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Abstract The characteristics and dynamics associated with the distribution, intensity, and triggering factors of local severe
precipitation in Zhejiang Province induced by Super Typhoon Soudelor (2015) were investigated using mesoscale surface
observations, radar reflectivity, satellite nephograms, and the final (FNL) analyses of the Global Forecasting System (GFS) of the
National Center for Environmental Prediction (NCEP). The rainfall processes during Soudelor’s landfall and translation over
East China could be separated into four stages based on rainfall characteristics such as distribution, intensity, and corresponding
dynamics. The relatively less precipitation in the first stage resulted from interaction between the easterly wind to the north flank
of'this tropical cyclone (TC) and the coastal topography along the southeast of Zhejiang Province, China. With landfall of the TC
in East China during the second stage, precipitation maxima occurred because of interaction between the TC’s principal
rainbands and the local topography from northeastern Fujian Province to southwestern Zhejiang Province. The distribution of
precipitation presented significant asymmetric features in the third stage with maximal rainfall bands in the northeast quadrant of
the TC when Soudelor’s track turned from westward to northward as the TC decayed rapidly. Finally, during the northward to
northeastward translation of the TC in the fourth stage, the interaction between a mid-latitude weather system and the northern
part of the TC resulted in transfer of the maximum rainfall from the north of Zhejiang Province to the north of Jiangsu Province,
which represented the end of rainfall in Zhejiang Province. Further quantitative calculations of the rainfall rate induced by the
interaction between local topography and TC circulation (defined as “orographic effects”) in the context of a one-dimensional
simplified model showed that orographic effects were the primary factor determining the intensity of precipitation in this case,
and accounted for over 50% of the total precipitation. The asymmetric distribution of the TC’s rainbands was closely related to
the asymmetric distribution of moisture resulted from changes of the TC’s structure, and led to asymmetric distribution of local
intense precipitation induced by Soudelor. Based on analysis of this TC, it could be concluded that local severe rainfall in the
coastal regions of East China is closely related to changes of TC structure and intensity, as well as the outer rainbands. In
addition, precipitation intensity and duration will increase correspondingly because of the complex interactions between the TC
and local topography, and the particular TC track along large-scale steering flow. The results of this study may be useful for the
understanding, prediction, and warning of disasters induced by local extreme rainfall caused by TCs, especially for facilitating
forecasting and warning of flooding and mudslides associated with torrential rain caused by interactions between landfalling TCs
and coastal topography.
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1. Introduction

China is among the countries most impacted by landfalling
tropical cyclones (LTCs) and suffers some of the most severe
LTC disasters in the world (Chen and Meng, 2001). Hazards
induced by tropical cyclones (TCs) include strong winds and
storm surges (Emanuel, 2005; NHC, 2009). Many studies
have verified and pre-evaluated typhoon disasters based on
statistical relationships between the wind forces of land-
falling typhoons and both casualties and economic damages
(Fan and Liang, 2000; Qian et al., 2001). Disasters related to
local extreme rainfall over land from typhoons have also
been investigated. Tao (1980) pointed out that typhoons are
the most intense rainfall systems, and the most extreme cases
of heavy rainfall recorded in Chinese history were all pro-
duced by typhoons. Heavy rainfall and related secondary
disasters such as flooding and mudslides are the primary
disasters caused by typhoons (Chen and Ding, 1979). Zhang
et al. (2010) compared the impacts of strong winds and
rainstorms caused by typhoons and pointed out that the in-
fluence of rainstorms is more severe than that of strong
winds. Furthermore, urban flooding becomes more severe
with economic growth and urbanization in China (Xu et al.,
2016; Duan et al., 2016; Shi, 2016). Consequently, local
severe rainfall and related impacts of LTCs have increasingly
become a focus of active research (Chen et al., 2004; Li et al.,
2005; Dong et al., 2009; Nasrollahi et al., 2002; Wang et al.,
2015).

The distribution of LTC precipitation includes inner-core
rainfall, spiral rainbands, baroclinic instability rainfall, pre-
TC squall line rainfall, and outer rainbands (Chen and Li,
2004). Chen et al. (2010) reviewed previous work on the
torrential rainfall of LTCs and concluded that the factors that
impact the intensity and distribution of torrential rainfall of
landfalling typhoons include moisture transportation, extra-
tropical transition, interactions between typhoons and mon-
soon troughs, orographic effects (i.e. land-surface pro-
cesses), mesoscale convection within typhoons, and
boundary energy transportation. Nevertheless, a typhoon’s
track is the most important element determining the dis-
tribution of torrential rain in operational forecasting and re-
search (Xie and Zhang, 2012; Munsell and Zhang, 2014).
Vertical wind shear (VWS) associated with landfalling ty-
phoons is another key factor in determining the asymmetric
distribution of typhoon rainfall (Gao et al., 2009); a certain
magnitude of VWS can make the typhoon structure slant and
cause rainfall maxima to occur on the left flank in the
downshear direction (Jones, 1995; Frank and Ritchie, 1999).
In addition, the direction and magnitude of VWS changes
persistently with the asymmetric evolution of diabatic heat-
ing and upper-level winds (Li et al., 2015). Interactions be-
tween typhoon circulation and topography also play a key
role in the asymmetric distribution and enhancement of
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rainfall (Lin et al., 2001; Li et al., 2003; Dong et al., 2009;
Chih et al., 2015), and orographic effects on the enhancement
of typhoon rainfall can be estimated using an idealized one-
dimensional model (Smith, 1979; Xie and Zhang, 2012). The
outer rainbands of a TC are generally the result of interac-
tions between the outer circulation of the TC and mid-lati-
tude weather systems (Tao et al., 1979; Jiang, 1983; Cong et
al., 2011; Galarneau et al., 2010); however, dispersion of
disturbed kinetic energy can generate TC outer rainbands in
the mid-lower-latitude regions (Luo, 1994; Chen et al., 2002;
Huang et al., 2014).

The intensity and distribution of typhoon rainfall result
from the interactions between multi-scale systems because
typhoon vortices are non-linear, complex structures (Luo,
2005; Teng et al., 2009; Luo et al., 2010; Moore et al., 2013).
To date, no model can completely predict all distribution
modes of typhoon rainfall. For instance, pre-TC squall line
rainfall does not occur in all typhoons (Meng and Zhang,
2012). However, the intensity and distribution of typhoon
rainfall are closely related to local topographic features,
which increase the complexity of predicting the intensity and
distribution of typhoon rainfall. Therefore, study of the local
characteristics and related dynamics of landfalling typhoon
rainfall may be beneficial for understanding and evaluating
local severe rainfall.

Typhoon Soudelor (2015) produced heavy precipitation in
the south and southeast of Zhejiang Province; the area that
received above 300 mm of rainfall covered more than
8000 km’. This amount of heavy rainfall over the Wenzhou
and Taizhou regions of Zhejiang Province has a recurrence
interval of 100 years. The geological disasters and flooding
that resulted from the extreme precipitation of Soudelor led
to 14 fatalities and over 8 billion CNY in direct economic
losses. According to previous studies, the distribution of
typhoon rainfall impacting Zhejiang Province included in-
ner-core rainfall, spiral rainbands that extended 300-500 km
from the center of the TC, frontal rainfall (baroclinic rainfall)
induced by interaction between the northern (northwestern)
circulation of the typhoon and the mid-latitude trough, and
local orographic rainfall that resulted from interaction be-
tween typhoon circulation and local topography (Zhu et al.,
1992). The local extreme accumulation of rainfall of Sou-
delor is distinct from that of other historical typhoons in
terms of distribution and intensity, with the exceptional
feature of maximum rainfall occurring around mountains.

