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ABSTRACT

Using the hourly precipitation records of meteorological stations in Shanghai, covering a period of almost a century
(1916–2014), the long-term variation of extreme heavy precipitation in Shanghai on multiple spatial and temporal scales is
analyzed, and the effects of urbanization on hourly rainstorms studied. Resultsshow that: (1) Over the last century, extreme
hourly precipitation events enhanced significantly. During the recent urbanization period from 1981 to 2014, the frequency
of heavy precipitation increased significantly, with a distinct localized and abrupt characteristic. (2) The spatial distribution
of long-term trends for the occurrence frequency and total precipitation intensity of hourly heavy precipitation in Shanghai
shows a distinct urban rain-island feature; namely, heavy precipitation was increasingly focused in urban and suburban areas.
Attribution analysis shows that urbanization in Shanghai contributed greatly to the increase in both frequency and intensity of
heavy rainfall events in the city, thus leading to an increasing total precipitation amount of heavy rainfall events. Inaddition,
the diurnal variation of rainfall intensity also shows distinctive urban–rural differences, especially during late afternoon and
early nighttime in the city area. (3) Regional warming, withsubsequent enhancement of water vapor content, convergence of
moisture flux and atmospheric instability, provided favorable physical backgrounds for the formation of extreme precipitation.
This accounts for the consistent increase in hourly heavy precipitation over the whole Shanghai area during recent times.
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1. Introduction

From the first IPCC assessment report (IPCC, 1990) to
the fifth (AR5) (IPCC, 2013), the major conclusions show
unequivocally that the global climate is warming. Land-
surface warming increases the atmospheric water vapor con-
tent by accelerating surface evaporation. Meanwhile, the
water-holding capacity of the atmosphere is enhanced by the
increase in temperature, which increases the efficiency of pre-
cipitation formation (Trenberth, 2005). The intensity of ex-
treme precipitation is likely to be enhanced in most land ar-
eas over the midlatitudes and humid tropics (IPCC, 2013).
Trends of regional annual precipitation are primarily driven
by changes in the top 30% of heavy precipitation events,
which are controlled by changes in precipitable water in re-
sponse to global warming (Liu et al., 2016). As indicated in
IPCC AR5, global warming since the mid-20th century may
be mainly attributable to anthropogenic influences (IPCC,
2014), and the climate warming associated with human activ-
ity is conducive to increased precipitation (Ding et al., 2007;
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2009; Piao et al., 2010). However, the impacts of urban-
ization on rainfall vary among different cities with different
intensities of human activity (Gao et al., 2004). In China,
Shanghai (Zhou and Yang, 2001; Mu et al., 2008; Liang et
al., 2013), Nanjing (Zhou et al., 2003) and Tianjin (Yu et al.,
2008) show rain-island characteristics, while cities including
Beijing (Sun and Shu, 2007; Wang et al., 2009) and Chengdu
(Hao et al., 2007) exhibit dry-island features. Liang et al.
(2013) suggested that the spatial distribution of rainstorm fre-
quency in Shanghai under rapid urbanization, as well as its
trend, has a more distinct urban rain-island feature than un-
der slow urbanization. In Beijing, the impact of urbanization
on precipitation is primarily reflective of the dry-island ef-
fect, but the frequency of torrential rain above 100 mm d−1

(Hu, 2015), as well as the strength of low temperature sleet
events (Han et al., 2014), is greatly influenced by the urban
rain-island effect. Although many studies on the influences
of urbanization on rainfall have been conducted, the impacts
on short-duration or hourly heavy rainfall remain unclear.

