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Abstract
Extreme precipitation induced by a tropical cyclone (TC) is of great concern to Southeast China. Regional characteristics of 
daily TC-induced extreme precipitation (TCEP) between 1958 and 2016 and the associated preliminary causes over Southeast 
China (Zhejiang, Fujian, and Shanghai) were examined by applying the objective synoptic analysis technique, TC track simi-
larity area index, daily precipitation observations, and reanalysis data. The intensity and frequency of high-intensity TCEP 
(≥ 100, ≥ 200, ≥ 300 mm) have had an increasing trend over recent decades. Most of TCEP occurs from July to September, 
with frequency peaks in August for TCEP at all intensity levels, apart from the frequency for TCEP ≥ 300 mm that peaks in 
September. Regions with high frequency and large TCEP (R-HFLTs) (relatively high frequency for TCEP ≥ 100 mm) were 
concentrated along the coastline of the southern coastal Fujian (Southern R-HFLT), the regions from northern coastal Fujian 
to southernmost coastal Zhejiang (Central R-HFLT), and central coastal Zhejiang (Northern R-HFLT), decreasing from the 
coastline to inland. The Central R-HFLT region had the highest TCEP intensity and frequency for TCEP ≥ 100 mm compared 
with the other R-HFLTs. Further analysis showed that the special terrain of Southeast China matched the spatial distribution 
of TCEP, which highlights the significance of the topography of Southeast China. To discover other factors responsible for 
the heavy TCEP, we compared two TC groups that influence Central R-HFLT. Under a more northerly direction and slow 
movement combined with the unique terrain, TCs with stronger vortex circulation generated heavier TCEP during landfall 
in Central R-HFLT. Heavy TCEP occurred with easterly and southeasterly winds interacting with terrain over the eastern 
coast for Central R-HFLT. Although large changes in the internal and external environment were sensitive to the observed 
TCEP intensity, the interaction between TC circulation and the complex topography in Southeast China under the northerly 
track was the dominant factor.

1  Introduction

Among the most devastating natural disasters (Shah 1983; 
Zhang et al. 2009), tropical cyclones (TCs), are mainly 
associated with torrential rainfall in China, which causes 

widespread flooding and landslides (Chen and Ding 1979; 
Chen 2007). Extreme weather events caused by TC-induced 
extreme precipitation have received much attention, includ-
ing typhoons Haiyan (2013), Morakot (2009), and Fitow 
(2013). They all resulted in great loss of human life and 
severe property damage due to heavy rainfall. With the 
ongoing development of coastal areas, knowledge of the 
specific characteristics of the TC-related torrential rainfall 
along coastal regions that experience the heaviest precipita-
tion is, therefore, important in disaster mitigation.

TC precipitation (TCP) and climate variation have been 
investigated in the North Pacific (Rodgers et al. 2000) and 
North Atlantic (Rodgers et al. 2001) basins; the western 
North Pacific (Kubota and Wang 2009); China, including 
Taiwan and the Hainan Islands (Ren et al. 2006); Southern 
China (Chan et al. 2004); and in specific studies on Hong 
Kong (Li et al. 2015), Hainan Island (Wu et al. 2007) and 
Taiwan Island (Chang et al. 2013; Wu et al. 2016). Southeast 
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China, which includes Zhejiang and Fujian provinces and 
Shanghai City (Fig. 1), is characterized by complex terrain 
and includes a coastline that is most frequently and severely 
affected by TCs on a global scale. Previous studies have 
produced conflicting results of the TCP trend over Southeast 
China. Observed TCP in China suggests decreasing trends 
in the proportion of total precipitation and frequency of tor-
rential rain (Cheng et al. 2007; Ren et al. 2006), while the 
long-term trend of TCP (Liu et al. 2013) and the trend of 
the spatial pattern for rainfall intensity (Ying et al. 2011) 
are increasing in Southeast China. Zhang et al. (2013) found 
that the average rainfall per TC has significantly increased 
in Southeast China during 1965–2009.

The spatial distribution of TCP varies greatly between loca-
tions (Knight and Davis 2009), on a monthly basis (Larson 
et al. 2005; Knight and Davis 2007; Jiang and Zipser 2010), 
and between individual storms. The amount and frequency 
distribution of coastline TCP are characterized by high asym-
metry relative to the TC track due to the combined effect of 
land interaction, storm motion, and vertical wind shear (Chan 
et al. 2004; Liu et al. 2007). Lin et al. (2001) and Ge et al. 
(2010) emphasized the important role of the topography in 
producing heavy rainfall. Zhu et al. (2010) used satellite data 
to show that the interaction between TC circulation and the 
complex coastal terrain along the coast of Eastern China can 
significantly enhance precipitation. In case studies, such as, 
Bilis (2006) (Gao and Meng 2009); Morakot (2009) (Wu et al. 
2011; Lee et al. 2011; Xie and Zhang 2012; Yu and Cheng 
2013); and Haitang (2005) (Yue et al. 2008), factors, including 

multiscale monsoonal influence, abundant moisture supply 
from the southwesterly winds, vertical wind shear, storm 
motion, and topographic effect, were important for the asym-
metric distribution of TCP.