2. Data description and TC case overview

Data utilized in this study include precipitation, the u and v
components of wind at 10 meters, sea level pressure, surface
pressure, relative humidity, temperature, and dew point
temperature at 2 meters from mesoscale observational sta-
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tions, Doppler radar reflectivity, FY2E stationary satellite
infrared nephograms, the best-track dataset from the
Shanghai Typhoon Institute of the China Meteorological
Administration, and the final analyses of the Global Fore-
casting System (GFS) of the National Center for Environ-
mental Prediction.

Typhoon Soudelor formed at 160.7°E, 13.7°N at 0000
UTC 30 July 2015 and translated north-northwestward,
maintaining super-typhoon intensity (maximum sustained
winds greater than or equal 51.0 ms™") for 66 h. Soudelor
made its first landfall at Hualian, Taiwan Province at 2040
UTC 7 August 2015 while at severe typhoon intensity
(maximum sustained winds up to 48 ms™"). After the TC
turned from southwestward from west-northwestward in the
Taiwan Strait, a second landfall occurred at Putian, Fujian
Province at 1410 UTC 14 August 2015 with maximum
sustained winds of 48 m s~ and minimum sea-level pressure
of 970 hPa around the center. Subsequently, Soudelor
translated westward in central Fujian Province into Jiangxi
Province, and then turned northward across Anhui Province
and moved into the East China Sea from central Jiangsu
Province. Finally, Soudelor dissipated over the sea south of
the Korean Peninsula (Figure 1).

Figure la shows that the track of Soudelor presents a
quasi-circular movement from its landfall in Taiwan to its
movement into the East China Sea across Jiangsu Province,
which favored prolonged rainfall and production of heavy
precipitation, and ultimately resulted in once-in-a-century
torrential rainfall in the local regions of Taizhou and
Wenzhou City in Zhejiang Province, China (Figure 2a).
Soudelor began to decay from its landfall on Taiwan at se-
vere-typhoon strength (maximum sustained surface winds
greater than or equal to 41.5 ms™"). It weakened slightly to
typhoon strength as it translated over the Taiwan Strait, and
then further decayed to a severe tropical storm, a tropical
storm, and then a tropical depression in Jiangxi Province,
Anhui Province and Jiangsu Province, China, respectively
until rainfall ceased over Zhejiang Province (Figure 1b).

Figure 2a shows the precipitation accumulated during the
rainfall period associated with Typhoon Soudelor in Zhe-
jiang Province (from 0000 UTC 7 to 0000 UTC 11 August
2015). The distribution of precipitation clearly consisted of
three regions. The first was located in the coastal region from
northeast of Fujian Province to Wenzhou City, Zhejiang
Province, and was influenced by the primary circulation of
Soudelor with the longest rainfall time and maximum pre-
cipitation (rainfall region A in Figure 2; hereafter referred to
as region A). The second was located in the region of Taiz-
hou and Ningbo cities, Zhejiang Province, and resulted from
the latitudinally orientated cloud band in the northeast
quadrant of the TC that formed because of the expansion of
the TC’s broken rainbands (rainfall region B; hereafter re-
ferred to as region B). The third rainfall region was located in
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central Jiangsu Province and resulted from interaction be-
tween the outer circulation of the TC and the mid-latitude
westerly trough. Furthermore, comparison of the rainfall
distribution of the TC with topography shows that the heavy
rainfall center is closely related to the locations of moun-
taintops. All heavy rainfall accumulation centers where Ty-
phoon Soudelor produced rainfall in Zhejiang Province are
in agreement with the centers of topographic height, except
for the rainfall in central Jiangsu Province.

3. Dynamics of Local Severe Rainfall of Ty-
phoon Soudelor

3.1 The stage characteristics of local severe rainfall of
Typhoon Soudelor

Three kinds of typhoon precipitation occur in Zhejiang
Province (Zhu et al., 1992; Wang, 2013). The first is the a
priori precipitation at the southeast coast line and northwest
mountains of Zhejiang Province, and is induced by interac-
tion between the outer circulation of the typhoon and the
weak cold air from the mid-latitude weather system, and is
influenced by orographic enhancement effects on local se-
vere rainfall before the typhoon makes landfall when it is
located over the sea to the east of Taiwan Province, China.
The second kind of rainfall is modulated by the typhoon’s
primary circulation with heavy rainfall centers over the
Yandang Mountains, Siming Mountains, and Tianmu
Mountains in Zhejiang Province, although rainfall distribu-
tion differs slightly because of the varying tracks and sizes of
typhoons. The remnants of typhoon vortices after landfall
can regenerate when connected to the transportation of warm
moisture from the sea or the southwesterly jet and result in
local severe precipitation in the third kind of rainfall. The
rainfall distribution associated with different typhoon tracks
shows that landfall in the middle to northern part of Fujian
Province with westward or northwestward inland translation
will generate the heaviest rainfall in Zhejiang Province. The
disasters caused by local severe rainfall from Typhoon
Soudelor were among the most severe of such events.
Therefore, it is necessary to demonstrate the distribution and
stage characteristics of this TC to further analyze the dy-
namic processes associated with this local severe rainfall.
The rainfall induced by Typhoon Soudelor can be divided
into four stages based on the hourly rainfall distribution in
East China. The first stage began from 0000 UTC 7 August
2015 and ended at 1200 UTC 7 August 2015 with the center
of the TC located over the sea east of Taiwan; the weak
rainfall occurred in the southeastern coastal regions of
Zhejiang Province in this stage resulted from the outer cir-
culation of Typhoon Soudelor. Both the rainfall intensity and
accumulated precipitation in the second stage reached max-
ima in Zhejiang Province because of the impact of the pri-
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Figure 1 TC track (a) and intensity (b) of TC Soudelor (1513); red solid line denotes the minimal pressure at the TC center; blue dashed line indicates the
maximum wind speed of the TC (0300 indicates 0000 UTC 3 August 2015, the rest likewise; TDT, TD, and TS represent tropical depression turbulence,

tropical depression, and tropical storm, respectively in (a)).
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Figure 2 Accumulated precipitation (mm) between 0000 UTC 7 and 0000 UTC 11 August 2015 (black dotted line denotes TC track) (a) and terrain height

(m) (b) in the Huadong District of China.

mary circulation of Soudelor as well as the longer-lasting
duration of heavy rainfall from 0713 UTC 9 August to 0600
9 August 2015 when the TC made landfall in Fujian Province
and translated westward over land. As Soudelor moved
northward in Jiangxi Province in the third stage (from 0700
UTC 9 August to 0600 10 August 2015), the TC intensity
decayed significantly, and its structure became asymmetric
with the primary rainbands breaking and shifting to the
northeast quadrant of the TC, which led to the occurrence of
local severe precipitation in the Taizhou and Ningbo regions
of Zhejiang Province. In the fourth stage (from 0700 UTC 10
to 0000 UTC 11 August 2015), the TC gradually turned from
northward to northeastward, and the cloud clusters with the
greatest convection shifted northward as TC intensity con-
tinuously decreased. As a result, the major rainband moved

to the middle and eastern parts of Jiangsu Province, and
rainfall in Zhejiang Province ended as the convective cloud
bands moved to the East China Sea.