For China as a whole, the frequency of extreme heavy
precipitation events has significantly increased in the long-
term (1957–2003; Zhai et al., 2007). However, influenced
by synoptic systems and terrain, the characteristics of tempo-
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ral or spatial distributions of heavy rainfall vary among dif-
ferent areas (Cai et al., 2007; Lin and Yang, 2014). For in-
stance, the frequency and intensity of drought events over the
Haihe River basin have increased (Liu et al., 2010); whereas,
extreme precipitation events over most areas of the middle
and lower reaches of the Yangtze River and South China
show an obvious upward trend (Chen et al., 2009). In gen-
eral, recent studies on precipitation and extreme precipita-
tion events in China have mainly been based on daily rainfall
data, which might mask the features of short-duration heavy
rainfall events (Li et al., 2013). Instead, greater objectivity
could perhaps be achieved by investigating the characteristics
of rainstorm events and their related mechanisms through the
use of hourly data. Previous research on hourly precipitation
in China has focused mainly on the diurnal variation of pre-
cipitation (Yin et al., 2011b; Zhang and Zhai, 2011; Huang et
al., 2012; Li et al., 2013; Yu et al., 2014; Han et al., 2014),
revealing that the diurnal variation of precipitation and the
long-term trend of low-temperature sleet events are related
to increased surface temperature and difference in topogra-
phy. Other studies that applied hourly data analyzed the rela-
tionships between the frequency of heavy rainfall events and
large-scale air–sea factors, including the Pacific DecadalOs-
cillation, ENSO and the North Atlantic Oscillation (Grimm
and Tedeschi, 2009; Vicente-Serrano et al., 2009; Pattanaik
and Rajeevan, 2010; Fu et al., 2010; Boschat et al., 2015).
But what are the impacts of climate change on hourly heavy
rainfall events? And what contributions are made by urban-
ization? These problems are still not clear.

In order to further understand the association between ex-
treme precipitation and climate change, this paper, by taking
Shanghai as an example, investigates the spatiotemporal dis-
tribution of extreme precipitation over a long-term periodof
almost a century (1916–2014), based on quality-controlled
hourly precipitation data. The effect of urbanization on the
long-term trends of extreme precipitation is then also evalu-
ated. The hope is that the results will benefit improvements in
numerical modeling (Huang et al., 2009) and urban disaster
prevention and mitigation.

Following this introduction, section 2 describes the study
area (including Shanghai’s urbanization history), data and
statistical methods used in this work. In section 3, the vari-
ability of hourly heavy precipitation events during the last
century in Shanghai is analyzed on multiple scales. Section4
presents the temporal evolution of the spatial distribution of
heavy precipitation. In section 5, the influence of urbaniza-
tion on the spatial distribution of heavy rainfall, as well as its
variation tendency, are investigated. Section 6 discussesthe
possible effects of climate change on the variation trends of
heavy precipitation in Shanghai. And finally, a summary of
the study’s key findings is provided in section 7.

2. Study area, data and methods
2.1. Study area and urbanization history

Located in the alluvial plain of the Yangtze River Delta,
Shanghai is a coastal megacity with an average altitude of

4 m. Shanghai sits on the south edge of the mouth of the
Yangtze River. The municipality borders the provinces of
Jiangsu and Zhejiang to the north, south and west, and is
bounded to the east by the East China Sea and to the south by
Hangzhou Bay (Fig. 1a). As a global financial center, Shang-
hai has experienced rapid urbanization and economic devel-
opment. Based on variations of urban factors reflected by
population density and paved road area (Fig. 1b; data from
Shanghai Bureau of Statistics, http://www.stats-sh.gov.cn/
index.html), it can be clearly seen that, compared with the
relatively slow urbanization period before the 1980s, both
the urban population and paved road areas in Shanghai
have grown dramatically over the past 30 years—especially
since the 1990s, when economic reforms were introduced
in Shanghai. By 2014, Shanghai’s population density (3826
km−2) and paved road area (279.18×106 m2) had grown con-
siderably compared with 1960 (1787 km−2 and 7.5×106 m2,
respectively).

