
latitudes from the typhoon center, with correlation
coefficients of up to 0.84 (Fig. 3a). The speed of
Typhoon Rumbia (2018) best correlates with the 500 hPa
wind field at 5 latitudes from the typhoon center, with a
correlation coefficient of 0.97 (Fig. 3b). Unlike the above
two typhoons, the speed of Typhoon In-Fa (2021) has the
best correlation with the 925 hPa and 850 hPa wind fields
at 5 latitudes from the typhoon center, with correlation
coefficients of around 0.41 (Fig. 3c¢).

According to the correlation between the speed of the
three typhoons and their corresponding environment wind
fields, we can determine the difference in the steering flow
of the three typhoons. Fig. 3d shows the 500 hPa
geopotential height field of Typhoon Yagi at 0000 UTC
on August 13, 2018. Typhoon Yagi was located on the
southwestern side of the western Pacific subtropical high
(WPSH), with only one closed contour circle and a small
range. The core area of the WPSH was located in southern
Japan, which had a broader range and stronger intensity
than the typhoon. The typhoon moved northwest along the
edge of the WPSH, at which time the 500 hPa steering
flow was about 12ms™. In terms of the 500 hPa
geopotential height field at 1200 UTC on August 17,
2018 (Fig. 3e), Typhoon Rumbia was located on the
southern side of the WPSH, with two closed contour
circles. Simultaneously, the WPSH shows an east-west
distribution and controls the area from North China to the
Korean Peninsula. Typhoon Rumbia moved westward
under the action of the easterly airflow at the periphery of
the WPSH. At this time, the steering flow was about
10 m s ™. For the 850 hPa geopotential height field at 0000
UTC on July 27, 2021 (Fig. 3f), Typhoon In-Fa had two
closed circles with a strong intensity. The WPSH was
located on the northern side of this typhoon. Although the
WPSH also showed a zonal distribution, it had no apparent
high-pressure center. At this time, the environmental
steering flow was only 2 ms™'. From the above analysis,
it can be seen that the steering flow of Typhoon In-Fa is
much smaller than those of the two typhoons, which may
be one reason for its slow movement. As for why the
correlation of Typhoon In-Fa is so much less than the
correlations of the other two typhoons, and the best
correlation level appears in the lower troposphere, this
needs further study.

4.2 Effect of the diabatic heating

Based on the atmospheric horizontal motion equation,
continuity equation, and thermodynamic equation, He
developed the motion equation of the air particle in the
typhoon center, as shown in Eq. 4 . It approximates the
typhoon system as a cylinder bordered by Z = Z, (lower

boundary) and Z=Z, (upper boundary), with the

horizontal area of ¢ and the volume of 7. In the motion
equation, the acceleration (dv/df) of typhoon caused by
diabatic heating can be approximately expressed as:

dv _ 1 L1 ==
o = e, Ty [.OVpdr = o 07) (4)

where M is the air mass in the volumn 7, C, is the specific
heat capacity at constant volume, () represents the volume
average in the system, () represents the horizontal area
average, p is air density, T is temperature, V is the
horizontal velocity of the air particle, and Q is the non-
adiabatic heating rate. OV represents the product of the
diabatic heating rate and the local steering flow velocity,
called the diabatic steering flow velocity. The magnitude
of QV is proportional to Q and ¥, and its direction
depends on Q. When Q > 0 (heating), the direction of OV
coincides with 7, while O <0 (cooling) indicates the
direction of OV is opposite to 7. Based on Eq. 4, it can be
found that the effect of the diabatic heating relies on the
asymmetry of QF . That is, if O is axis-symmetric in the
X-Y coordinate system with the typhoon center as the
origin, the right side of Eq. 4 is equal to 0. In this case, no
matter how strong the heating is, the movement of the
typhoon can not be changed (He ™).