To further characterize the rainfall distribution of Soudelor
in Zhejiang Province, time series of the evolution of area-
averaged precipitation across all of Zhejiang Province and
the principal severe rainfall regions were calculated (Figure
3). The region of Zhejiang Province for calculating area-
averaged rainfall is defined from 118°E to 123°E and from
27°N to 30.5°N, and contains 2082 mesoscale observational
stations. Region A, which covers Wenzhou City and includes
423 mesoscale observational stations, is defined from 119°E
to 120.7°E and 26.8°N to 28.2°N, and region B, which
covers Taizhou and Ningbo cities and has 622 mesoscale
observational stations, is defined from 120.5°E to 121.7°E
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Figure 3 Evolution over time of area-averaged precipitation (mm) in
Zhejiang Province (PM, solid line), region A (dashed line) and region B
(dotted line). The four precipitation phases are divided by black squares
along the X-axis (0700 indicates 0000 UTC 7 August 2015, the rest like-
wise).

and 28.4°N to 30.0°N. All regions were interpolated into
horizontal grids of 5 kmx5 km using a Kriging interpolation
method. The average value at each time point for each region
was calculated by dividing the sum of the precipitation at
each grid point by the total number of grid points. Figure 3
shows the rainfall features in different stages. In the first
stage, TC rainfall increased and then decreased rapidly,
ending at 1200 UTC 7 August 2015, which differed from the
previous TC rainfall mode (Zhu et al., 1992; Wang, 2013) in
that rainfall intensity was weak without interaction between
outer circulation of the TC and mid-latitude cold air. With the
landfall of the TC in Taiwan in the second stage, the accu-
mulated precipitation increased significantly; notably, the
fastest rise of accumulated rainfall occurred in region A,
although the rainfall intensity presented small fluctuation as
the TC translated over Taiwan and the Taiwan Strait with a
curved track that propagated southwestward and then turned
northwestward. Wenzhou City and neighboring regions were
affected by the principal rainbands of the TC as Soudelor
made its second landfall in Fujian Province; about 300 km
from the center of the TC, rainfall intensity increased rapidly
and reached a maximum at 1600 UTC 8 August 2015. The
rainfall in this stage ended at 0600 UTC 9 August 2015 when
the TC translated farther inland, and intensity and rainfall
rate decreased dramatically. The rainfall intensity variation
in the second stage shows that the precipitation in this stage
was attributed to rainfall in region A. Meanwhile, there were
multiple convective rainbands in the northeast quadrant be-
cause of the northward propagation of disturbed energy of
the typhoon (Corbosiero et al., 2006; Li et al., 2007; Hall et
al., 2013), which resulted in some precipitation in the north
of the TC’s circulation (region B) with much weaker in-
tensity than in region A. In the third stage, the intense rainfall
shifted from the middle and south of Wenzhou City to the
region of Taizhou and Ningbo cities (region B) when Sou-
delor turned from westward to northward as it entered
Jiangxi Province. Rainfall intensity in region B increased
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significantly. However, the rainfall rate in region A remained
weaker than that of region B. As the rainfall bands of Sou-
delor shifted northeastward, the rainfall intensity in Zhejiang
decreased, which represented the fourth stage of rainfall.
Precipitation in regions A and B decreased significantly, and
the weak rainband along coastal region of Zhejiang Province
shifted to the coastal islands and Zhoushan City as the TC
moved further eastward, which marked the end of rainfall in
Zhejiang Province.

Figure 4 shows composites of accumulated precipitation in
each rainfall stage obtained by calculating the sum of rainfall
with time at each grid point for each stage. Little rainfall
occurred over Yandang Mountain of Wenzhou City and
Siming Mountain of Taizhou and Ningbo cities in the first
stage. Because the distance between the center of the TC and
the rainfall area was over 800 km, precipitation in this stage
represents a category of rainfall far from the typhoon (RFT,
Figure 4a). In the second stage (Figure 4b), TC precipitation
occurred in the region from northeast of Fujian Province to
southeast of Zhejiang Province, with the maximum pre-
cipitation occurring in the middle-southern region of
Wenzhou City. This precipitation was the most intense and
covered the largest area of all stages. The orientation of
precipitation distribution in this stage is in agreement with
the local coastal topography, which suggests a close re-
lationship between the intense TC rainfall and local topo-
graphic features. The rainband then shifted further to the
north and was oriented latitudinally with two dominant
rainfall centers around Taizhou and Ningbo cities of Zhe-
jiang Province (region B) and the middle-west part of Anhui
province, respectively, which demonstrates that the spiral
cloud band had broken as the primary circulation of the TC
extended northward. The phenomenon of broken rainbands
was captured by the hourly evolution of radar reflectivity.
The reflectivity band in the second stage gradually split into
multiple intense cloud cluster centers as the spiral band
evolved toward the northeast quadrant of the TC in the third
stage (figures omitted). The principal rainfall areas shifted
northward in the mid-eastern regions of Jiangsu Province
and east over the East China Sea in the last stage of rainfall,
which is consistent with the distributions of intense radar
reflectivity bands over that area. There was little rainfall (less
than 5 mm) in the coastal regions from Taizhou to Ningbo
city and gradually ended.

The above analysis of the evolutions of hourly rainfall
distribution and area-averaged precipitation shows that the
rainfall in Zhejiang province that resulted from Typhoon
Soudelor can be divided into four distinct stages. Therefore,
composite analysis of each stage of rainfall will be utilized to
further investigate the physical processes responsible for the
formation of rainfall in each stage.
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Figure 4 Precipitation (mm) in each rainfall phase of TC Soudelor (1513). Shading denotes rainfall greater than 50 mm.

3.2 Relationship between the formation in the first
stage and RFT

Chen (2007) provided definitions of RFT including (1) the
precipitation that occurs outside of the typhoon circulation
and (2) there is coherent intrinsic relation between the ty-
phoon and RFT that separates the rainfall within typhoon
circulation from the RFT. RFT is a category of local severe
rainfall that occurs outside of the typhoon’s principal circu-
lation with a distance greater than 800 km from the ty-
phoon’s center, and results from the interaction between the
outer circulation of the typhoon and mid-latitude weather
systems (Tao et al., 1979). There is another category of RET
in subtropical regions (south of 35°N) that results from local
vortices generated by the dispersion of disturbed kinetic
energy of the typhoon located distant from the RFT (Luo,
1994; Chen et al., 2002; Huang et al., 2014). The precipita-

tion that occurred in Zhejiang Province in the first stage was
RFT according to this definition because Soudelor was lo-
cated over the sea east of Taiwan, and the distance between
the rainfall area and the typhoon center was over 800 km.
Nevertheless, the intensity of the RFT in Zhejiang Province,
only 10 mm at most, was far less than the RFT defined by
Chen (2007) and Tao et al. (1979).

Figure 5 shows a composite of surface winds in each stage
of rainfall. Northeasterly winds prevailed in regions A and B
with the magnitude of the whole wind velocity less than
8ms ' (Figure 5a). The local convergence in region B was
greater than that in region A, which caused more intense
local convection in region B than in region A, in addition to
the warm, moist easterly wind from the East China Sea that
resulted in more precipitation in region B than in region A
(Figure 4a). Figure 6 shows the evolution of wind over time
at different pressure levels for regions A and B. North-
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Figure 5 The evolution of composite observed station wind velocity (full bar=10 m s™', shading denotes wind velocity over 8 m s™) during different TC
rainfall phases ((a) phase I, (b) phase II, (c) phase III, (d) phase IV dotted contours denote divergence with units of 107 s™").

easterly winds dominated region A below 700 hPa, and the
prevailing wind shifted from northeasterly to easterly within
1000 to 700 hPa in the first stage. In contrast, easterly winds
prevailed below 700 hPa in region B. The wind velocity in
both regions was relatively low, with speeds less than 8 and
12 m s below 850 and 700 hPa, respectively. The evolution
over time of area-averaged vertical velocity in region A, B,
and Zhejiang Province (Figure 7) shows that the magnitude
of vertical velocity in region A was comparable to that in
Zhejiang Province in the first stage, and was lower than that
in region B. Furthermore, the magnitudes of vertical wind
velocity in all three regions were relative small, with values
less than 0.3 h Pas™. All of the above characteristics show
that precipitation in the first stage resulted from relatively
weak convection.