2.2. Data

The annual records of maximum hourly precipitation
from 11 meteorological stations in Shanghai for the period
1916–2014 are used in this paper. The locations of these
11 stations are shown in Fig. 1a. The data were collected
and quality-controlled by the Shanghai Meteorological Infor-
mation Center (SMIC) of the Shanghai Meteorological Bu-
reau. Among them, the station at Xujiahui has a long record
(since 1916), while Jiading, Pudong, Fengxian, Qingpu and
Jinshan have been in operation since 1959. Data from Nan-
hui, Baoshan and Minhang began to be collected in 1962,
1965 and 1966, respectively, while Songjiang and Chong-
ming stations have been recording data since 1981. Precip-
itation amounts were automatically recorded by autographic
rain gauges, including tilting siphons and tipping-bucketrain
gauges. All of the rain gauges have been positioned at 0.7 m
above the ground since their respective rainfall records began.
The maximum hourly precipitation was determined through
minute-by-minute observations, on an annual basis, by the
autographic rain gauges and archived by SMIC after qual-
ity control. Following Wijngaard et al. (2003), the homo-
geneity of the data during the study period was investigated
through combined use of the Standard Normal Homogeneity
Test (Alexandersson, 1986), the Buishand Range Test (Buis-
hand, 1982), and the Pettitt Test (Pettitt, 1979). The results
revealed a suspicious inhomogeneity at Xujiahui station in
1976. In fact, there was no station migration or alteration of
the observation environment at this time, but an extraordinary
storm with disastrous flooding consequences for the whole of
Shanghai did occur on the afternoon of 7 September 1976
(Xu, 2006). Therefore, this suspicious inhomogeneous point
in the data caused by this weather event was removed from
the precipitation dataset used in this paper.

The hourly precipitation data from the same 11 meteoro-
logical stations in Shanghai, but for the period 1981–2014,
from the National Meteorological Information Center of the
China Meteorological Administration (CMA), are also ap-
plied in this paper. This dataset were subjected to stringent
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Fig. 1. (a) Locations of 11 meteorological stations in Shanghai (filled red circles: urban stations; filled blue circles: rural
stations; open red circles: suburban stations). (b) Evolution of urbanization reflected by population density and paved
road area. (c) Spatial distribution of thresholds of hourlyheavy rainfall (units: mm).

quality-control, and have been widely used in many previous
studies (e.g., Yin et al., 2011b; Zhang and Zhai, 2011; Li et
al., 2013; Yu et al., 2014). The measurement instruments and
background were the same as for the annual maximum data
mentioned above.

NCEP–NCAR daily reanalysis (NNR) data (Kalnay et
al., 1996), including temperature and relative humidity fields,
during 1981–2014, are used to calculate the long-term change
in atmospheric instability and water vapor.

2.3. Methods

Following the urban classification criteria of Zhou and
Shi (1995), the population densities in 2008 of the 11 dis-
tricts where the meteorological stations are located were used
to classify the stations into three types. Specifically, Xujiahui
and Pudong, with their population densities being above 3000

km−2, were classified as “urban” stations; Chongming, Nan-
hui, Jinshan, Qingpu and Fengxian, at less than 1500 km−2,
were classified as “rural” stations; and the remaining sta-
tions, including Minhang, Baoshan, Jiading and Songjiang,
were classified as “suburban” stations. The reason for using
the population statistics in 2008 to classify the stations was
that Nanhui district was merged into Pudong district in 2009,
which meant there were no population records for the original
Nanhui district thereafter, and a dramatic decrease in the pop-
ulation density of the now larger Pudong district. As shown
in Fig. 1a, the rural stations, indicated by the blue spots, are
located in the periphery of Shanghai city; the urban stations,
represented by red spots, sit on the central part of the city;
and the suburban stations are situated between the rural and
urban stations.

The hourly records of the 11 meteorological stations in
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Shanghai since 1981 are used to examine the variations of
hourly precipitation events during the period of rapid urban-
ization. Specifically, the threshold for heavy rainfall is classi-
fied by the 99.9th percentile of hourly rainfall in the sum-
mer half of the year (April to September) during this pe-
riod (1981–2014). The percentile method is a nonparamet-
ric method applicable to data with all kinds of distributions,
and is widely used for thresholds relating to extreme rainfall.
The thresholds of the 11 stations range from 18.1 to 21.9 mm,
which is close to the threshold for short-duration heavy pre-
cipitation (i.e., 20 mm h−1) currently in operation under the
regulations of the CMA. As shown in Fig. 1c, heavy rainfall
events concentrated at city stations (Xuhui, Pudong) are usu-
ally stronger than those over the suburbs (Baoshan, Minhang,
Jiading, Songjiang) and coastal stations (Fengxian, Nanhui
and Chongming), with coastal station rainfall being stronger
than over the suburbs.