Figure 4 shows the spatial distributions of the diabatic
heating (sum of sensible and latent heat fluxes) and
wavenumber-1 asymmetry of the diabatic heating within 5
latitudes from the three typhoon centers during the
comparative periods. Obviously, all three typhoons have
northwestward tracks. As can be seen from Fig. 4 (a-c), the
diabatic heating within 5 latitudes from the three typhoon
centers is all positive, indicating that the land heats the
atmosphere, but the distributions of the diabatic heating
are not uniform. In order to clearly identify the asymmetry
of the diabatic heating, the spatial distributions of
wavenumber-1 asymmetry of the diabatic heating of the
three typhoons are drawn by using the method of Fourier
expansion along the orientation (Reasor et al. *’; Marks et
al. ™)), A pair of positive and negative centers with an
absolute value of about 80 w m ™ are located in the right
rear and left front of the centers of Typhoon Yagi (2018)
(Fig. 4d). The absolute value of a pair of positive and
negative centers in Typhoon Rumbia (2018) can reach 100
w m™ (Fig. 4¢). Although Typhoon In-Fa (2021) also have
the asymmetry of wavenumber-1 diabatic heating, its
positive center with only 40 w m? is located at the right
side 4-5 latitudes from the typhoon center, while its
negative center with the absolute value of about 60 w m >
on the left is 2 latitudes from the typhoon center. At a 4—5
latitude distance to the left, the wavenumber-1 diabatic
heating flux turns positive again, and the value is larger
(Fig. 4f). This configuration makes the asymmetry
decrease significantly. In Eq. 4, C, is a constant, about
1.2 KJ m™ °C"', if the temperature and wind speed of 500
hPa of the three typhoons during the comparison periods
are substituted into the formula, the acceleration of
typhoons Yagi, Rumbia, and In-Fa can be approximately
equal to 1.6 m s, 0.9 m s, and 0.024 m s respectively. It
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Figure 4. Spatial distributions of the diabatic heating fluxes (a, b, ¢) and wavenumber-1 asymmetric of the diabatic heating (d, e, f') of
the three typhoons within 5 latitudes from the typhoon centers during the comparative periods. (a, b) Typhoon Yagi, (¢, d) Typhoon
Rumbia and (e, f) Typhoon In-Fa. The arrow represents the direction of the typhoon’s movement, and the solid black line shows the

coastline.

can be seen that the Typhoon In-Fa movement caused by
the asymmetry of the diabatic heating is lower than that of
the other two typhoons.
4.3 Effect of the VWS

Many tropical cyclones (TCs) occur in the earth’s
environment with VWS. As the VWS is imposed on a TC,
the TC vortex tends to tilt, resulting in asymmetries in the
convection as well as the dynamic and thermodynamic
fields, which change the structure of the typhoon (Frank
and Ritchie *Y). As shown in Fig. 5, the evolution of the
VWS of the three typhoons indicates that the wind shear of
the three typhoons is quite weak in the first hour, with an
intensity of less than 5 m s '. After 2 hours, the wind shear
of Typhoons Yagi (2018) and Rumbia (2018) began to

strengthen, while the wind shear of Typhoon In-Fa (2021)
began to weaken. In the whole comparison stage, the wind
shear values of the first two Typhoons are mostly at
moderate intensity (5—10 m sfl), while the latter is at weak
intensity (<5 ms).

The structural changes of three typhoons are
compared by selecting the periods with large differences
in VWS. As seen from Fig. 6, the vertical wind shear
values of Typhoons Yagi and Rumbia are relatively large,
which are 9.6ms ' and 103 ms™, respectively, and the
directions are both northward. The vertical wind shear
value of Typhoon In-Fa is only 1.8 m s ', and the direction
is to the east. Combined with radar echoes, the first two
typhoon structures showed obvious asymmetry, and the
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Figure 6. Radar composite reflectivity images of (a) Typhoon Yagi at 0600 UTC on August 13, 2018, (b) Typhoon Rumbia at 1200 UTC
on August 17, 2018, and (c) Typhoon In-Fa at 0000 UTC on July 27, 2021. Arrows indicate the direction and magnitude of VWS, the

black dot indicates the center of the typhoon, and the acronyms

cloud bands were mainly concentrated on the north and
west sides of the typhoon, which was related to the high
vertical wind shear value (Wang et al. ). The
asymmetric structure of the typhoon weakens its strength
and leads to the reduction of internal force. The latter
typhoon is basically circular in structure, and the lowest
surface pressure in the center of the typhoon is 982 hPa,
which is lower than the previous two typhoons (985 hPa
and 982 hPa, respectively), indicating that its internal force
is also greater than the previous two typhoons. The greater
the internal force of a typhoon, the stronger the typhoon,
and the slower the typhoon’s moving speed. It can be seen
that vertical wind shear changes the typhoon’s structure,
makes the typhoon’s strength change, and ultimately
affects the typhoon’s moving speed.
4.4 Effect of the surface synoptic situation