Chang et al. (2012) found that TCP contributes more to 
extreme precipitation than to total precipitation, and the heavy 
rainfall often results in severe loss of life and property. There-
fore, focus should be on the TC-induced extreme precipitation 
(TCEP). While total TCP has been studied in detail, including 
information on, for example, the 95th percentile, average pre-
cipitation per typhoon, annual mean precipitation, and monthly 
precipitation, previous work has not addressed the potential 
changes in extreme precipitation produced by TCs. It has been 
predicted that the destructiveness of TCs will increase because 
TC intensity shows an increasing trend under global warm-
ing (Webster et al. 2005; Knutson et al. 2010; Wu and Zhao 
2012). However, it is not clear whether TCEP induced by TCs 
is increasing. To date, the change in TCEP in Southeast China 
is not well understood. The TCEP in this study emphasizes 
two points: Firstly, it belongs to extreme precipitation; Sec-
ondly, it is caused by TCs. From the threshold of 95% (Fig. 1a 
in Su et al. 2016) and the ratio of 50 mm to all precipitation 
(not shown), the absolute threshold of 50 mm could reflect the 
extreme precipitation of stations. Exploring TCP above 50 mm 
could gain a general understanding of extreme precipitation 
induced by TCs. Defining TCEP as TC-induced daily precipi-
tation above 50 mm, we conducted a regional study on TCEP 
in Southeast China. To understand the effect of TCEP in this 
region, the general characteristics of TCEP, including temporal 
trends and spatial distribution, and preliminary causes, were 
examined on the basis of daily station precipitation together 
with TC track data for the Northwest Pacific basins during 
1958–2016. First, an accurate understanding of the climate 
variation of the TCEP in Southeast China was established. 
Then, different from the usual case studies, we analyzed the 
spatial distribution of TCEP using climate data, from the per-
spective of the high frequency distribution at high precipitation 
intensities. Some cause analysis was carried out on the spatial 
distribution of TCEP. The rest of the paper is organized as 
follows. Data and methods are described in Sect. 2. Section 3 
provides the specific demonstration of the spatial and temporal 
characteristics of TCEP. Based on the spatial distribution in 
Sect. 3, Sect. 4 reveals some possible causes. The results and 
discussion are presented in Sect. 5.

2 � Data and methods

2.1 � Data

The main precipitation observation is daily precipitation 
from a total of 157 meteorological stations in Southeast 
China provided by the National Meteorological Information 

Fig. 1   Distribution of the 157 meteorological stations in Southeast 
China, including Zhejiang and Fujian provinces, and Shanghai City
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Center from the China Meteorological Administration 
(CMA), with the measurement coverage ranging from 12 
UTC on the previous day to 12 UTC on the present day. As 
illustrated in Fig. 1, the stations in Southeast China cover 
the coastal areas of Zhejiang and Fujian provinces and 
Shanghai City. TC best track data were obtained from the 
Shanghai Typhoon Institute of CMA, including observed 
TC location and intensity (maximum 2-min surface wind 
speeds and minimum central pressure) in the Western North 
Pacific basin (Western North Pacific and South China Sea) 
at 6-h intervals.

The data associated with causal analysis were derived 
from three datasets: the global reanalysis data from the 
National Centers for Environmental Prediction–National 
Center for Atmospheric Research (NCEP–NCAR) reanal-
ysis, with 2.5° × 2.5° grid spacing and 26 vertical layers 
at 6-h intervals; and the high-resolution European Centre 
for Medium-Range Weather Forecasting (ECMWF) data-
sets, known as ERA-40 data and ERA-Interim data. ERA-
40 data are available between September 1957 and August 
2002, and ERA-Interim data are available from January 
1979 to December 2016. Since neither ERA-40 data nor 
ERA-Interim data can completely cover 1958–2016, we use 
a collection of data between 1958 and 1978 in ERA-40 and 
data between 1979 and 2016 in ERA-interim. Both datasets 
have a resolution of 1° × 1°, including horizontal wind field, 
vertical velocity field, geopotential height field, temperature 
field, and the specific humidity field from sea level pressure 
at 850, 500, and 200 hPa.

2.2 � Methods

Daily torrential rainfall was defined as the 24 h accumu-
lated precipitation that reaches at least 50 mm or more in the 
weather forecast. The extreme effect of TCEP on Southeast 
China was demonstrated in terms of the TC case maximum 
daily torrential rainfall (TCMDTR) and the station daily tor-
rential rainfall associated with TCs (SDTR). TCEP refers to 
total TC-related daily torrential rainfall, TCMDTR is the 
maximum produced by each TC, and SDTR records daily 
torrential rainfall at each station. TCMDTR and SDTR both 
measure TCEP except from different aspects. In this study, 
the influential TCs were defined as those producing precipi-
tation for at least one station in Southeast China. Extreme 
TCs were defined as influential TCs associated with TCEP. 
One extreme TC may result in several SDTR data points, 
but only one TCMDTR data point. We analyzed the climatic 
characteristics of TCEP from the perspective of the TCM-
DTR and studied the spatial distribution characteristics of 
TCEP using TCMDTR and SDTR.

The aim of this study was to identify the TCEP over 
Southeast China and analyze the characteristics and causes 
of the spatial distribution of TCEP. As an initial step, an 

objective procedure called the objective synoptic analysis 
technique (OSAT) (Ren et al. 2001) was used to identify the 
total TC-induced rainfall and associated influential TCs in 
Southeast China between 1958 and 2016. Then, based on the 
influential TCs list and the spatial distribution of TCEP, the 
tropical cyclone track similarity area index (TSAI) method 
(Ren et al. 2017) was applied to form two TC groups, which 
had a similar track but caused TCEP at different intensity 
levels, which will be described in detail in Part 4. The two 
groups were used to analyze the causes of the TCEP in Cen-
tral R-HFLT. Based on the cause diagnosis, because TCs 
are moving systems, a dynamic composite analysis (Gray 
1981; Li et al. 2004) that synthesizes atmospheric variables 
by tracing progressive TC centers was performed to extract 
common circulation features during the duration of the TC. 
The average result of the five members in each group after 
dynamic composite analysis was considered to represent one 
category.