A linear tendency estimation method (Wei, 2007) is used
in this paper to calculate long-term trends; and follow-
ing Meals et al. (2011), Mann–Kendall nonparametric tests
(Mann, 1945; Kendall, 1975) are applied to detect the sig-
nificance of trends. To reduce uncertainties brought about
by the linear tendency estimation, Ensemble Empirical Mode
Decomposition (EEMD; Wu and Huang, 2005, 2009)—a
method for processing nonlinear and non-stationary series—
is also employed, for further comparative analysis of the
long-term trends of heavy precipitation. EEMD is the result
of improvements made to its predecessor, EMD (Empirical
Mode Decomposition; Huang et al., 1998), and involves four
main steps: (1) Add a noise series to the target data; (2) De-
compose the data with the added noise into Intrinsic Mode
Functions (IMFs); (3) Repeat (1) and (2) again and again, but
with different noise series each time; (4) Obtain the ensem-
ble means of the corresponding IMFs of the decompositions
as the final result. This approach can solve the mode mixing
problem of EMD and make the mean IMFs stay within the
natural filter period windows. In addition, we use a Gaus-
sian filter (Barnes, 1973) to obtain the decadal components
of time series. EOF analysis (Lorenz, 1956) is also used, to
analyze the spatial distribution of the long-term evolution of
heavy rainfall events.

In order to analyze the atmospheric stability, theK index
is applied (Zhang et al., 2007), defined as

K = (T850−T500)+Td850− (T700−Td700) (1)

where (T850− T500) indicates the temperature contrast be-
tween the lower and middle level, i.e., the rate of vertical tem-
perature decline;Td850 denotes the 850-hPa dew-point tem-
perature, characterizing the moisture content at the low level;
and (T700−Td700) expresses the difference between the tem-
perature and dew-point at 700 hPa, which denotes the low-
level water vapor saturation. TheK index is a comprehen-
sive index able to reflect the atmospheric potential energy
by characterizing the humidity and saturation degree of the
lower troposphere. At the same time, it can also reflect the
warmth of the lower layers. Both are important for describ-
ing the atmospheric instability. Therefore, it is widely used

in the forecasting and analysis of severe convective weather,
especially heavy rainfall events (Zhang et al., 2007). As de-
scribed in Wang et al. (2012), NNR data can be used to calcu-
late theK index, because of the close correlation between the
K index acquired from operational sounding observations and
that from NNR data. Therefore, in this paper, the NNR data
are employed to analyze the trends of unstable atmospheric
stratification for three layers in association with heavy pre-
cipitation. In addition, NNR data are commonly used for cal-
culating the water vapor transport flux due to the stratification
of the water vapor balance equation. Accordingly, the NNR
data are also used in this study to calculate the trends of water
vapor transport.

3. Multiscale variability of extreme precipita-
tion events

3.1. Long-term annual variation of hourly maximum pre-
cipitation

From the long-term annual variation of hourly maximum
precipitation at Xujiahui shown in Fig. 2a, we can see that
the hourly precipitation maximum has increased significantly
(>95% confidence), with a trend of 2.72 mm h−1 (10 yr)−1.
Furthermore, trend is especially significant [6.60 mm h−1

(10 yr)−1] during the rapid urbanization period (1981–2014).
Similarly, the annual hourly maximum averaged in Shang-
hai also shows a significant (>99.9% confidence) increasing
trend (Fig. 2b), with a rate of 6.2 mm h−1 (10 yr)−1, for nearly
half a century (1965–2014). The average maximum during
the latest 10 years (2005–14) rose by half as much compared
with that (57 mm h−1) during the 10 years from 1965 to 1974.
In addition, from the changes in the distribution parameters of
the annual maximum at Xujiahui during every 30 years with
a 10-year sliding window (figure omitted), all of the distri-
bution parameters, including median, skewness and kurtosis,
as well as the shape parameter fitted by the General Extreme
Value distribution (Coles et al., 2001), are largest duringthe
latest 30 years (1986–2014), meaning that both the strength
and probability of extreme heavy precipitation enhanced dur-
ing the rapid urbanization period.

