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Abstract With the increase of population, many cities
are growing in size at a phenomenal rate. Urbanization
changes the urban underlying surface, influences the
micro-climate, and sometimes affects the local precipi-
tation process. In this study, we investigated the trends
of extreme rainfall in China’s 21 typical urban areas.
Based on a series of daily rainfall and BUrban/built-up^
dataset from TMPA 3B42 and MCD12Q1 products in
China, trends in extreme precipitation, with the thresh-
old defined as 95th (pre95p) and 99th (pre99p) percen-
tiles of annual rain days during 1998–2015, have been
assessed in China, and especially in 21 typical urban
areas from 1998 to 2015. The tendency curves in ex-

treme rainfall of different years are presented. In this
period, more than 66% regions of China covered by
TMPA 3B42 have increasing trends in extreme rainfall
with pre95p threshold. The 21 typical urban areas
showed different trends—in over half of these areas,
upward tendencies in extreme rainfall were observed,
particularly in Dalian, Beijing, and Chongqing. Seven-
teen urban areas showed increasing tendencies in
pre95p extreme rainfall days, including Shanghai, Nan-
jing, Hangzhou, and Suzhou in the Yangtze River Delta
region. The results also illustrate that southeastern coast-
al urban areas of China may have experienced decreas-
ing occurrences in extreme rainfall.
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Introduction

Variations in the spatiotemporal distribution of both
global and regional precipitations are among the most
relevant aspects of climate change in a globally warming
world (Donat et al. 2016). Rainfall events may some-
times occur with particularly strong intensity, to be
referred to as rainfall extremes, which are frequently
responsible for natural hazards such as flash floods,
landslides, and debris flows (Aalst 2006; Barredo
2007; IPCC 2013; Pendergrass and Knutti 2018). Re-
cent Intergovernmental Panel on Climate Change
(IPCC) reports show that the frequency of extreme
rainfall events has generally increased with global cli-
mate warming and elevated atmospheric CO2 concen-
trations (Allan and Soden 2008; O’Gorman 2015).
Some studies indicate that global temperature difference
between day and night presents a downward trend, but
annual rainfall and rainfall extremes have been rising
since the beginning of the twentieth century (Alexander
et al. 2012; Chou et al. 2012). Especially in the middle
and high latitudes of northern Hemisphere, average
daily rainfall has gradually decreased in some regions,
where an upward trend of rainfall extremes can be
observed as well because snow-cover extent loss favors
descending air motion (Tang et al. 2014). Additionally,
some climate models show that the above trends would
keep growing under the current greenhouse conditions
influenced by human activities (Meehl et al. 2005;
Tebaldi and Knutti 2007).

One important aspect about the observed intensifica-
tion of extreme rainfall events concerns urban areas.
Since the urban atmospheric boundary layer and local
climatic environment are affected by human activities and
the underlying surface, more extreme rainfall events have
been recorded over urban areas compared with suburbs
(Georgescu et al. 2014). The main reason is that the
number of clouds in urban areas is obviously higher than
that in suburbs. This phenomenon depends upon three
main factors: (1) urban-heat-island effect (Rajasekar and
Weng 2009) that frequently causes local air rising and
forms clouds (Agarwal and Tandon 2010); (2) more
cloud condensation nuclei from anthropogenic green-
house gases suspends in the urban air (Ackerman et al.

2004); and (3) friction effect from urban underlying
surface that makes clouds move slowly in urban areas,
while buildings force local air rising up (Han et al. 2014).
More clouds over cities increase the occurrences of rain-
fall, especially the extreme ones. More than half of the
world’s population now lives in urban areas, and urban
hazards caused by extreme rainfall frequently follow the
urban expansion observed in recent years.

The scenario described above has been analyzed in
this study by considering China as a case study. In China,
the problem of extreme rainfall is of paramount relevance
because of the large number of inhabited areas and the
huge number of cities and megacities. In addition, some
urban areas in the east and south of the country are also
vulnerable to floods triggered by extreme rainfall events
(Wang et al. 2013; Quan 2014; Yang et al. 2015).