3 � Characteristics of TCEP

The TCs that influence China always have three prevailing 
tracks according to Wu et al. (2005). For Southeast China, 
the influential TCs move northwestward and often follow 
a more easterly track passing over, or near, Taiwan. They 
frequently make landfall on the southeastern coast of China 
and bring extreme precipitation. During 1958–2016, the 
total number of TCs that developed in the Northwest Pacific 
and South China Sea was 1908. Only 743 were identified as 
influential TCs, making up 36.7% of the total. There were 
478 extreme TCs that produced TCEP, covering 64.3% of 
the total influential TCs. The characteristics of TCEP can be 
derived from the temporal variation and spatial distributions.

3.1 � Temporal characteristics

Observational studies often focus on the precipitation inten-
sity and its frequency. Using the identification results, we 
produced TC rankings based on TCMDTR data (Table 1 
lists the first 15 TCs). The 15 typhoons, where TCMDTR 
was above 300 mm, represent the influential TCs with the 
strongest effect over Southeast China. The list includes well-
known typhoons, such as Haitang (2005), Morakot (2009), 
and Bilis (2006). Haitang (2005) produced TCEP with the 
highest intensity reaching 472.5 mm, and Typhoon Morakot 
(2009) resulted in a large TCEP of 415.2 mm on mainland 
China after causing the well-known world-breaking extreme 
precipitation in Taiwan. The total number of typhoons 
from July to September was 13, with the highest number 
of typhoons occurring in September. Southeast China is 
more prone to high TCEP in September. A close inspection 
of the data reveals that seven of the 15 typhoons occurred 
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after 2000, partially reflecting the fact that the intensity of 
extreme precipitation brought by TCs has been increasing 
in recent years.

The frequency of the TCMDTR at different levels was 
fairly dissimilar. In general, the frequency decreased as 
the intensity increased, displaying a ladder-type pattern 
(Fig. 2). Among the 478 extreme TCs that caused TCM-
DTR over 50 mm, there were 196 TCEP measuring between 
50 and 100 mm, accounting for 41% of the total; 282 for 
TCEP ≥ 100 mm, 94 for ≥ 200 mm, 26 for ≥ 300 mm, and 
3 for ≥ 400 mm, accounting for 59, 19.7, 5.4, and 0.63%, 
respectively. The damage resulting from a TCP was mainly 
caused by the few TCs with relatively large TCMDTR. Con-
sidering the frequency distribution of TCMDTR for differ-
ent intensity intervals, TCEP was divided into the following 

groups for discussion: TCEP ≥ 50 mm, TCEP ≥ 100 mm, 
TCEP ≥ 200 mm, and TCEP ≥ 300 mm.

TCEP intensity generally showed a significant increase, 
which was studied in more detail. Figure 3 presents the 
annual distribution of TCMDTR at different intensity levels 
caused by each influential TC. An increasing trend, which is 
statistically significant at a level of 0.01, is shown by the red 
dashed line, with the TCMDTR scattered at higher intensity 
levels over the past few years. For example, most of TCM-
DTR above 300 mm occurred after 1995.

As the overall contribution of TCEP depends on the 
combined effect of frequency and rainfall intensity, then 
we focused on the frequency. The time series of the four 
groups of TCMDTR along with their respective linear trends 
are plotted in Fig. 4. The total number of extreme TCs has 

Table 1   Ranking list of the 
first 15 TCs based on the TC 
maximum daily torrential 
rainfall (TCMDTR) over 
Southeast China

Ranking TC name Life time TMDP (mm) Corresponding station

1 Haitang 2005.07.12.08-07.20.14 472.5 Zherong
2 Morakot 2009.08.03.14-08.13.14 415.2 Zherong
3 Wendy 1999.09.01.14-09.06.14 403.8 Wenzhou
4 Fitow 2013.09.30.20-10.07.08 395.6 Yuyao
5 Amy 1977.08.16.14-08.27.20 394.5 Baoshan
6 Morakot 2003.08.01.02-8.05.08 392.4 Nanan
7 Lisa 1996.08.05.02-08.08.08 384.1 Changting
8 Elsie 1969.09.16.08-10.02.08 381.7 Zherong
9 Megi 2016.09.23.08-09.29.02 379.6 Wencheng
10 Linfa 2009.06.17.14-06.25.08 350.4 Dongshan
11 York 1999.09.12.14-09.17.14 347.2 Changle
12 Bilis 2006.07.08.14-07.17.20 346.2 Changtai
13 Herb 1996.07.23.08-08.04.02 344.9 Zherong
14 Wilda 1973.06.28.14-07.06.08 330.2 Pingyang
15 Bess 1971.09.17.08-09.27.02 322.1 Zherong

Fig. 2   Frequency distribution of TCMDTR (mm) at different inten-
sity intervals during 1958–2016 over Southeast China