Figure 2c shows the distribution of the 99.9th percentile
for the annual maximum of hourly precipitation in Shang-
hai since 1916. It gradually decreases outward from Xuji-
ahui and Pudong stations in downtown Shanghai, suggesting
a distinct urban rain-island feature. Those stations located
downstream of the prevailing southeasterly wind during sum-
mer (Jiading, Baoshan, Qingpu) also experienced relatively
heavy rainstorms; whereas, extreme heavy precipitation at
the coastal sites (e.g., Nanhui, Jinshan) was weaker than at
the inland and city sites.

3.2. Changes in hourly heavy precipitation during the
rapid urbanization period

As shown in Fig. 3a, during the rapid urbanization stage,
the frequency of hourly heavy precipitation exhibits an up-
ward long-term trend at a rate of 3.2 yr−1. Furthermore, the
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Fig. 2. Annual evolution of maximum hourly precipitation (units: mm): (a) records at Xujiahui, covering almost 100
years; (b) records for the whole of Shanghai, covering nearly 50 years; (c) spatial distribution of the 99.9th percentile
of annual hourly precipitation maximum in Shanghai since 1916.
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case is similar for its decadal component after the interannual
variability has been filtered, especially since the late 1990s.
The average annual frequency during 1998–2014 is 53 yr−1

over the whole Shanghai area, which is 8 yr−1 more than that
during 1981–97. However, there is little change in the to-
tal rainfall amount during April to September before and af-
ter 1997, which suggests that hourly heavy precipitation oc-
curred more frequently after the late 1990s.

The monthly frequency of hourly heavy precipitation

shows a unimodal type distribution (Fig. 3b). The frequency
peak occurs in July and August (highest in August), account-
ing for 63% of the summer half of the year. The occurrence
of heavy precipitation during April–May is about 2 yr−1, ac-
counting for only 5% of the summer half of the year. From
the long-term change in the monthly frequencies of hourly
heavy precipitation (Fig. 3b), the occurrence probabilityin
August increases significantly (>90% confidence), with a rate
of 3.2 (10 yr)−1. In addition, the probability in June also
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shows a positive trend [1.7 (10 yr)−1]. Conversely, the prob-
ability in September shows a significant negative tendency
[−1.3 (10 yr)−1], while there is no obvious trend for July.

The diurnal variation of the frequency of hourly heavy
rainfall events (Fig. 3c) also shows a unimodal-type distribu-
tion, with the peak reaching 3.4 yr−1 at 1700–2100 local stan-
dard time (LST). However, heavy rainfall occurs relatively
less frequently in the morning (0500–1200 LST). There is
a consistent increasing trend for heavy rainfall events dur-
ing daytime (1000–2200 LST). Therefore, the trend [0.7 (10
yr)−1] at peak time (1800–2200 LST) is the most distinctive.

Due to the considerable influence of the pattern of intense
rainfall on flood prevention and drainage, the temporal evolu-
tion of intense precipitation is further examined according to
a classification of temporal evolution patterns (Table 1). On
average, abrupt events account for half of all types, while the
growing or persistent types contribute 28.1% and 21.9%, re-
spectively. As shown in Fig. 3d, during modern times, abrupt
heavy precipitation have dramatically increased, with a trend
of 1.8 (10 yr)−1 (90% confidence level); whereas, the grow-
ing type events show a downward trend [−0.75 (10 yr)−1],
and the trend for persistent type events is indistinct. In other
words, hourly heavy precipitation has become more abrupt in
Shanghai since 1981.