Smith (1979) proposed a one-dimensional idealized model
to estimate the rainfall rate induced by topography (eq. (1)):

dp,,
dz

Ry==S-[ 7

S=V-H
where R is the rainfall rate of the orographic effect in units
of mm, p,,, is the saturated vapor density, § is the topographic
gradient, H is topographic height, and } represents the sur-
face wind vector. Because the change of wind velocity within
the boundary layer is small, and because the saturated vapor

density is equal to zero at the top of the boundary layer, eq.
(1) can be simplified as (Xie and Zhang, 2012):

R, - [uaH oH ®

202 x X
= oy ] 1(0) x p, (0),
where, r(0) and p,,(0) indicate the surface water vapor
mixing ratio and air density, respectively; u and v represents
the zonal wind component and the meridional wind com-
ponent, respectively.

dz (1)
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Figure 6 Evolution over time of area-averaged velocity vectors and whole wind velocity (m s ') in regions A ((a), (c), (e), (g)) and B ((b), (d), (f), (h)). Red
solid squares separate each precipitation phase; black solid triangles indicate the two landfall times, in Taiwan and Fujian Province, respectively; abscissa is
the same as in Figure 3.
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Figure 3.

Eq. (2) demonstrates that R; is positively proportional to
the horizontal wind velocity, topographic gradient, and water
vapor density near the surface. In other words, greater hor-
izontal wind velocity, topography gradient, or vapor content
per unit volume corresponds to larger orographic effects on
the enhancement of rainfall.

Figure 8 shows the composite distribution of R; in each
stage of rainfall, calculated based on mesoscale surface ob-
servations in East China, including wind direction and ve-
locity at 10 m, relative humidity at 2 m, water vapor
pressure, surface pressure, and topographic height. In the
first stage, the value of R; is between 5 and 10 mm, which is
comparable to observations, and indicates that rainfall of this
stage represented distant rainfall that resulted from weak
convection caused by interactions between lower-tropo-
spheric wind and local topography.

Therefore, the interaction between the outer circulation of
Soudelor in the lower troposphere and local topography in
the first stage was the predominant factor leading to the
distant rainfall of the TC during the first stage based on
comparison of wind directions and Ry distribution. More-
over, easterly wind is more favorable to local convection and
precipitation in coastal regions because the orthogonal
component of the easterly direction is greater than that of the
northeasterly direction to the southwest—northeast-oriented
coastal topography of Zhejiang Province.

3.3 Effects of the interactions of multiple factors on the
dynamics of local severe precipitation in the second stage

Analysis of Figure 3 above shows that the area-averaged
rainfall in region A increased significantly over time from
about 3 h before landfall of Soudelor on the island of Taiwan
(1800 UTC 7 August 2015) and reached a maximum as the
TC made its second landfall in the central coastal region of
Fujian Province. Then, the area-averaged rainfall decreased
gradually as the TC translated further inland. The mean
rainfall rate in region A was far greater than that in region B
and Zhejiang Province, which indicates that the most intense
rainfall in the second stage occurred in region A. Therefore,
the mechanism of severe rainfall in the second stage has been
explored in terms of the interactions of multiple factors in-
volving the principal circulation of the TC, local topography,
and synoptic conditions.

The radius at the maximum velocity of the TC (r,) is
closely related to the eyewall and spiral cloud bands around
eyewall, which notably impact the rainfall distribution within
the eyewall of the TC (Rogers et al., 2009). In the second
stage, the severe precipitation that occurred in regions A and
B represented some of the principal rainband rainfall of the
TC because the distance from the TC center to both regions
was between 300 and 500 km. The evolution of r,, over time
(Figure 9), calculated using the best track data of the Joint
Typhoon Warning Center (JTWC) of the United States, was
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Figure 9 The maximum wind speed radius (km) of TC Soudelor from

0000 UTC August 7 to 0000 UTC August 11, 2015. Abscissa is the same in
as Figure 3.

employed to investigate the relationship between r,, and se-
vere precipitation in the second stage. The value of r,, de-
creased remarkably during the transition from the first stage

to the second stage of rainfall, and reached a minimum of
about 10 km at 0800 UTC 8 August. Subsequently, r,, grew
and remained around 13 km until the end of the second stage
of rainfall. Then, r,, increased rapidly over time in the third
stage.

Based on comparison of the evolution of r, and area-
averaged rainfall in region A in the second stage (Figure 10),
an opposite phase variation occurred, which implies that the
fluctuation of 7, reflected the tendency of local severe pre-
cipitation within the principal rainband of Soudelor
300-500 km from the TC center.

Figure 4b shows that the precipitation distribution of the
typhoon was very asymmetric; extreme rainfall above
50 mm was located almost entirely to the right of the TC
track, and the maximum rainfall occurred in region A, which
was 300 km from the TC center and was modulated by the
principal rainband. Moreover, severe rainfall was localized;
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Figure 10 Time evolution of percent (%) of area-averaged R; relative to
observational precipitation for regions A and B, and for Zhejiang Province.
Abscissa is the same as in Figure 3.

intense rainfall occurred over large mountains along the
coast, and rainfall decreased rapidly inland, which indicates
that the mountainous topography may have had dramatic
impact on the rainfall distribution of the landfalling typhoon.
Meanwhile, local convection developed asymmetrically in
the outer rainbands in the direction parallel to the TC track.
The asymmetric development of typhoon precipitation as-
sociated with local intense convection was closely correlated
with the wind field in the lower troposphere and the inter-
action between wind and topography in the TC circulation
(Chen et al., 2010). The local topography lifted the moist air
to convection condensation level (CCL) and rainfall oc-
curred; however, the orthogonal component of upslope flow
over the local topography sped up the vertical velocity of the
rainfall convection system, which led to further development
of local convection and the growth of the asymmetric dis-
tribution of local intense convection.

Figure 5b shows a composite image of the wind vectors
and divergence at 10 m. The strong wind areas were located
in the coastal regions from northeast of Fujian Province to
southeast of Zhejiang Province, with the maximum wind
velocity center located in region A where east-northeasterly
winds prevailed in the second stage. In addition, surface
convergence was most intense in region A, and both surface
wind vectors and convergence declined sharply inland. This
finding indicates that the development of local convection in
the coastal mountainous regions from northeast of Fujian
Province to southeast of Zhejiang Province can be attributed
to two factors. One was the vertical shears of wind velocity
and direction caused by the reduction of wind velocity in-
duced by surface friction, which can result in local con-
vergence; the other was the interaction between surface wind
and topography, which can speed up near-surface vertical
velocity through a lifting effect.