Fig. 3   Time-intensity distribution of TCMDTR  ≥  50  mm during 
1958–2016 over Southeast China. The red dashed line indicates the 
average trend of intensity with time
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decreased slightly (not statistically significant) over recent 
years (Fig. 4a), which is consistent with the finding that the 
average frequency of TCs will decrease under global warm-
ing (Knutson et al. 2010) and the results of Ren et al. (2006). 
However, the number of extreme TCs with TCMDTR above 
100 mm suggests a significant increasing trend over the past 
59 years, which agrees with the trend of average rainfall per 
TC according to Zhang et al. (2013). Specifically, the occur-
rence of TCMDTR ≥ 100 mm shows a weaker increasing 
trend of 0.06/decade (Fig. 4b), which is not statistically sig-
nificant. By contrast, the frequency of TCMDTR ≥ 200 mm 
(≥ 300 mm) shows an increasing trend of 0.22/decade (0.18/
decade) over the past 59 years (Fig. 4c, d), which is statisti-
cally significant at a level of 0.05 (0.01). The greater the 
intensity level, such as 200 or 300 mm and above, the more 
obvious the upward trend. In particular, after 2000 a signifi-
cant increase occurred for TCMDTR ≥ 200 mm (Fig. 4c) 
and TCMDTR ≥ 300 mm (Fig. 4d).

On an annual timescale, the intensity and frequency of 
TCEP in Southeast China increased with time, which con-
firms that extreme TCs have a growing impact on Southeast 
China.

The monthly variation of TCEP in Southeast China 
shared similar characteristics with the TC activity. TCM-
DTR ≥ 50 mm occurred mainly between April and Novem-
ber, while TCMDTR over 100 mm occurred mainly between 
May and October (Fig. 5). The monthly changes of fre-
quency exhibited a single peak for TCMDTR with different 
intensity levels during 1958–2016 (Fig. 5), with the peak 
season from July to September. In particular, TCMDTR 
occurrence at all intensity levels peaked in August, except 
for the peak for TCMDTR ≥ 300 mm occurring in Septem-
ber, which is consistent with the results in Table 1. The num-
ber of TCMDTR between 50 and 100 mm was comparable 
with the number of TCMDTR between 100 and 200 mm 
during June to October. April was the first month when 

Fig. 4   Annual variations of TCMDTR (mm) frequency and the linear trends at different intensity levels over Southeast China during 1958–2016. 
a–d Are the frequencies for TCMDTR ≥ 50, ≥ 100, ≥ 200, and ≥ 300 mm, respectively
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extreme TCs began to affect Southeast China, and TCEP 
over 100 mm occurred from May onwards. TCEP ≥ 100 mm 
no longer affected Southeast China after November, while 
extreme TCs still occurred until December. After reaching 
a peak in August, the frequency decreased rapidly, with the 
accumulated frequency of TCMDTR ≥ 50 mm from July 
to September accounting for 83% of the total. Therefore, 
the extreme TC season for Southeast China can be approxi-
mately divided into an early season (May–June), peak season 
(July–September), and late season (October–November). In 
general, TC activities dominate the monthly variation of 
TCEP occurrence in Southeast China.

3.2 � Spatial characteristics

Spatial characteristics are intuitive and reflect the general 
features of TCEP along the southeast coast. For the spatial 
distribution of TCEP, we focused on regions where large 
TCEP always occurred, which we called regions with high 
frequency and large TCEP (R-HFLTs).

The frequency distribution of high TCEP was dissimi-
lar for TCEP with different intensity levels, and the fre-
quency of TCEP ≥ 100 mm was selected as representative 
of frequency of high-level TCEP. Figure 6, therefore, pre-
sents the spatial distribution of the occurrence frequency 
of SDTR ≥ 100 mm (Fig. 6a) and TCMDTR ≥ 100 mm 
(Fig.  6b) for all stations during 1958–2016, displaying 
an uneven pattern of a decrease from coastal to inland 
regions. As in Fig. 6a, high SDTR frequencies, for exam-
ple, frequency larger than 40, were more concentrated in 
the three R-HFLTs: the southern coastal Fujian (Southern 
R-HFLT), the area from northern coastal Fujian to south-
ernmost coastal Zhejiang (Central R-HFLT), and central 
coastal Zhejiang (Northern R-HFLT). Specially, the south-
ern dividing line and the northern dividing line correspond 
to the location of Minjiang and Oujiang River, respectively. 
With the increase in intensity, the high frequencies tended 
to concentrate in the Central R-HFLT, showing that this area 
experienced TCEP with the highest frequency and the larg-
est intensity. Similar spatial characteristics were discovered 
for TCMDTR in Fig. 6b, as frequencies larger than 4 for 
TCMDTR ≥ 100 mm are located in similar regions. Thus, 
stations in the three R-HFLTs discussed in this paper meet 
the condition for either frequency ≥ 40 for SDTR ≥ 100 mm 

Fig. 5   Monthly variations of TCMDTR frequency at different inten-
sity intervals during 1958–2016 over Southeast China

(a) (b)

Fig. 6   Spatial frequency distributions for SDTR ≥ 100 mm (a) and TCMDTR ≥ 100 mm (b) over Southeast China during 1958–2016. The black 
dotted lines are the northern and southern dividing line of the three R-HFLTs
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or frequency ≥ 4 for TCMDTR ≥ 100 mm. On the basis of 
both SDTR and TCMDTR, Zherong station (indicated by 
the triangle in Fig. 6) in Central R-HFLT experienced the 
most frequent TCEP.

4 � Preliminary causes of TCEP

Based on the spatial distribution of TCEP in Sect. 3, we car-
ried out some causal diagnoses to investigate possible causes 
for TCEP over Southeast China.