Changes of extreme rainfall in China show clear
regional differences (Zhai et al. 1999), since different
trends have been observed from ground meteorological
stations (Qian and Lin 2005; Zhai et al. 2005; Wang and
Yan 2009). Some cities, such as Shanghai, Nanjing, and
Guangzhou, show rain-island characteristics (Liang
et al. 2013; Hu et al. 2016; Chen et al. 2016). However,
studies carried out so far are limited in their scope and
they did not fully exploit the potential of currently
available data sets. The standard method adopted for
rainfall monitoring is based on ground meteorological
stations that, however, are not evenly distributed over
the Chinese territory. For example, well-developed and
highly inhabited regions have more meteorological sta-
tions in eastern than western China, while some regions
may completely lack any station to record real-time
precipitation changes. Even in a dense rain gauge net-
work, the uneven spatial distribution of the stations and
the complex orography may reduce the chances of ob-
serving precipitations (Libertino et al. 2016). Addition-
ally, due to the small spatial extension of urban areas,
this type of extreme rainfall sometimes may be difficult
to sample by using sparse ground meteorological sta-
tions. Thus, remote sensing data may be a way to
estimate the spatiotemporal features over the whole
precipitation field (Olson et al. 1996).

Satellite-based precipitation estimation has witnessed
significant developments in recent years (Joyce et al.
2004; Huffman et al. 2007; Chen et al. 2013; Sorooshian
et al. 2000). The rate of rain modeling can be derived
using GIS from remote sensing data. Recently, some
studies showed that one of the climatic factors is rain
(Cetin 2015a, b; Cetin and Sevik 2016; Yucedag et al.
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2018). Modeling remote sensing is useful to determine
rainfall (Cetin 2015a, b, 2016). Recent studies show that
global warming changes are explained by remote sens-
ing, focusing on the sustainability assessment of eco-
system linkage. Scenarios with high-quality remote
sensing have been developed. Monitoring provides con-
sistent and comprehensive information to complement
management and ground-based information (Kaya et al.
2018; Cetin et al. 2018). Among the available products,
gauge-corrected Tropical Rainfall Measuring Mission
(TRMM) Multi-satellite Precipitation (TMPA)1 is one
of the most widely used quasi-global post-real-time
products. The primary-merged microwave-infrared
product is computed at a 3-h temporal resolution
(TMPA 3B42) and 0.25° × 0.25° spatial resolution.
The latest version 72 is a gauge-adjusted real-time
TRMM product covering the 1998–present period de-
rived from observations from various satellite systems.
The product can greatly benefit the detection and the
evaluation of extreme rainfall events, flash flooding, and
landslides (Chen et al. 2013; Tarnavsky et al. 2013; Li
et al. 2017a, b). Some studies have proved that TRMM
version 7 product can indicate the real rainfall spatio-
temporal distribution, having a higher correlation with
observations from rainfall gauges in different regions of
China (Xu et al. 2009; Huang et al. 2010; Jia et al. 2011;
Huang et al. 2013).

In this study, TMPA 3B42 products were used to
analyze daily extreme rainfall trends of 21 typical urban
areas and to obtain their temporal variations and spatial
distributions over the period from 1998 to 2015.

Data, study area, and methods

In this section, we first make a brief introduction to the
remote sensing data preparation, study area, and pro-
posed methods.

Data preparation

This study used two kinds of data from remotely sensed
product. The first is the rainfall data from TMPA 3B42
product, available at the TRMM website. The product
covers the region between latitude 50°N and 50°S and

longitude 180°W and 180°E (Huffman et al. 2007). For
this study, a data set of daily rainfall spanning over years
1998–2015 was downloaded.

The second is the BUrban/built-up^ data from
MCD12Q1, TM, and ETM products. MCD12Q1 is a
level 3/level 4 product of the Moderate Resolution Im-
aging Spectroradiometer (MODIS) land cover data sets
and has a 500-m resolution (Pfeifer et al. 2011). This
product that can be obtained from the MODIS website3

based on the processing of yearly observations from
Terra and Aqua satellites and can be applied to classify
land cover types in 2001–2013. MCD12Q1 product
consists of five land cover classification systems. In this
study, the International Geosphere-Biosphere Pro-
gramme (IGBP) global vegetation classification scheme
(Zhang et al. 2018) was chosen, including 17 land cover
types. The scheme is currently considered the best pri-
mary data source of global land cover class information
(Zeng et al. 2016). Type BUrban/built-up^ is used to
represent anthropogenic urban areas.