Figure 6 shows the changes of the wind velocity and di-
rection in the lower troposphere. The wind direction shifted
from northeasterly to east-northeasterly and then to south-
easterly in region A, but from east-northeasterly to south-
easterly in region B in the second stage. The wind velocity
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reached maxima before landfall of the TC in region A, but
4 h after landfall for region B. Intense wind could bring more
water vapor to the rainfall regions, which would facilitate the
enhancement of local severe rainfall, and is in agreement
with maximum precipitation occurring in region A. Fur-
thermore, the wind direction in region A in the second stage
was predominantly easterly, which demonstrates that there is
a correlation between easterly and local severe precipitation
in this region because of the stronger component of the
easterly winds orthogonal to the coastal mountainous topo-
graphy of Zhejiang Province. As the wind direction shifted to
southeasterly, starting around at 1800 UTC 8 August, pre-
cipitation decreased dramatically in region A (Figure 3).
Analysis of the vertical upward motion closely related to the
mid-lower wind field shows that the vertical upward motion
in region A increased drastically in the second stage with
maxima around the time of landfall of Soudelor in Fujian
Province. For the whole troposphere, the primary vertical
upward motion occurred below 500 hPa, with maxima oc-
curring at pressure levels from 850 to 600 hPa, which in-
dicates that convective development was restricted within
the lower troposphere, and the intensity of the rainfall con-
vective system was moderate. This phenomenon can be
confirmed based on the radial-vertical cross-section of radar
reflectivity from when the most intense precipitation oc-
curred. The vertical extension of the maximal reflectivity is
concentrated in a small area to the east of the rainfall region
with smaller height and discontinuous distribution, and the
intensity of radar reflectivity was moderate overall (40-50
dbz, figures omitted). It follows from the analysis of area-
averaged hourly rainfall rates (Figure 3) that the situations
that resulted in local severe precipitation in Zhejiang Pro-
vince were not short-term intense convective systems but
resulted from the combined effects of multi-scale intense
rainfall systems over a relatively long period. The reasons for
the maintenance of intense rainfall over a long period of time
are explored in Section 3.6. Because the moderately intense
convection of the spiral rainbands of Soudelor cannot ex-
plain the severe precipitation that occurred in the second
stage, orographic effects must have played an important role
in the intense rainfall process.

Figure 8b shows the distribution of the orographic rainfall
rate R in the second stage. Because the rainfall regions were
modulated by the principal circulation of the TC, with a
smaller radius of maximum wind velocity (Figure 9), con-
siderable growth of wind velocity (Figure 5b), and en-
hancement of local convergence, Ry increased remarkably,
which resulted in a dramatic increase of the hourly rainfall
rate (Figure 3). Although TC intensity decreased sig-
nificantly as Soudelor translated farther inland, R; still
maintained a large value because the orthogonal component
of the easterly winds to zonal mountains was large, with the
rainfall regions modulated by the northern part of principal
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circulation of the TC and warm moisture flow from the East
China Sea. Consequently, the rainfall rate remained within 5
to 15mmh™' for over 24 h. Moreover, precipitation in the
second stage lasted from 1200 UTC 7 August to 0600 UTC 9
August, or around 42 h in total, and the accumulated pre-
cipitation was far greater than normal for torrential rain.

The role of R; in the total precipitation from Soudelor was
investigated further by calculating the ratio of area-averaged
Ry to area-averaged precipitation in region A, region B, and
Zhejiang Province (Figure 10). The contribution of area-
averaged R; in Zhejiang Province to area-averaged total
rainfall was 20%-40% within the first 12 h of the second
stage, and then decreased rapidly; however, the contribution
of Ry in regions A and B reached up to 60% with little
fluctuation. In the transition period from the second stage to
the third stage, the contribution of R, up to 60% of the total
precipitation, reduced sharply as the TC translated farther
inland. This analysis demonstrates that the interaction be-
tween TC circulation and local mountains played an im-
portant role in the formation of local torrential rainfall of this
typhoon, with the contribution of R; to total precipitation
exceeding 50% in some rainfall periods.

From eq. (2), we know that R increases with the growth of
the orthogonal component of the wind. Greater wind velocity
corresponds to more rapid increase of Ry. Therefore, the Ry
caused by easterly wind was most intense because the or-
ientation of the topography from central Fujian Province to
the southeastern coastal region of Zhejiang Province pri-
marily runs north-south.

The above analysis indicates that the maintenance of a
small radius at maximum wind velocity was favorable for the
maintenance of local sustained rainfall in the primary spiral
rainbands of the typhoon, and that local rainfall was then
significantly enhanced by interactions between typhoon
circulation and the local topography. Moreover, the main-
tenance of a small radius at maximum wind velocity and the
corresponding rainfall intensity and distribution are closely
related to vertical wind shear (Jones, 1995; Wong and Chan,
2004; Chen et al., 2006; Gao et al., 2009; Zhang and Tao,
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2013; Tao and Zhang, 2014). Therefore, the relationships
between local severe rainfall and two kinds of VWS were
explored by calculating the evolution of azimuthal average
VWS over time in the typhoon circulation region (TVWS)
within 300 km from the typhoon center (Figure 11a) and
environmental VWS (EVWS) 300-500 km from the typhoon
center (Figure 11b). Figure 11 shows that the TVWS in the
second stage shifted from northwesterly to east-south-
easterly, and then turned to southwesterly clockwise. The
magnitude of TVWS decreased to around 5ms ' from
8 ms ' in the first stage, and remained at this level until the
end of rainfall in the second stage, which is consistent with
the results in Tao and Zhang (2015) that the intensity of VWS
with magnitude below 6 ms ' facilitates the maintenance
and development of convection within the typhoon circula-
tion. Meanwhile, the EVWS shifted from northwesterly to
easterly, and then turned to southwesterly clockwise before
the end of rainfall in the second stage with the reduction of
intensity of TVWS from 8 to 2 m s, and this intensity was
maintained until the end of rainfall in the second stage. Thus,
the small VWS was favorable to the maintenance of the
intensity and structure of the TC, and represents a necessary
condition to ensure the formation of local sustained severe
precipitation in the second stage. Furthermore, Corbosiero
and Molinari (2002) found that the most active convection in
the outer rainband of a TC is typically located in the left flank
in the downshear direction. In contrast, severe rainfall as-
sociated with Soudelor was located in the right flank of the
easterly VWS in the second stage, which confirms the key
role of local topography in the intensity and distribution of
precipitation in the second stage.

Figure 12 showsthe distributins of the composite diver-
gence and wind vector fields at 850 hPa (Figure 12a, ¢, ¢, g)
and 200 hPa (Figure 12b, d, f, h) during different rainfall
stages. Region A was modulated by the principal circulation
of the TC with a strong easterly lower-level jet (LLJ), and the
convergence area was located in the coastal region from
central Fujian Province to central Zhejiang Province at 850
hPa. There was a weak divergence zone at the top of the TC

251

(b)

20+

AN 2 NN T

\_ . /77 /

0

- L 3 - L - .
o> 7, g, [ 2 7 7 7
o 7> Soo 7o 00 o) %o, %75 700

Times (Day Hour)

Figure 11 Vertical wind shear within the TC (a) and in the environment (b) for TC Soudelor from 0000 7 August to 0000 11 August 2015. Abscissa is the

same as in Figure 3.



PanJ S, et al.  Sci China Earth Sci 13

350N CPS1-Div/jet_at 850hPa 07:00—07i2 350N CPS1-Div/jet at 200hPa e 07:00-07:12
PN D33 VA, . @l
\/§/\ > >>>\)\)\)>3 14 l”l\m\\._ < > W e
32oNL\ » \," \,,, 12 320N _@\ k ”‘\ A M—A\\'— .
; NN O | &
8 : w |Hs
29°N X 29°N = & P/ X
; Fro s e e/ /L
-2 s & -2
o1 -4 o F \\\/ - A> > N H-4
26°N » 26°N NV ) ; I M
-8 > . h -8
-10 e s — -10
23°N -12 23N - = -12
-14 X A = E: -14
-16 g il e
o A o o i
201'*0°E 113°€ 116°E 119°%E 122°E  125°%€ 128° 201’*0°E 113°€ 116°%€ 119°%E 122°E  125°E 128°E

07:18-09:06

\§\>)\ (C/)‘ 35°N

35N GES2

sonf Y i) v N NNy Y YR, 32oNf

29°Np 29°Nf

2ol AP N ( . NARR RN 26

23N

'R
3 | 2|
Jo

DA G L,

200N h MNoow L L
110% 113E 116°E 119°€ 122°€ 125

i 200y E2 A LR ANA A A A S
28°E |NO°E 113°E 116°E 119°E 122°E 125°E 128°E

35NS

35°N

14 32°N[-

° 29°N

26°N

26°N

23N -14 23°N

e

on B2 L L L L L \ L =
201'1‘0‘E 113°E 116°E 119°€ 122°€ 125 128°% 20;'10"?:

35N _ﬁn\» S 10:12—1(;:)00
S N ; > )y VAl 1 e
32°Nf / P AN ;A J ,\ S q 14 i
Tt J )1 | o

29°N

26°N V §/J=,/_j J 4 AH-

23°N

; Y NN T A
LSS SIS NN N

" " " n L 20°q =
113E 116°E 119°€ 122°€ 125%€ 128°E 110%€

200y Ea e — L S .
MNooe 113%  116E 119°E 122 125%  128°

Figure 12 Composite of divergence (shaded, 1 ¢~ s ") and wind vector field (full bar=10 m s™') at 850 hPa ((a), (c), (e), (g)) and 200 hPa ((b), (d), (f), (h)).