4. Evolution of the spatial distribution of
heavy precipitation events

The results presented in section 3 demonstrate that hourly
heavy rainfall in Shanghai occurred more frequently during
the rapid urbanization period. Next, we discuss the evolution
of spatial differences in heavy rainfall in Shanghai, and the
link with urbanization.

4.1. Spatial differences in the variation trends of heavy
precipitation in Shanghai

As shown in Fig. 4a, the spatial distribution of the trends
of hourly heavy precipitation frequency is clearly influenced
by urbanization. Urban (Xujiahui and Pudong) and suburban
(Minhang and Jiading) stations show distinctive increasing
trends, reaching 0.5–0.7 (10 yr)−1, while rural sites show
weak upward trends or downward trends. According to the
results presented in section 3, the annual frequency over the

Table 1.Classification of temporal evolution types of heavy rainfall
events.

Temporal
evolution type

Precipitation conditions during the 3 h before
the heavy rainfall event (P−1, P−2, P−3, re-
spectively;P denoting precipitation)

Abrupt type P−1< 0.5 mm,P−2< 0.5 mm andP−3< 0.5 mm

Growth type P−2 > P−1 or P−3 > P−1 and one ofP−1, P−2
or P−3 larger than 0.5 mm but less than the
threshold of heavy precipitation events

Continuous type One ofP−1, P−2 or P−3 larger than the thresh-
old of heavy rainfall events
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whole Shanghai increased during the rapid urbanization pe-
riod, which means heavy rainfall events were focused more
in urban and suburban areas.

The urban rain-island feature is also reflected in the trends
of heavy rainfall event total precipitation amounts. As shown
in Fig. 4b, frequencies over central urban (Pudong and Xu-
jiahui) and nearby suburban (Minhang and Jiading) sites in-
creased dramatically, with rates of 21.7–25 mm (10 yr)−1. In
addition, the trends for Pudong and Jiading exceed the 0.10
confidence test, whereas the trends at rural stations are not
clear and, in some cases, even show a slight reduction. There-
fore, urbanization may contribute to the spatial differences
of the evolution trends of both frequency and total rainfall
amount for heavy rainfall events in Shanghai.
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4.2. Evolution of spatial types of heavy rainfall events

Further calculations are made with respect to spatial dis-
tribution types of hourly heavy rainfall events in Shanghai,
according to the information given in Table 2. As depicted
in Fig. 5, on average, local heavy rainfall occurs most fre-
quently (∼25 yr−1), accounting for 74.5% of all types. Mean-
while, the small range type accounts for 22.3% (∼8 yr−1),
and regional and large-scale events are least probable (3.2%).
These results suggest that hourly heavy precipitation events
possess obvious local or small-scale features. When it comes
to long-term change, both local- and small-scale events show
obvious increasing trends, especially the local type, reaching
1.5 (10 yr)−1. The largest rise in frequency of local heavy
rainfall is located in the central city area and suburbs to the
south, exhibiting a fan-shaped distribution from the former
to the latter along the Huangpu River (figure omitted). This
pattern of more local heavy rainfall over the central city area
and southern suburbs may be associated with wind conver-
gence brought by the urban heat island effect and sea–land
breeze circulation, respectively (Hu and Li, 2010). Further
calculations show local and small-scale precipitation events
in June and August increase significantly, with rates at 1.0
(10 yr)−1 and 1.4 (10 yr)−1, reaching the 95% and 99% confi-
dence level, respectively. This is consistent with the increas-
ing trend for the annual frequency of heavy rainfall events
during June and August, mentioned in section 3.2.

5. Influences of urbanization on the long-term
variation of heavy precipitation

5.1. Impacts on spatial distribution

In order to further identify whether there are different
regional regimes of climate variability in heavy precipita-
tion events in association with the urban–rural difference
in Shanghai, EOF analysis is applied to the anomaly time
series of frequencies and total amounts of heavy precipita-
tion events in Shanghai during the rapid urbanization period
(1981–2014). The first EOF mode (figures omitted) for both
the frequency and total rainfall amount of heavy precipitation
explains about 48% of the total variance, exhibiting coher-
ent increasing phases over the whole of Shanghai. This may
be connected with the regional consistency of warming in
Shanghai. The specific reasons will be discussed in section
6; however, here, we focus on the urban–rural differences as-
sociated with urbanization, which can be distinctively found
in the second EOF modes. From Fig. 6a, the second eigen-
vector (EOF2) by EOF on frequencies of heavy precipitation

Table 2.Classification of spatial distribution types of heavy rainfall
events.