Unfortunately, MCD12Q1 product cannot cover the
years 1998, 1999, 2000, 2014, and 2015. We obtained
another free product, TM/ETM+, from the website
(http://glovis.usgs.gov/) of U.S. Geological Survey
(USGS). Based on the classification of MCD12Q1, we
extracted the urban areas then resized the classification
results into 500 m resolution to be the same with
MCD12Q1.

Study area

With rapid urbanization in the last 30 years, the
urbanization rate of Eastern China is close to the
level of developed countries (Yang 2013). We se-
lected the typical 21 urban areas in Eastern China,
including Beijing, Tianjin, Shenyang, Dalian, Jinan,
Qingdao, Zhengzhou, Xi’an, Chengdu, Chongqing,
Changsha, Wuhan, Nanjing, Suzhou, Shanghai,
Hangzhou, Guangzhou, Shenzhen, Xiamen, Fuzhou,
and Taipei (Fig. 1), where nearly 250 million people
reside. We further divided the 21 typical urban areas
into four study regions including northeastern China
and North China, southwestern and central China,
the Yangtze River Delta region, and southeastern
and southern China, as shown in Fig. 1. We chose
type BUrban/built-up^ from MCD12Q1 products as1 http://trmm.gsfc.nasa.gov

2 https://mirador.gsfc.nasa.gov/collections/TRMM_3B42_
daily__007.shtml 3 https://modis.gsfc.nasa.gov/
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urban areas combining with the data from the land
use classification results in 2015.4

Analysis techniques and background

In China, heavy rainfall and severe rainstorm are consid-
ered as extremes when daily rainfall amounts reach above
50 mm and 100 mm, respectively (Domrös and Peng
2012). Extreme rainfall may cause a variety of damage
and the criteria have been used by researchers and officials
as indicators to estimate and simulate the potential urban
flooding. However, in most regions of China, rainfall
extremes greater than 50 mm are very rare. Particularly
in the western arid region of China, even heavy rainfall
events are very rare due to lack of rainfall. Figure 1 shows
some typical urban areas located in the middle or the
midwest. Therefore, we defined the relative extreme rain-
fall events with daily rainfall amount greater than the 95th
and 99th percentiles of annual rain days during 1998–

2015. In other words, the threshold accounts for 95th and
99th percentiles of all daily rainfall amounts in 1 year. The
method of determining extreme precipitation threshold has
been widely explored in recent studies (e.g., Frich et al.
2002; Zhai et al. 2005; Wu et al. 2015).

In order to analyze the trend within time of extreme
rainfall, a linear model has been used to fit rainfall data:

y tð Þ ¼ bþ a � t ð1Þ

where t is the time; y(t) is the variable indicating the
extreme rainfall. The parameters a and b are the regres-
sion intercept and coefficient, respectively. The value of
a represents the estimated rate of the extreme rainfall
changes, while its sign shows whether these are under-
going a growth or a decrease. In addition, the estimated
changes of rainfall (ECsR, mm) between tn and t1 can be
calculated by Eq. 2.

ECsR ¼ ∑n
t¼1 y t þ 1ð Þ−y tð Þ½ �

n−1
; n > 1 ð2Þ

4 https://climatedataguide.ucar.edu/climate-data/ceres-igbp-land-
classification

Fig. 1 Spatial distribution of the 21 typical urban areas in 2015.
(1) Beijing. (2) Tianjin. (3) Shenyang. (4) Dalian. (5) Jinan. (6)
Qingdao. (7) Zhengzhou. (8) Xi’an. (9) Chengdu. (10) Chongqing.

(11) Changsha. (12) Wuhan. (13) Nanjing. (14) Suzhou. (15)
Shanghai. (16) Hangzhou. (17) Guangzhou. (18) Shenzhen. (19)
Xiamen. (20) Fuzhou. (21) Taipei
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To quantify the spatiotemporal changes of daily rain-
fall in urban areas, the average of daily extreme rainfall
in urban area (ADi) is calculated as follows:

ADi ¼
∑n

j¼1UPi; j

∑n
i¼1Numi; j

ð3Þ

where UPi, j is the extreme rainfall of the jth grid, and
Numi, j is the number of grids having urban areas at city i.