Terrain is considered an important factor for TCEP 
induced by influential TCs. As a TC makes landfall, it is 
often affected by land surface conditions, including coastal 
and inland topography and associated mesoscale processes 
(Meng and Wang 2016). Several studies on heavy TC rain-
fall in Taiwan (Wu et al. 2002; Lin et al. 2002; Cheung 
et al. 2008) have indicated that the special terrain of Taiwan 
Island, including a central mountain with an altitude of over 
4 km, significantly affects the rainfall distribution through 
interactions with the typhoon circulation. Similarly, it is 
necessary to examine the effect of hilly terrain on TCEP on 
the southeast coast of China. The three R-HFLTs derived 
from Sect. 3 were consistent with topography (Fig. 7a) based 
on the geographical distribution of TCEP. While South-
ern R-HFLT is located on the central-to-southern coast of 

Daiyun Mountains in Fujian, Central R-HFLT coincides 
with the coastal area from South Yandang Hill in Southern 
Zhejiang to the northeast of Jiufeng Mountains in Northeast 
Fujian. Northern R-HFLT corresponds to the North Yandang 
Hill in the central areas of Zhejiang. The red symbols in 
Fig. 7a, which indicate either frequencies larger than 40 for 
SDTR ≥ 100 mm (Fig. 6a) or frequencies larger than 4 for 
TCMDTR ≥ 100 mm (Fig. 6b), were confined to the coastal 
slopes on the eastern side of the mountain. By averaging 
the horizontal winds at 925 hPa caused by the extreme TCs 
at each station in the TCEP days, we can get a composite 
horizontal wind distribution in the three R-HFLTs (Fig. 7b). 
Taking Zherong station (indicated by the relatively bigger 
circle in Fig. 7b) for example, there are totally 22 TCs that 
having caused TC case maximum daily torrential rainfall 
(TCMDTR) (Fig. 6b). Using the wind in the nearest grid 
of Zherong station to represent the station wind, the com-
posite horizontal wind for Zherong station is calculated by 
the average wind at 925hPa in the TCEP day for all 22 TCs. 
As can be seen in Fig. 7b, 35 out of 36 station winds in the 
three regions have the eastward component. Specifically, the 
easterly winds correspond to Central R-HFLT, the southeast 
winds correspond to Southern R-HFLT, and the southeast 
winds or the northeast winds to Northern R-HFLT. Inferring 
from the configuration of the terrain (Fig. 7a) and the wind 
direction (Fig. 7b), most of the stations are on the windward 

Fig. 7   Topographic map (a) and composite station wind field (vec-
tors, units: m/s) at 925 hPa (b) of Southeast China with red symbols 
indicating the three R-HFLTs of TCEP. The solid circle represents the 

Central R-HFLT with relatively bigger circle represents Zherong sta-
tion, the solid triangle represents the Southern R-HFLT, and the hol-
low rectangle represents the Northern R-HFLT
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slope on the day when TCEP occurs, emphasizing the sig-
nificance of topographic enhancement in causing extreme 
precipitation. For Southeast China, the terrain on the wind-
ward coastline slopes produce forced uplift and convergence, 
which contributes to the higher intensity and frequency of 
heavier rainfall in the coastal area compared with inland.

The three R-HFLTs have a good correspondence with the 
terrain, especially for the Central type. Located at the junc-
tion of the two provinces, where there is a valley between 
the mountains, Central R-HFLT has stations in the valley 
as well as the windward slope near the valley (Fig. 7a). 
The most typical station in the Central R-HFLT, Zherong 
station, is especially terrain specific. The highest point in 
Zherong county is 1479 m on the east side with an aver-
age height of 600 m and the elevation of Zherong station 
is 684 m. Surrounded by mountains with the southeastern 
side of the mountain higher than the northwest, Zherong 
station stands in a mountaintop basin, like a concave-shape 
or a “pocket” standing in a high altitude. In particular, in 
the corners between mountains around Zherong station, 
there are slits or gaps that help the wind enter the mountain-
top basin, resulting small-scale vortex. This unique terrain 
including elevation, basin and slips is not only conducive 
to terrain uplift, but also contributes to small and medium 
scale processes, like local heavy rain with instability. From 
the station wind distribution, we see Zherong station cor-
responds to the strong easterly wind (Fig. 7b), of which the 
eastward component is 13.15 m/s, the highest among all the 
stations. The eastward wind could enter the basin from the 
slits and play a role with terrain. The combination of the 
eastward wind and the special topography produced stronger 
TCEP and higher frequency heavy rain. The frequency peak 
for SDTR ≥ 100 mm was 96 and the frequency peak for 
TCMDTR ≥ 100 mm was 22 at Zherong station (Fig. 6a, b), 
which were both far greater than the values at other stations. 
Great TCEP occurs when such a terrain hit a strong easterly 
wind. As a result, precipitation during July to September 
was characterized by large and sudden precipitation with 
transient changes, accounting for 41.3% of annual rainfall 
and July to September is called the typhoon thunderstorm 
season for Zherong. The concave terrain is very conducive 
to precipitation enhancement, which can also be shown by 
the “67.10” rainstorm event caused by storm “6718 Carla” 
in Xinliao in Taiwan. The TCEP, producing 1672 mm during 
24 h (Chen et al. 2004), occurred on “pocket” terrain. We 
conclude that the terrain in Southeast China plays a key role 
in the formation of TCEP, especially for Central R-HFLT.