Spatial distribution type Station coverage percentage

Local < 10%
Small-scale > 10% and< 33.3%
Regional > 33.3% and< 50%
Large-scale > 50%
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Fig. 5. Average frequencies for different timespans (bars) and
trend (curve) of heavy rainfall events belonging to different spa-
tial distribution types (units: yr−1).

events, with a variance contribution rate of 12.4%, shows a
reverse distribution type from south to north. Because urban
and suburban stations are locate in north or central Shang-
hai, respectively, the spatial distribution of EOF2 might re-
flect the variation of urban–rural differences. As shown in
Fig. 6b, the principal component of EOF2 tends to reduce.
In other words, in modern times, since 1981, the frequencies
of heavy precipitation events over urban and nearby subur-
ban areas have enhanced more than in rural areas over south
Shanghai. Therefore, urbanization plays an important role
in the spatially inhomogeneous distribution of the frequency
of heavy precipitation. The second eigenvector (EOF2) of
total heavy precipitation amounts, with a variance contribu-
tion rate of 12.1% (Fig. 6c), exhibits a more obvious rain-
island feature in the central city area. Furthermore, its prin-
cipal component (Fig. 6d) has also significantly increased,at
the 95% confidence level. Therefore, urbanization makes a
more distinctive contribution to the strengthening of heavy
rainfall than that of the frequency of heavy rainfall. This re-
sult matches well with the study of Tan et al. (2015), based
on surface AWS monitoring records, which also showed the
presence of an urban rain island. It is worth mentioning that,
for the first EOF modes with consistent phases, the fact that
larger amplitudes were located at urban stations suggests that
warming as a result of urbanization also, to some extent, ex-
erted effects on the evolution of the first EOF spatial distribu-
tion of heavy precipitation in Shanghai.

5.2. Impacts on long-term trends

As described in section 2.3, based on population den-
sity in Shanghai, Xujiahui and Pudong were selected as ur-
ban sites, while Chongming, Nanhui, Jinshan, Qingpu and
Fengxian were selected as rural stations. Using this classi-
fication, i.e., through urban–rural comparison, the effects of
urbanization on the long-term change in heavy rainfall can be
investigated. The long-term trends for total rainfall amount,
frequency and strength of heavy precipitation at the above
two types of observatories (i.e., urban and rural) exhibit dis-
tinct differences, and these differences are consistent with
the urban-island effects described in section 5.1. To quantify
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Fig. 6. Second EOF (a, c) eigenvectors and (b, d) principal components for the (a, b) frequency and (c, d) total rainfall
amount (Unit: mm) of heavy rainfall events.

the impacts of urbanization on long-term changes in heavy
precipitation, the percentage contribution of the urban rain-
island effect (URIE) is defined as

URIE= (TRurban−TRreg)/TRurban×100, (2)

where TRurbandenotes the long-term trend of urban sites, and
TRreg the regional average of the long-term trends for the
whole of Shanghai. Thus, the contributions of the URIE on
the long-term trends of total rainfall amount, frequency and
intensity at urban sites are calculated according to Eq. (2).