14 PanJ S, et al.

at 200 hPa. Meanwhile, the TC was influenced greatly by the
VWS because of its small value (Figure 11). The stronger
convergence zone occurred in the northeast quadrant of TC
circulation in the upper troposphere (Figure 12d). This layout
of divergence and wind vectors at lower and upper pressure
levels was favorable for further development of convection
near the surface. Consequently, the TVWS had important
influence on the maintenance of convection activity in the
lower troposphere in the rainfall regions during the occur-
rence of severe local rainfall of the typhoon. In particular, the
weak VWS contributed to the maintenance of the relatively
stable structure of the TC and sustained precipitation. At this
time, Soudelor remained at typhoon or severe tropical storm
strength in the second stage, and the radius of the maximal
wind velocity barely changed, which was essential to the
formation of local severe rainfall accumulation induced by
the interaction of the principal circulation of the TC and local
mountainous topography.

The above analysis shows that the maximum extreme
precipitation induced by Soudelor in the second stage re-
sulted directly from the interaction of the moderately intense
principal circulation of the TC and local topography. The
small change in the intensity and structure of TC circulation
caused by the small VWS, which facilitated the maintenance
and development of the stable primary rainband in region A,
was another important condition for the extreme precipita-
tion in the second stage.

3.4 The effect of typhoon structural changes on the
northward shift of the precipitation center in the third
stage

Analysis of Figure 3 reveals that the rainfall in region B
increased rapidly as rainfall in region A decreased sig-
nificantly in the third stage. Moreover, the intense rainfall
center shows a northward jump with the discontinuous dis-
tribution of rainfall during the transition period from the
second stage to the third stage based on the hourly pre-
cipitation distribution map (figures omitted). Causes for this
northward jump are investigated based on the development
and evolution of local convection, TC structure, environ-
mental VWS, and water vapor transportation in this section.

Figure 13 shows the evolution of radar reflectivity during
the transition period from 1800 UTC 8 August to 0800 UTC
9 August at 2 h intervals. There were two clearly developing
phases of convection. The first was from 1800 UTC 8 August
to 0200 UTC 9 August as the TC translated farther inland.
The TC inner-core region gradually became drier because of
the lack of warm, moist air from the sea. Meanwhile, con-
vection in the inner-core region was restrained, with radar
reflectivity weakening further, and the spiral cloud bands
dissipated gradually with larger cloud-free areas in the sa-
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tellite images, which indicates that the TC inner-core was
assuming a hollow-core structure. The local severe rainfall in
the coastal regions (region A) from central Fujian Province
to Wenzhou City, Zhejiang Province decreased dramatically
and tended to end under the influence of changes in TC
structure. The second phase was from 0400 UTC 9 August to
0800 UTC 9 August, when the outer circulation of the TC in
the region from Taizhou City to Ningbo City intensified
because of connection to warm, moist air from the sea. At the
same time, the west-southwesterly EVWS grew con-
tinuously (Figure 11), which facilitated the development of
asymmetric convection in the spiral cloud bands at the
downshear flank of VWS (Jones, 1995). Furthermore, in-
teraction between the outer circulation of the TC and a mid-
latitude trough contributed to the asymmetric distribution of
local convective development in the spiral cloud bands of the
TC, which cut off the water vapor transportation tunnel to the
inner-core area; water vapor distribution showed clear
asymmetric features, and the moist area occurred in the
northeast quadrant of the TC (region B, Figure 14). In
combination with the interaction between the TC outer cir-
culation and local topography (Figure 5c), local convection
occurred in the northern part of the outer circulation of the
TC in the region from western Anhui Province to the inter-
section between northwestern Zhejiang Province and
southern Jiangsu Province, and to the Siming Mountains in
central Zhejiang Province (region B). Correspondingly, the
rainfall band presented a northern jump.

Thus, it is evident that the inner-core circulation decayed
dramatically because of the reduction of water vapor after
TC landfall, especially in the process of translation farther
inland. With increasing EVWS, the spiral rainbands in the
outer region of TC circulation showed asymmetric devel-
opment at the downshear flank of EVWS, which blocked
water vapor transportation to the inner-core region of the TC.
The clouds in the inner-core region dissipated and presented
a hollow-core structure. The outer circulation of the TC was
maintained and developed because of connection with the
southerly warm and moist flow from the sea. With the in-
teraction between the outer circulation of the TC and local
topography, the severe rainfall region jumped northward.

3.5 The effect of interaction between TC circulation
and the mid-latitude system on the rapid reduction of
rainfall in Zhejiang Province in the fourth stage

Figure 2a shows that there were two regions of severe
rainfall after landfall of Soudelor in mainland China. One
was located in the region from central Fujian Province to
central Zhejiang Province, and another was located in central
Jiangsu Province. Analysis of Figures 3, 4c and 4d indicates
that the intense precipitation in central Jiangsu Province
occurred because of the interaction between the outer cir-
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culation of the TC and a mid-latitude system during the
transition period from the third stage to the fourth stage of
rainfall. As the fourth stage of rainfall began, the precipita-
tion in central Jiangsu Province increased rapidly, whereas
rainfall in Zhejiang Province decreased rapidly. Extratropical
transition (ET) of a TC occurs as TC circulation interacts
with mid-latitude weather systems, and the precipitation

J

_d _ 1
F—E‘thl [V, 0

where 6 represents potential temperature, and u and v in-
dicate the components of the x and y axis in a Cartesian
coordinate system, respectively.

Figure 15 shows the distributions of the FGF in different
stages of rainfall. In the first and second stages of rainfall,
wind velocity and directional shear were induced by the
different friction effects from the sea and land surfaces to the

B[]
oy ) | ox

/(&)1

produced in the process of ET behaves with distinct bar-
oclinic characteristics. The effects of the interaction between
TC circulation and mid-latitude weather systems on local
severe precipitation can be investigated by calculating the
frontogenesis function (FGF) of eq. (3) (Petterssen, 1936;
Doswell et al., 1996; Harr et al., 2000; Harr and Elsberry,
2000; Colle, 2003; Gao et al., 2009):

} 3)
|

land side of the western half of the TC. Differences between
sea and land surfaces can causes the lift of TC circulation and
the release of weak instability energy within the TC (Houze,
2010, 2012), which increase the gradient of the FGF, in-
tensify the centers of frontogenesis, and eventually lead to

o0 69[8\/ n Gu]

xoylox "oy

asymmetric distribution of precipitation in these two stages
of rainfall. There was no apparent frontogenesis in the third
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(dotted line, hPa s ') at 850 hPa in rainfall phases I (a), II (b), III (c), and IV (d) of TC Soudelor.