Generally, surface cyclones move along the direction
of the allobaric gradient, and their moving speed is
proportional to the allobaric gradient and inversely
proportional to the intensity of the vortex center (Zhu et
al. P, In the surface situation map at 0000 UTC on
August 13, 2018 (Fig. 7a), Typhoon Yagi (2018) is located
at 30.7°N, 119.3°E, with a central pressure of 995 hPa and

stand for stations Hefei (HF), Nanjing (NJ), and Shanghai (SH).

maximum wind speed of 18 ms™' at the typhoon center
near the surface. The typhoon structure is asymmetric,
with dense isobars on the north side and sparse ones on the
south side. The main precipitation areas are concentrated
near typhoon center and on the northern side of the
typhoon. An apparent negative pressure change zone is
formed in the typhoon center and its northern side within
350 km. The negative pressure change center is close to
the typhoon center, with a value of —28 hPa. Thus,
Typhoon Yagi moved along the direction of the allobaric
gradient.

The surface situation map at 1200 UTC on August
17, 2018 (Fig. 7b) indicates that Typhoon Rumbia (2018)
is centered at 31.1°N, 120.6°E, with a central pressure of
985 hPa and maximum wind speed of 23 ms ' at the
typhoon center, which has stronger intensity than Typhoon
Yagi. The isobars at the typhoon center are nearly circular,
and the peripheral isobars on the northern side are denser
than those on the southern side. Precipitation mainly
occurs on the northwestern side of the typhoon. The
negative pressure change zone of the typhoon extends
westward from the typhoon center. The pressure change
center is close to the typhoon center, with a value of —39
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Figure 7. The surface situation maps of (a) Typhoon Yagi at 0000 UTC on August 13, 2018, (b) Typhoon Rumbia at 1200 UTC on
August 17, 2018, and (c) Typhoon InFa on July 27, 2021. The solid lines represent the isobaric lines (hPa), the dashed lines indicate the
3-hour pressure change (hPa), and the shaded areas denote the 6-hour precipitation (mm).

hPa. Thus, Typhoon Rumbia also moved along the
direction of the allobaric gradient.

In the surface situation map of Typhoon In-Fa (2021)
at 0000 UTC on July 27, 2021 (Fig. 7c), the typhoon is
located at 31.3°N, 119.4°E, with a central pressure of 982
hPa and a maximum wind speed of 20 m s at the typhoon
center. The isobars surrounding the typhoon are dense and
nearly circular. The heavy precipitation is concentrated on
the dense isobars at the typhoon center. The negative
pressure change areas in the typhoon center and its
northern side are small, with a weak intensity of only about
—7 hPa, surrounded by a larger area of strong and positive
pressure change.

Overall, the central pressure of Typhoon In-Fa is the
strongest among the three typhoons. Additionally, there is
no apparent allobaric gradient in front of Typhoon In-Fa.
According to the mechanisms of cyclone movement, i.e.,
the speed of cyclones is proportional to allobaric gradient
and inversely proportional to their intensity, Typhoon In-
Fa moved slower than Typhoons Yagi and Rumbia.

4.5 Physical mechanism of low moving speed of landing
Typhoon In-Fa

After Typhoon In-Fa (2021) landed in Zhejiang
Province, its moving speed has been around 10 km h
for several days. Through the analysis results in the above
sections, several key factors that affect the moving speed
of typhoons can be summarized. Without considering the
change of underlying surface, the moving speed of a
landing typhoon mainly depends on two aspects: one is the
large-scale environmental background field. The
movement of typhoons largely depends on the steering
flow. Under the same conditions, typhoons with strong
steering flow move faster. In addition, the VWS of the
environment can also indirectly affect the movement of
typhoons. As the VWS is imposed on a typhoon, the
typhoon tends to tilt, resulting in asymmetries in the
convection. Convective clouds often occur in the direction
of the shear and its left side to change the structure of the
typhoon, weaken the strength of the typhoon, and
ultimately affect the moving speed of the typhoon (Wang
et al. ). The second is the typhoon itself. According to
Zhu et al. ™ the stronger the cyclone, the slower its
speed, and the cyclone moves in the direction of the
pressure gradient. During the comparison period, the