There is a strong positive correlation between the inten-
sity and the frequency of TCEP ≥ 50 mm for the 157 sta-
tions over Southeast China (Fig. 8). With the increase of 
TCEP intensity, the frequency of TCEP at this station also 
tended to increase. Furthermore, among all 157 points, 
the top right point in Fig. 8 represents the extreme value 

of Zherong station, which is very prominent. The climato-
logical features of TCEP distributions over Southeast China 
were highly modulated by the topography of the Southeast 
China coast.

Observations have demonstrated that strong TC circula-
tion dynamically organizes deep convection and thus pro-
duces associated intense rainfall near the TC core (Burpee 
and Black 1989; Marks 1985), which leads to a strong 
dependence of rainfall on the TC track. For convenience, 
we classified extreme TCs affecting the three R-HFLTs into 
three groups: the north-type TCs, the central-type TCs, and 
the south-type TCs. An inspection of the features of the top 
ten TCs in each group suggests that the central-type TCs 
have the most prominent features. First, the central-type TCs 
displayed the strongest intensity among the three groups. 
Second, the central-type TCs had consistent tracks in com-
mon, while the tracks of the TCs in the other regions were 
complex. Figure 9 shows the tracks during the day when 
the TCEP occurred (hereafter the TCEP day) for the three 
groups ranked in the top ten. The influence of the TC track 
on the three R-HFLTs was different. The central-type TCs 
were mostly moving north–northwestward when making 
landfall in Fujian Province after landfall in Taiwan, except 
for one case (Fig. 9b). Most of the north-type TCs travelled 
northwestward making landfall on the southeast coast, but 
with scatted locations and few landfalls in Taiwan, while 
the tracks of the south-type TC were mostly northbound 
originating from the South China Sea. The central-type TCs 
produced extreme precipitation on the landfall day.

The central-type TCEP was the strongest, the terrain of 
the Central R-HFLT was special, and the tracks of the cen-
tral-type TCs were consistent. Considering these aspects, the 
central type was therefore selected to investigate the effects 
of the TC characteristics and environmental factors on 

Fig. 8   Frequency–intensity distribution of TCEP ≥ 50 mm in South-
east China. The red dashed line indicates the linear fit
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TCEP. As presented in Sect. 2, two TC groups of the central-
type TCs [strong central-type TCs group (STG) and weak 
central-type TCs group (WTG)] were categorized (Table 2).

Here, we introduce the specific selection methods of these 
two TC groups. First of all, for the TCs affecting Central 
R-HFLT, the Typhoon Haitang (2005) brings the highest 
TCMDTR in the northwestward landfalling track, which 
is a typical heavy rainfall TC that affects Central R-HFLT 
in strong central-type TCs group. Choosing Haitang as the 
reference TC, the TSAI between the reference TC and the 
other all 743 influential TCs is then calculated and ranked. 
Second, among the 15 TCs (including Haitang) having the 
most similar tracks as Haitang, two appropriate groups of 
TCs with different TCMDTR values were selected. Five TCs 
with strong rainfall are selected as STG, and five TCs with 
weaker rainfall as the WTG. As a result, two TC groups, 
whose information is in Table 2, have similar tracks but 
cause TCEP at fairly different intensity levels. For STG, 
the daily rainfall maximum is 472.5 mm and the minimum 
is 266.9 mm; whereas for WTG, the maximum rainfall is 
189.9 mm and the minimum is 155.8 mm. However, both 
two groups have produced TCEP.

To examine the wind-terrain effect on TCEP intensity, 
Fig. 10 displays the composite horizontal wind field at 
850 hPa and the corresponding tracks of the two central-
type TC groups with TCMDTR distribution on the TCEP 
day. As there are 5 time points of each TC track on the TCEP 

day, each group has totally 25 points at 5 time points for the 
5 TC tracks. The average tracks of each group (green line in 
Fig. 10) are determined by the average in 5 time points. The 
‘composite’ is performed by dynamic composite analysis 
that synthesizes horizontal wind field at 850 hPa by tracing 
25 centers of progressive TCs on the TCEP day. For each 
group, we calculated the average of a total of 25 points to get 
the average TC center. Considering the relationship between 
the average TC center and the map, we can draw Fig. 10.

Comparing Fig. 10a, b, while the direction of the STG 
average track was between northwest and north, the WTG 
track was northwest. The moving direction of the TCs may 
have had an effect on the TCEP intensity in Central R-HFLT. 
The STG produced more concentrated TCMDTR locations 
on the landfall day than WTG. On the TCEP day, the aver-
age low-level circulation of STG at 850 hPa was stronger 
than that of WTG, with the R-HFLT circulation center of 
STG locates on landfall, while R-HFLT circulation center of 
WTG was already onshore. Track of STG is consistent with 
the expectation that the wind-terrain interaction may play a 
great role on the TCEP day of STG because the TC centers 
are over land, which is in coincidence with the result that the 
largest terrain effect should be in the overland phase when 
TC landfall (Chang et al. 2013).