stage of rainfall in Zhejiang Province, which indicates that
precipitation in this stage was not instability rainfall induced
by the invasion of mid-tropospheric cold air into TC circu-
lation, but resulted from cyclonic circulation caused by the
wind velocity and directional shear of strong winds and
orographic effects. In the fourth stage, the major rainfall zone
shifted northward to central Jiangsu Province with the oc-
currence of evident overlapping areas of frontogenesis,
convergence, and vertical upward motion, which resulted
directly from the interaction between the TC outer circula-
tion and the mid-latitude trough. It should be noted that the
severe rainfall area does not coincide with large values of the
FGF, but with the overlapping region of the FGF, con-
vergence, and vertical upward motion, which demonstrates
that the enhancement of local severe rainfall resulted from
the development of local convection associated with in-
creased vertical upward motion induced by the combined
effects of the release of baroclinic potential energy and the
enhancement of local convergence. However, the primary
water vapor transportation area shifted from region B
northward to central Jiangsu Province in the third stage be-
cause of increasing local wind velocity and convergence

resulting from the interaction between TC circulation and the
mid-latitude weather system (Figure 14d). Moreover, the
EVWS was westerly and reached its maximum in the fourth
stage (Figure 11b), and the weak convection systems located
in the coastal region of Zhejiang province shifted eastward to
the sea under the influence of EVWS. Local convection and
water vapor transportation in Zhejiang Province decreased
rapidly, and rainfall weakened quickly and tended to end
(Figures 3 and 4d). Furthermore, the zonal-vertical cross-
section of potential temperature (Figure 16) in the previous
stages of rainfall shows that there was weak northwesterly
intrusion in the western side of TC circulation, which formed
a weak frontogenesis area only in the second stage, and re-
sulted in weak local, asymmetric precipitation (Figure 16b).
The TC was modulated by southeasterly (Figure 16a) or
westerly (Figure 16e, g) winds in the first and third stages of
rainfall. In the meridional-vertical cross-section of potential
temperature, there was no frontogenesis in the three previous
stages of rainfall, but a cold front extending from surface to
500 hPa appeared in the north flank of the TC center in the
fourth stage. Northerly wind prevailed in the area south of
36°N, and transported the air mass with high instability and
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water vapor to around 26°N. The instability in the middle-
lower troposphere increased, and a strong upward-motion
center formed near 31°N to 32°N, which resulted in the
occurrence of local severe rainfall in central Jiangsu Pro-
vince in the last stage of rainfall.

In summary, the new rainfall center located in central
Jiangsu Province, caused by the interaction between TC
outer circulation and the mid-latitude weather system as the
TC translated northward, made the moist area shift north-
ward and resulted in a dramatic drop in the transportation of
water vapor and convection development in Zhejiang Pro-
vince. Combined with the enhancement of EVWS, the weak
convective systems induced by the interaction between the
TC remnant vortex and the mountainous topography in the
eastern coastal region of Zhejiang Province translated
quickly to the sea, which led to the end of rainfall.

3.6 The role of the quasi-circular TC track in the for-
mation of local extreme rainfall

Accumulated precipitation can be estimated using eq. (4):
R =rxt, @)
where, R, is the accumulated precipitation in units of mm; 7
represents the mean rainfall rate during the rainfall period,
and ¢ is duration of rainfall.
Figure 3 shows the evolution over time of the area-aver-

aged hourly rainfall rate of Soudelor. Compared with the
rainfall that resulted from other TCs with disastrous impacts
in Zhejiang Province, the hourly rainfall rate caused by
Soudelor was not the greatest, but the total accumulated
precipitation was maximized. Aside from the sustained ex-
treme rainfall induced by TC circulation in the second stage,
the classic track of the TC was closely related to the max-
imum accumulated precipitation (Figure 2). The TC track of
Soudelor presents a quasi-circular trajectory centered around
the southeastern coast of Zhejiang province during the period
from its landfall on Taiwan to its translation over the sea
from central Jiangsu Province. This specific quasi-circular
track facilitated the maintenance of a high rainfall rate gen-
erated from the outer circulation and principal rainbands of
Soudelor for a relatively long period of time in the rainfall
region of Zhejiang Province. A high rainfall rate sustained
for a long period of time can result in local extreme pre-
cipitation according to eq. (4).

Figure 17 shows the composite distribution of geopotential
height and wind vectors at 500 hPa for each stage of rainfall,
and can be utilized to investigate the shape change of the
Western Pacific Subtropical High (WPSH) and the effect of
environmental steering flow on TC track. In the first stage,
the WPSH formed a high dam in the north of Zhejiang
Province with the western ridge point located at central
Anhui Province, and the TC was steered westward by east-
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erly winds in the southern flank of the WPSH. In the second
stage, the WPSH retreated northeastward under the influence
of the northward-translating Typhoon Molave (1514), which
resulted in the breakdown of the high dam. The TC translated
west-northwestward, modulated by the east-southeast steer-
ing flow in the southwest of the WPSH. The WPSH broke
again because of its location between two TCs, and the or-
ientation of the WPSH shifted from latitudinal to long-
itudinal; thus, the TC turned northward as it entered Jiangxi
Province, steered by the southerly wind in the southwest
flank of the WPSH in the third stage. In the last stage of
rainfall, the WPSH fell southward, extended westward, and
merged with the remnant high over mainland China. Sou-
delor turned northeastward, steered by the southwesterly
flow in the northwest of the WPSH. The intensity of the
steering flow remained around 12ms ' during the whole
rainfall process of the TC. The translation speed of the TC
increased rapidly during the later rainfall stages because of
the continuous decrease of TC intensity after landfall under
the influence of the same intensity of steering flow. It follows
that the change of steering flow induced by the shape and
location change of the WPSH was the key factor determining
the quasi-circular track of Soudelor during the rainfall period
in Zhejiang Province. The quasi-constant speed of steering
flow caused the distinct difference of the TC’s translation

speed in different stages of rainfall as the TC continuously
decayed, which led to different sustained durations of rainfall
in each stage. In addition, the abnormal track of the TC in the
second stage, first translating southward over Taiwan and
then northward in the Taiwan straits, was one of the most
important factors that resulted in severe precipitation in this
stage, which was closely related to orographic effects (Xie
and Zhang, 2012). Furthermore, the distance between the
severe rainfall regions, including regions A and B in Zhe-
jiang Province, and the center of the TC remained between
300 and 600 km after the TC made landfall in Taiwan, until it
translated over the sea from Jiangsu Province, and the track
of the TC presented a generally quasi-circular, clockwise
trajectory surrounding point C, which was the mid-point
between regions A and B.