Results on trends of extreme rainfall

This section includes two parts: BTrend distributions of
extreme rainfall^ shows the results on the trend distri-
butions of extreme rainfall, and BTrends of extreme
rainfall in urban areas^ describes and analyses the
changes of extreme rainfall in 21 typical urban areas
from 1998 to 2015.

Trend distributions of extreme rainfall

We used Eq. 1 to fit the trend changes of extreme precip-
itation from 1998 to 2015 including the 95th percentile
(prec95p) and 99th percentile (prec99p), and calculated
the ECsR. The values of ECsR are classified into six
categories using 0.5 mm as intervals: ≤ − 1.0 mm, very
high decrease (VHD); − 1.0~− 0.5 mm, high decrease
(HD); − 0.5~0 mm, normal decrease (ND); 0~0.5 mm,
normal increase (NI); 0.5~1.0 mm, high increase (HI); >
1.0 mm, very high increase (VHI). Figure 2 shows that
VHI regions having increasing trends in extreme rainfall
are distributed mainly over southern and central regions
of mainland China. Especially for prec99p, most of the
regions have increasing trends of extreme rainfall in
Guangdong and the east of Sichuan. Figure 3 shows the
comparisons on proportion of the six categories. More
than 66% (50%) of the regions have increasing trends

Fig. 2 Trend distributions of extreme rainfall from 1998 to 2015. a 95th percentile. b 99th percentile

Fig. 3 Comparisons on the proportion of the six categories. a prec95p. b prec99p
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(i.e., NI, HI, and VHI) in pre95p (pre99p) extreme pre-
cipitation. It is noted that 8.48% regions may have more
than 1.0 mm annual increase in pre99p extreme precipi-
tation during 1998–2015.

Trends of extreme rainfall in urban areas

In BTrend distributions of extreme rainfall,^ the distri-
bution of pre95p and pre99p extreme rainfall in China
based on the analysis of TMPA 3B42-V7 products in
1998–2015 has been described. In this section, Eq. 3 is

applied to find the trends of extreme rainfall indicators
(ADi) in the 21 typical urban areas.

Trends of extreme rainfall in urban areas
in northeastern China and North China

The northeastern part of China and North China feature
a wet sub-humid climate. The average annual rainfall
amount is between 200 and 800 mm. The trends in
prec95p and prec99p are calculated in different urban
areas where seven big cities are located in this group:

Fig. 4 Trend of extreme rainfall
in the seven urban areas of
northeast China and North China
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Beijing, Tianjin, Shenyang, Dalian, Jinan, Qingdao, and
Zhengzhou (Fig. 1). In which, P95 (P99) is estimated
prec95p (pre99p) extreme daily rainfall based on Eq. 1.

Results of Tianjin show the highest value for pre99p
extreme rainfall approaching 160 mm/day in 2012,
while the highest value for pre95p extreme rainfall
(larger than 80 mm/day) has occurred in Qingdao.

Inversely, Zhengzhou has the lowest pre95p value (low-
er than 40 mm/day) (see Fig. 4).

The parameter a shows an upward extreme rainfall
tendency in Beijing, Tianjin, Shenyang, and Dalian. In
particular, Dalian has the fastest increase of pre95p (|a| =
0.6991) and pre99p (|a| = 1.4372) extreme rainfall. Results
of Zhengzhou show a downward extreme rainfall

Fig. 5 Trend of extreme rainfall in the five urban areas of southwestern and central China
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tendency, especially for pre99p, the value of parameter a is
− 0.8747. On the contrary with Qingdao, Jinan has upward
tendency of P99, while P95 has gone downwards.

Trends of extreme rainfall in southwestern and central
China

The southwestern and central parts of China also have a
wet sub-humid climate similar to northern China. The
average annual rainfall is over 400 mm. Five big cities
Xi’an, Chengdu, Chongqing, Changsha, andWuhan are
analyzed in this region (Fig. 1).

Results of Chengdu show the highest value for
pre99p extreme rainfall larger than 180 mm/day in
2003, while Changsha has the highest value for pre95p
extreme rainfall approaching 80 mm/day in 2005. In-
versely, Xi’an has the lowest pre95p value (lower than
40 mm/day) (see Fig. 5).