Apart from the terrain and track factors, the individual 
characteristics of each TC had an important function in 
the formation of TCEP. Differences between the two TC 

Fig. 9   Tracks of the top ten TCs of the north- (a), central- (b), and south-types (c) during the TCEP day

Table 2   Comparisons of the 
two central-type TC groups 
[strong central-type TCs group 
(STG) and weak central-type 
TCs group (WTG)] on the 
TCEP day over Southeast China

Names of STG Extreme 
values (mm)

Station of 
occurrence

Names of WTG​ Extreme 
values (mm)

Station of occurrence

05Haitang 472.5 Zherong 94 Gladys 155.8 Suburb of Fuzhou
09Morakot 415.2 Zherong 97 Amber 166.9 Zherong
71Bess 322.1 Zherong 12 Saola 189.9 Pingtan
62Opal 281.6 Luoyuan 80 Norris 160.4 Fuqing
08Fung-wong 266.9 Zherong 69 Betty 158.4 Lianjiang
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groups, including TCEP intensity, strength, moving speed, 
and track direction, are quantified in Fig. 11. The average 
TCEP intensity reached 351.7 mm for STG, and 160.0 mm 
for WTG. Many of the largest rainfall events associated with 
tropical cyclones have occurred when this storm translation 
speed was small (Lee et al. 2011). The average translation 
speed of WTG was nearly 1.5 times that of STG. In addition, 
examining the relationship between the translation speed and 
TCEP intensity from all TCs affecting Central R-HFLT, we 
find that the slower the velocity and the greater the TCEP, 
with correlation coefficient of about − 0.4 at the 0.01 sig-
nificance level. The intensity of the two TC groups varied 
greatly, while the average intensity of STG reached 48 m/s 
compared with 33.6 m/s for WTG. The statistical analysis 
between TC intensity and TCEP intensity indicates a slightly 
positive correlation, which is up to a significant level of 0.05. 
For the track direction of the track, we made a connection 
from the start to the end point of the average tracks (green 
line) in Fig. 10. Treating due west as 0°, the track direc-
tion was defined by rotating the connection vector in the 
anticlockwise direction. The average track direction of STG 
was approximately 304.3°, while the WTG average track 
direction was 324.5°. Compared with the average track of 
the WTG track, that of the STG track has a larger northern 
component and a position closer to the terrain. The average 
horizontal wind at 850 hPa for the STG track is easterly or 
southeasterly (Fig. 10a), making the station where the TCM-
DTR occurs located on the windward slope of the terrain and 
on the right side of landfalling track. However, the average 

horizontal wind at 850 hPa for the WTG track is southerly 
or southwesterly (Fig. 10b), which indicates that the con-
figuration of the track and the terrain for WTG track is not 
as good as that of the WTG track. Thus, the comparison of 
the two groups of the central type indicates that TCs with 
a slower translation speed, stronger intensity, and a more 
northerly track contributed to heavier TCEP. Especially, the 
STG track matched well with the terrain, which played an 
important role in the TCEP distribution. As a whole, under 
a more northerly moving direction and slow movement, 
together with the unique terrain, the TCs with a stronger 
vortex circulation generated heavier TCEP during landfall 
in Central R-HFLT.

In addition to the TC features, we also examined the 
role of the background environment, which is thought to 
be an important external factor accounting for TCEP. The 
average environmental circulation during the TCEP day 
was obtained for the two TC groups by dynamic composite 
analysis. A fairly good contrast was found between the envi-
ronments of the two TC groups at different levels.

On lower environmental field, Fig. 12 shows the average 
moisture flux and composite horizontal wind associated with 
the two TC groups at 850 hPa. For both STG and WTG, 
there was a southwest airflow with moisture supply from 
the low-latitude ocean (10°N nearby) in connection with 
the typhoon circulation during the landfall, where WTG’s 
moisture channel is even stronger somewhere. However, in 
the vicinity of the TC center, STG is related to a stronger 
moisture flux, which provides adequate moisture and leads to 

Fig. 10   Composite horizontal wind field at 850  hPa (vectors, units: 
m/s), TC track (red lines indicate group TC members, and the green 
line indicates the average track of each group), and TCMDTR dis-

tribution (blue dots) on the TCEP day for (a) strong central-type TC 
group (STG); and (b) weak central-type TC group (WTG)
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Central R-HFLT wetter (Fig. 12a). Having a potential mois-
ture supply, the STG could maintain a wide range of heavy 
rainfall, while the moisture in Central R-HFLT accompany-
ing the landfalling WTG was relatively weaker (Fig. 12b). 
In addition, the moisture convergence inside the STG was 
longer lasting, which could promote TC rainfall. According 
to Chen et al. (2010), a strong TC can maintain and pro-
duce strong precipitation through its internal process during 
landfall, while a weaker TC requires good environmental 
conditions to produce strong precipitation. Comparing the 
two TC groups, STG had better moisture conditions than 
WTG, which showed that sufficient moisture was necessary 
for TCEP.

Composite horizontal wind and geopotential height fields 
at 500 hPa are depicted in Fig. 13. In the STG environment, 
a westerly trough occurred to the east of Lake Baikal in the 
high latitudes, exhibiting strong radial circulation. Located 

at the bottom of the East Asian trough controlling the whole 
of East Asia, STG tended to travel north. A westerly trough 
may have channeled some cold air southward into the north-
ern part of the TC circulation, increasing heat, triggering the 
release of unstable energy, and increasing TCEP intensity. 
However, the WTG background had a relatively flat airflow 
and the subtropical high was fused with mainland high 
pressure, which was conducive to the more westerly track 
(Fig. 10b) and a large translation speed for WTG (Fig. 11). 
Therefore, the STG at 500 hPa was more conducive to pre-
cipitation extremes than WTG.