The quasi-circular track of the TC surrounding the rainfall
regions induced by the change of the WPSH caused the
rainfall regions to be covered by the convective outer rain-
bands of the TC during the period of severe local pre-
cipitation, from 1200 UTC 7 August to 0600 UTC 10 August
2015, which resulted in large amounts of accumulated rain-
fall. In addition, an important reasons for the intense pre-
cipitation in region A in the second stage was the long-term
(around 42 h) maintenance of the intense rainbands. There
are two main reasons for the long-lasting maintenance of
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intense rainbands. One was the abnormal track of the TC,
first moving southwestward after crossing Taiwan and then
turning north-northwestward across the Taiwan Straits, and
finally making landfall in central Fujian Province with
northwestward movement. The track of the TC led to local
weak convection in region A because of the interaction be-
tween the outer TC circulation and the local topography of
Yandang Mountain early in the second stage of rainfall
(Figure 18a), and the corresponding rainfall accumulation
was small (Figure 10). Convection intensified significantly,
and the rainbands shifted from outer TC circulation to the
principal rainband of the outer section of the TC in region A
(Figure 18b and c) and reached maxima prior to the second
landfall, while the principal rainband affected region A
(Figure 18d). Afterward, the intensity of Soudelor decayed
gradually as it translated westward, and region A was
modulated by the principal rainband of the TC. This track of
the TC was favorable for the occurrence of sustained rainfall
induced by the intense convection of rainbands in the right
flank of the TC over a long period of time in region A.
Secondly, the VWS was relatively low as the TC translated
westward after making landfall. The structure of the TC did
not tilt, and the intensity decreased slowly, with the TC re-
maining a typhoon to severe tropical storm, and the change
of environmental steering flow was slight. All of these fac-
tors slowed down the translation speed of the TC and in-
creased the length of time for the maintenance of intense
rainband of the TC in region A, and thus resulted in maximal
accumulated precipitation in the second stage. Studies by
Chen et al. (2010) and Chen and Xu (2017) have shown that
the significant characteristics of TCs resulting in extreme
precipitation are that the TC translates slowly, connects with
an intense water vapor tunnel, and maintains quasi-constant
intensity that decays little. In the above analysis, the char-
acteristics of the intensity and track of Soudelor in the second
stage in Zhejiang Province were consistent with the char-
acteristics necessary for the formation of extreme torrential
rainfall according to Chen et al. (2010) and Chen and Xu
(2017) in the second stage.

The above analyses show that several characteristics were
responsible for the formation of local extreme precipitation
in Zhejiang Province. The first was that the convective
system decayed slowly in a relatively stable large-scale en-
vironment where vertical upward flow continuously trans-
ported water vapor from the sea to above the convection
condensation level (CCL), which formed severe local rain-
fall. Secondly, the interaction between TC circulation and the
mountainous topography maintained and enhanced the con-
vective systems, and led to sustained severe local rainfall
combined with warm moisture transportation from the sea.
Thirdly, the quasi-circular track of the TC centered around
the local severe rainfall area, which resulted from the change
of the WPSH, caused the severe rainfall area within
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300-600 km from the TC center to remain under the influ-
ence of the principal rainbands of the TC during the entire
period, which resulted in maximal accumulation of pre-
cipitation. Lastly, baroclinic rainfall induced by the interac-
tion of TC circulation and the mid-latitude weather system
made the rainbands shift northward, which directly led to the
end of rainfall in Zhejiang Province.

4. Conclusions

Typhoons are among the most disastrous weather systems in
East China. Typhoon precipitation and its secondary dis-
asters are the most severe of all meteorological disasters.
Super Typhoon Soudelor (2015) produced local severe
rainfall in the central and southern coastal regions of Zhe-
jiang Province, and caused some of the most intense pre-
cipitation caused by any TC on record in Zhejiang Province.
Flash flooding and mudslides induced by the local severe
rainfall of Soudelor resulted in 14 fatalities and over 8 billion
CNY in direct economic damage. Many characteristics of
Soudelor’s rainfall differed from other TCs affecting Zhe-
jiang Province. To elucidate the reasons for the extreme
torrential rainfall caused by Typhoon Soudelor, the major
impacting factors and dynamics associated with Soudelor
(2015) that led to local severe precipitation in East China
have been investigated in detail, especially in Zhejiang
Province, based on high-resolution mesoscale surface ob-
servations, radar reflectivity, FY2E satellite infrared nepho-
grams, and NCEP GFS grid data with 0.25°%0.25° horizontal
resolution. The main results show that:

(1) The convection that developed in most previous TCs
was strong and covered large areas with intense hourly
rainfall rates, but the intervals of time over which local se-
vere rainfall was maintained were relatively short. Com-
paratively, the vertical upward motion that occurred in the
circulation of Soudelor developed mainly in the lower tro-
posphere, and the corresponding intensity of convection was
moderate, with relatively low hourly rainfall rates, but the
time over which local severe rainfall persisted was longer
(around 42 h), which led to maximum accumulation. The
intense rainfall process associated with Soudelor presented
clear stage characteristics. In the first stage, the TC was lo-
cated over the ocean east of Taiwan, about 800 km from the
rainfall areas in Zhejiang Province. Northeasterly winds
prevailed in the rainfall areas, and the rainfall was small,
belonging to a category of rainfall distant from the TC that
resulted from interaction between outer TC circulation and
the coastal mountainous topography in Zhejiang Province in
the first stage. The rainfall rate in Zhejiang Province in the
second stage was largest, and the accumulated precipitation
was maximized because of the principal rainband of the TC.
The maintenance of the water vapor tunnel as the TC de-
cayed significantly, combined with the vertical upward mo-
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tion induced by local wind shear and the lifting that resulted
from local topography, led to local severe precipitation in the
third stage. The interaction between the circulation of the TC
and a mid-latitude weather system in the fourth stage shifted
water vapor from the sea and the TC rainbands northward,
and led to the end of rainfall in Zhejiang Province.

(2) In the classic model of how VWS influences TC
rainfall distribution, extreme rainfall is located in the
downshear left flank (Jones, 1995). The results in this paper
show that the TVWS and EVWS were easterly (southerly) in
the severe rainfall period; thus, in the second stage and early
in the third stage of rainfall, and the extreme rainfall area was
located in the downshear right flank, which indicates that the
effect of topography on the asymmetric distribution of TC
rainfall was far greater than that induced by VWS in the
context of the interaction between TC circulation and local
topography. Quantitative calculation of the orographic rain-
fall rate shows that the contribution to total precipitation
from orographic effects may exceed 50%.

(3) In the later period of rainfall, the direction of VWS
shifted from southerly to westerly, and the intensity of the
VWS increased gradually, which made the spiral rainbands
of the TC extend northward, and combined with interactions
between the northern flank circulation of the TC and mid-
latitude weather system. As a result, the asymmetric struc-
ture of TC circulation developed further. A latitudinal dis-
tribution of intense wind bands formed in the northern flank
of the severe local rainfall area, or the northeast quadrant of
TC circulation in Zhejiang Province. With the combined
effects of the cyclonic shear of intense wind velocity bands
and forcing from local topography, the spiral rainband of the
TC extended north-northeastward, which cut off water vapor
transportation to the inner-core area of the TC. This phe-
nomenon presented as a northward jump of the severe local
rainfall band.

(4) The quasi-circular clockwise track of the TC sur-
rounding the severe local rainfall area in Zhejiang Province
induced by the shape and location change of the WPSH pro-
longed the sustained time of local severe rainfall in Zhejiang
Province to around 42 h, which was the dominant factor to
cause the extreme accumulated precipitation in Zhejiang
Province. However, in contrast to other TCs affecting Zhe-
jiang Province, the interaction between the outer circulation of
Soudelor and the mid-latitude weather system occurred in a
later stage of rainfall in central Jiangsu Province, and thus had
no impact on local rainfall in Zhejiang Province. The char-
acteristics of the relatively low rainfall rate, primary vertical
upward motion in the lower troposphere, and the maximal
radar reflectivity appearing below 5 km further indicate that
the primary reason for the local extreme precipitation of this
TC was not the intense convective system, but the combined
effects of multiple factors, including the moderately intense
TC circulation in the lower troposphere and its interaction
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with local topography, as well as the rainfall convective
system persisting for a long period of time.

Thus, the formation of severe local rainfall that resulted
from Typhoon Soudelor in Zhejiang Province was a complex
process with multiple factors interacting. This study explored
the possible mechanisms responsible for the extreme rainfall
in Zhejiang Province that resulted from Typhoon Soudelor
based on different elements and their non-linear interactions.
The results reported in this paper are expected to further
promote understanding, prediction, and prevention of dis-
asters resulting from TC precipitation, especially warnings
for flood disasters, including torrential rainfall, mountain
flooding, mudslides, and related disasters.
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