During the period 1998–2015, P95 and P99 show
upward tendencies in Xi’an and Chongqing. In particu-
lar, Chongqing has the fastest increase of pre95p (|a| =

0.6273) and pre99p (|a| = 1.1561) extreme rainfall.
Wuhan, Chengdu, and Changsha have upward tendency
of P95, while P99 have gone downwards.

Trends of extreme rainfall in the Yangtze River Delta
region

The Yangtze River Delta region has a marine monsoon
subtropical climate. The average annual rainfall is over
800 mm. Four big cities—Nanjing, Suzhou, Shanghai,
and Hangzhou—are located here, which are the main
urban built-up areas of this region (Fig. 1).

Figure 6 shows the temporal changes of pre95p and
pre99p extreme rainfalls in the four urban areas. Results
of Shanghai show the highest value for pre99p extreme
rainfall larger than 140 mm/day in 2001, while Nanjing
has the highest value for pre95p extreme rainfall larger
than 80 mm/day in 2015.

Except for the pre99p trend in Shanghai, other urban
areas have upward tendencies in extreme rainfall during

Fig. 6 Trend of extreme rainfall in the four urban areas of Yangtze River Delta region
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1998–2015. Nanjing has the fastest changes of pre95p
(|a| = 0.6161) and pre99p (|a| = 0.4962).

Trends of extreme rainfall in southeastern and southern
China

The southeastern and southern parts of China have a wet
climate, with an average annual rainfall over 800mm. Five
big cities (Guangzhou, Shenzhen, Xiamen, Fuzhou, and

Taipei) are found in this area (Fig.1), which face high risk
of typhoons and the consequent extreme rainfall events.

Figure 7 shows the temporal changes of pre95p and
pre99p extreme rainfall in the five urban areas where the
daily extreme rainfall is over 40 mm/day during 1998–
2015. Results of Taipei show the highest value for pre99p
extreme rainfall larger than 500 mm/day in 1998.

During the period 1998–2015, P95 and P99 show
upward tendencies in Guangzhou and show downward

Fig. 7 Trend of extreme rainfall in the five urban areas of southeastern and southern China
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tendencies in Xiamen and Shenzhen. Xiamen has the
fastest changes of pre95p (|a| = 0.3166), and Taipei has
the fastest pre99p (|a| = 10.0687).

Accuracy analysis of TMPA data

As the direct measurement, gauges provide the most
reliable estimate of precipitation (Kidd and Huffman
2011), but at the point scale. In addition, rain gauges
are always limited due to their uneven distribution,
which becomes particularly problematic when different
interpolation methods are used to obtain continuous
spatial precipitation estimates and gridded data. In order
to derive the extreme rainfall at the area scale, the

version 7 TMPA 3B42 products were used in this study.
The products have higher accuracy in urban areas be-
cause about 600–700 rainfall gauges in China that are
located around some cities were used to correct the
rainfall products (Schneider et al. 2014). In the 21
typical cities, 19 have 19 rainfall gauges for TRMM
correction,5 respectively located in Beijing, Tianjin,
Shenyang, Dalian, Jinan, Qingdao, Zhengzhou, Xi’an,
Chengdu, Chongqing, Changsha, Wuhan, Nanjing,
Shanghai, Hangzhou, Guangzhou, Shenzhen, Xiamen,
and Fuzhou. Additionally, Suzhou is close to Shanghai
and Nanjing; Taipei is close to Xiamen. Some studies

5 https://www.ncdc.noaa.gov

Fig. 8 The trends in pre95p (a) and pre99p (b) extreme rainfall based on TMPA against rain gauges
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also proved that TMPA products in these regions have
higher accuracy compared with rainfall gauges (Chen
et al. 2013; Shen et al. 2010; Li et al. 2017a, b).