In the wind fields at 200 hPa (not shown), relative to 
the weak divergence with WTG at a high level, STG cor-
responded with an obvious divergent situation, which was 
favorable to the maintenance of a TC. Coupled with the 
water vapor flux convergence at 850 hPa, a good configu-
ration was formed, which was favorable to the secondary 

Fig. 11   Characteristic statistics of influence TCs for Central R-HFLT 
on the TCEP days. a Characteristic statistics for the strong and weak 
central-type TC groups. I, II, III, and IV represent TCEP intensity 
(units: 10 mm), translation speed (units: km/h), maximum wind speed 
(units: m/s), and track direction (units: 10°), respectively. b Distribu-

tion of TC translation speed (units: km/h) and TCEP intensity (units: 
mm) for all TCs bringing TCEP ≥ 100 mm in Central R-HFLT, with 
red (cyan) dots indicating STG (WTG). c As (b), but for TC intensity 
(m/s)
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circulation in TCs and the development of convective 
systems, resulting in heavier TCEP. These statistics are 
consistent with previous work and further investigations 
are under way.

The preliminary results suggest that the interaction of 
the TC circulation with special terrain was the main fac-
tor, while the characteristics of TCs and the interaction 
between the TCs and other weather systems also pro-
moted the formation of heavy TCEP.

5 � Summary and discussion

The extreme precipitation associated with TC activity 
often causes disasters in Southeast China. Numerical 
simulations of TCs in a warmer climate suggest that TC-
related rainfall rates are likely to increase (Knutson et al. 
2010). Although case studies show widespread increases 
in heavy precipitation events, the regional TCEP change 

Fig. 12   Distributions of composite horizontal wind (vectors, units: m/s) and vapor flux [shaded, units: g/(cm hPa s)] fields at 850 hPa averaged 
over the TCEP day for a strong central-type TCs, and b weak central-type TCs

Fig. 13   Distributions of composite horizontal wind (vectors, units: m/s) and geopotential height (contours, units: gpm) fields at 500 hPa aver-
aged over the TCEP day for a strong central-type TCs, and b weak central-type TCs
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in Southeast China has not been well understood in obser-
vational studies. Using daily precipitation observations at 
157 meteorological stations during 1958–2016, we inves-
tigated the primary regional characteristics of TCEP in 
Southeast China, with a special focus on the climatic vari-
ation of TC case maximum daily precipitation (TCMDTR) 
and the spatial distribution of station maximum daily pre-
cipitation (SDTR) identifying some preliminary causes.

Over recent decades, the intensity and frequency of high-
intensity TCEP (≥ 100, ≥ 200, ≥ 300 mm) have increased. 
Although influential TCs with TCMDTR above 50 mm over 
Southeast China have decreased over the past 59 years, the 
frequency of TCs with TCMDTR above 100 mm suggests a 
significant increasing trend with time. The greater the TCEP 
intensity, such as 200 or 300 mm and above, the more obvi-
ous the trend. Monthly change was characterized by a sin-
gle peak during July–September, with frequency peaks in 
August for TCMDTR at all intensity levels, except for the 
TCMDTR ≥ 300 mm frequency, which peaked in Septem-
ber. This indicates that Southeast China is more likely to be 
affected by severe TCEP in September.

The TCEP showed an uneven spatial distribution, with 
a ladder trend from the coast to inland. The heavy TCEP 
and high frequency of TCEP ≥ 100 mm were concentrated 
near the coast, forming three extreme R-HFLTs: the south-
ern Fujian region (Southern R-HFLT), the northern Fujian 
region (Central R-HFLT), and the region around southern 
Zhejiang (Northern R-HFLT). With the increase in strength, 
the Central R-HFLT tended to experience high frequencies.

Terrain was the main cause of TCEP on the southeast 
coast. The three extreme R-HFLTs matched the terrain, with 
the Central R-HFLT coinciding with the coastal area from 
South Yandang Hill in Southern Zhejiang to the northeast 
of Jiufeng Mountains in Northeast Fujian; the Northern 
R-HFLT corresponding to the North Yandang Hill in the 
central areas of Zhejiang; and the Southern R-HFLT was 
located in the central-to-southern coast of the Daiyun Moun-
tains in Fujian. In particular, the “pocket” terrain in the Cen-
tral R-HFLT made the frequency and magnitude of TCEP 
at Zhenrong station much greater than those at the other 
stations, which shows the significant role of the topography 
effect in the climatological TCEP of Southeast China.

Analyzing the causes of TCEP in Central R-HFLT, we 
found that TCs with greater intensity, slower translation 
speed, and more northerly moving direction generated 
stronger TCEP. Great TCEP occurred when easterly and 
southeasterly winds interact with terrain over the eastern 
coast of Central R-HFLT for the central-type TCEP. The 
more northerly track together with the effect of topogra-
phy caused an increase in the intensity and frequency of 
the TCEP. These large TCEP intensities are also in coinci-
dence with the interactions between the easterly (or south-
easterly) winds and the terrain over Central R-HFLT coast, 

which agrees with Chang et al. (2013). As the STG (WTG) 
discussed here is somewhat similar to the typhoon in the 
overland (exit) phase in Chang et al. (2013), the interaction 
between the overland-phase TCs (STG) and the terrain is 
more obvious, resulting in heavier TCEP.

In addition, the corresponding environment of the Cen-
tral R-HFLT was more conducive to TCEP, with abundant 
low-level moisture convergence, divergence at high level, 
and favorable mid-latitude conditions. In summary, the ter-
rain, the TC features, and the external environment were all 
inseparable as causes for TCEP in Southeast China during 
1958–2016.

This study revealed some of the preliminary character-
istics of TCEP in Southeast China; however, further study 
is needed on the causes of the climatological variation and 
spatial characteristics, and the causes of the terrain require 
more numerical simulation for quantitative results and 
verification.
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