intensity of Typhoon In-Fa is slightly stronger than that of
Typhoon Yagi and Rumbia, and the pressure gradient in
front of Typhoon In-Fa is obviously smaller than that of
the latter, which results in the slow movement of Typhoon
In-Fa. In addition, the precipitation of Typhoon In-Fa is
around its center, while the precipitation of Typhoons Yagi
and Rumbia is mainly concentrated on the west and north
sides of typhoons, showing obvious asymmetry of
precipitation distribution. A large amount of latent heat
of condensation is released in the distribution area of
heavy precipitation. As a result, Typhoons Yagi and
Rumbia have a significant asymmetry of wavenumber-1
diabatic heating compared to Typhoon In-Fa. The diabatic
heating causes the air in front of the moving direction of
the typhoon to heat up, the corresponding gas column to
lengthen, and the surface pressure to drop, thus increasing
the pressure gradient near the center of the typhoon. This is
also one reason why Typhoons Yagi and Rumbia move
faster than Typhoon In-Fa.

5 CONCLUSIONS AND DISCUSSION

After Typhoon In-Fa (2021) made landfall, its moving
speed remained at or below 10 km h™', noticeably slower
than that of other landfalling typhoons. To explore the
causes of the low moving speed, Typhoons Yagi (2018)
and Rumbia (2018), which are similar to Typhoon In-Fa
(2021) in the tracks, intensity, and underlying surface
conditions, are selected in this research to perform a
comparative analysis based on steering flow, diabatic
heating, VWS, and surface synoptic situation. The main
conclusions are as follows.

The moving speed of Typhoons Yagi and Rumbia
best correlates with their corresponding 500 hPa
environmental wind fields, with the speed of steering
flow being 10-12 m s™'. The moving speed of Typhoon In-
Fa has the best correlation with the 850 hPa and 925 hPa
environmental wind fields, and its steering flow has a
speed of only 2 m s™'. The weak steering flow is one of the
reasons for the low moving speed of Typhoon In-Fa.

In the areas within 5 latitudes from three typhoon
centers, the diabatic heating fluxes of the three typhoons
are all positive, and there are wavenumber-1 asymmetric
structure distributions. Among them, Yagi and Rumbia
have high asymmetry, and the positive and negative
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centers are located on the left and right sides of the
typhoons’ moving direction, with an absolute value above
80 w m . However, the positive center of Typhoon In-Fa
is located on the right side, about 5 latitude distance from
the typhoon center, while the negative center is on the left
side, about 2 latitude distance from the typhoon center.
The positive and negative centers are asymmetric to the
typhoon center. According to formula 4, the acceleration of
typhoons Yagi, Rumbia, and In-Fa can be approximately
equal to 1.6 m s, 0.9 m s, and 0.024 m s, respectively.

Compared with Typhoons Yagi and Rumbia, Typhoon
In-Fa has the lowest central pressure and the densest isobar
distribution. The allobaric gradient in the northwest
direction of Typhoon Yagi and Rumbia is obviously
larger than that of Typhoon In-Fa. The configuration of
this ground situation has also become a reason for the low
moving speed of Typhoon In-Fa.

In this study, we discuss the causes of the low moving
speed of Typhoon In-Fa (2021) based on steering flow,
diabatic heating, VWS, and surface synoptic situation.
However, there are many other factors affecting typhoon
moving speed, such as temperature, temperature
advection, the vorticity in the typhoon environmental
field, the internal force and structure of typhoons,
topographic forcing, and frictional effects might affect
typhoon moving speed. All these factors cannot be covered
in this research. The moving speed of typhoons can impact
the choice of timing for defense, which is crucial for
disaster prevention and mitigation. In the future, we will
continue to research the moving speed of typhoons based
on the influencing factors and strive to improve the
forecast of typhoon tracks.
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