In the abovementioned 19 rainfall gauges, there
are 4 rain gauges’ missing parts of rainfall records
during 1998–2015. Furthermore, we selected the
whole daily rainfall data from the remaining 15
rainfall gauges, to compare with TMPA 3B42
products. The daily rainfall data from 15 rain
gauges during 1998–2015 were collected from
China Met ro log ica l Da ta Serv ice Cen te r
(http://data.cma.cn/en).6 Figure 8 shows the values
of trends in pre95p and pre99p extreme rainfalls
based on TMPA against rain gauges; it also could
be seen that the trends in pre95p (R2 = 0.9541)
and pre99p (R2 = 0.9418) extreme rainfalls by
TMPA 3B42 have high correlation with rain
gauges. In Fig. 8, X′ is the value of trend
calculated from rain gauge, and X is that
calculated from TMPA 3B42. Totally, most values
of the trends from the former are greater than
those from the latter.

Discussion

In this study, extreme rainfall was analyzed for 21
typical urban areas of China based on remotely sensed
data including TMPA 3B42 and MCD12Q1 products.
Considering two parameters—pre95p and pre99p, we
examined the trends of extreme rainfall from 1998 to

2015. In the 21 typical urban areas grouped into four
climatic zones, more than half show an increase tenden-
cy in the daily occurrence of extreme rainfall from 1998
to 2015. Figures 9 and 10 show ECsR for pre95p and
pre99p in the 21 urban areas. These urban areas are
ranked by the value of the ECsR from the smallest
negative one to the largest positive value. When the
value of ECsR is greater than 0, it reveals an upward
trend of extreme rainfall; otherwise, it reveals a down-
ward trend. When the value is equal to 0, the trend is
steady with little change. The higher the value of |a| is,
the faster the trends of change. In the 21 urban areas, 17
have upward trends of pre95p extreme rainfall; 11 have
upward trends of pre99p extreme rainfall. The Dalian
urban area has the fastest upward pre95p and pre99p
extreme rainfall. Inversely, the fastest downward trend
of pre95p extreme rainfall occurred in the Xiamen. It is
worth noted that Taipei has the fastest downward trend
of pre99p extreme rainfall that has been estimated to
reduce about 10 mm from 1998 to 2015. Additionally,
Changsha has a relative small change rate of pre95p
extreme rainfall.

During the period 1998–2015, many cities had a
rapid urban expansion in China. Rapid urbanization
has brought about increasing urban heat island effect
due to a drastic sprawl of concrete buildings and city
infrastructures, which are important factors influencing
extreme precipitation (Deng et al. 2018). Song et al.
(2014) showed urban areas of Beijing had a significantly
higher growth rate after 2000 and found that the trend in
annual precipitation is more evident with a linear varia-
tion of 12.213 mm per year. In our study, we found that
Beijing exhibit an upward extreme rainfall tendency in6 http://data.cma.cn/en

Fig. 9 ECsR for pre95p in the 21
typical urban areas
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this period. Especially in 2012, the 99th threshold
reached approximately 140 mm/day. Liang and Ding
(2017) found that changes in the frequency and total
intensity of heavy precipitation indicate significant in-
creasing trends in urban and suburban areas from 1981
to 2014. In our study, the urban areas of Shanghai have
increasing trends in the 95th extreme precipitation and
the highest value for pre99p extreme rainfall larger than
140 mm/day in Yangtze River Delta. Lu et al. (2019)
found that urban expansion could increase the magni-
tudes of extreme precipitation and its recurrence levels
in Yangtze River Delta. In our study, three urban areas
(e.g., Nanjing, Suzhou, and Hangzhou) of Yangtze Riv-
er Delta exhibit obvious upward tendencies in extreme
rainfall during 1998–2015.

Conclusions

Major conclusions of this study can be summarized as
follows:

1. More than 66% (50%) of the regions of China
covered by TMPA 3B42 have increasing trends
(i.e., NI, HI, and VHI) in pre95p (pre99p) extreme
precipitation.

2. In the 21 typical urban areas, over half exhibit
upward tendencies of extreme rainfall, especially
for pre95p, and 17 have upward trends of extreme
rainfall including Shanghai, Nanjing, and Suzhou in

the Yangtze River Delta region. It is noted that
Dalian urban areas have the fastest increasing trends
in pre95p and pre99p extreme rainfall. The results
also illustrate that southeastern coastal urban areas
of China may have experienced decreasing occur-
rences in extreme rainfall.

In future research, we will evaluate rainfall data from
more sources such as higher-resolution gridded precip-
itation data and Weather Research Forecasting (WRF),
combined with climate models to explore the relation-
ship between extreme rainfall and the process of
urbanization.
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