Table 3 shows that the tendency of the total precipitation
of heavy rainfall events at urban sites is 2.4 mm yr−1, which
is eight and two times greater than at rural (0.3 mm yr−1)
and suburban (1.2 mm yr−1), respectively. For the whole of
Shanghai on average, the tendency of the total heavy rain-
fall amount is 0.9 mm yr−1. Therefore, based on Eq. (2),
the contribution of urbanization to the long-term trend of the
heavy rainfall amount at urban sites is as high as 62.5%. The
contributions to the frequency and intensity of heavy precip-
itation at urban sites shows a similarly obvious urban–rural
difference, i.e. the urban rain-island feature. Therein, the
contribution to the increasing trend of the frequency of heavy
rainfall reaches 54.7%, and the contrast between the trends
for precipitation intensity at urban and rural sites is the most
evident. Urban sites, such as Xujiahui and Pudong, increased

significantly at the 95% and 90% confidence level, respec-
tively; whereas, the increasing trend [0.3 mm h−1 (10 yr)−1]
at suburban stations is less obvious, and rural stations show
a weak declining trend. Thus, the contribution of urbaniza-
tion to the trends of heavy rainfall intensity may be more than
50%, according to Eq. (2).

It can be seen from the above analysis that urbanization is
conducive to enhancing both the occurrence and intensity of
heavy rainfall events, thus further increasing the total amount
of heavy precipitation. Urbanization may be responsible for
more than half of the change trend at urban sites. The re-
sults, however, are mainly based on a linear tendency estima-
tion method. To reduce the uncertainty of the above analysis,

Table 3.Comparison of the tendencies of hourly rainstorm events at
different stations and the contributions of urban effects on trends at
city sites.

Sites Tendency of total
precipitation
(mm yr−1)

Tendency of
frequency
(10 yr−1)

Tendency of
intensity [mm h−1

(10 yr)−1]

Whole of Shanghai 0.9 0.29 0.19
Urban stations 2.4 0.64 2.3
Rural stations 0.3 0.16 −0.16
URIE (%) 62.5 54.7 > 50
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considering rainfall as a nonlinear and nonstationary variable,
the EEMD method was also applied to time series of the fre-
quency, total rainfall amount and intensity of heavy precip-
itation events, to further investigate the urban–rural differ-
ences in the tendencies of heavy precipitation. By analyzing
the trend components decomposed by EEMD, it was found
that, compared with the linear tendency estimation method,
the trends of total rainfall amount and frequency acquired by
EEMD are more obvious, presenting even more distinct ur-
banization effects. For example, Fig. 7 shows a clearer urban–
rural difference for the trends of heavy rainfall intensity dur-
ing the rapid urbanization period after the end of the 1990s.
In the 21st century, the intensity of urban heavy precipitation
has increased year by year; whereas, at sites on the outskirts
of the city, and in terms of the average for the whole of Shang-
hai, there has been little change. For the period 1981–2014,
the intensity at urban sites enhanced from 29.8 mm h−1 in
1981 to 42.6 mm h−1 in 2014. Conversely, at sites on the out-
skirts of the city, or for the whole of Shanghai, growth was
very slow. Thus, the EEMD analysis offers further support
to the above results on the contribution of urbanization to the
long-term change in heavy precipitation events.

5.3. Influences on diurnal variation

As shown in Fig. 8, the diurnal variation of rainfall inten-
sity at both urban (Xujiahui and Pudong) and rural (Chong-
ming, Nanhui, Jinshan, Qingpu, Fengxian) stations exhibits
a unimodal-type trend, with the peak occurring during the
afternoon to evening. Furthermore, the hourly precipitation
at urban stations is much more intensive than that at rural
sites during the peak hours (1600–2100 LST) of frequent
heavy rainfall occurrence. The enhancement of precipitation
in urban areas during the peak period is mainly realized by
increased thermal and momentum transport. Heat is stored in
urban materials during the daytime, and extra anthropogenic
heat is then released to the urban boundary layer after late af-
ternoon (Hu et al., 2016). Stronger turbulent vertical mixing
and low-level water vapor convergence, due to both higher
heat emissions and increased land surface roughness and sur-
face friction velocity, in turn enhance the mean upward veloc-
ity and promote an increase in heavy precipitation in the af-
ternoon to early evening over urban areas (Miao et al., 2011;

Shanghai

Urban

Rural

Fig. 7. Trends determined by EEMD applied to the intensities
of heavy rainfall events during 1981–2014 (red line: urban area;
black solid line: the whole of Shanghai; black dashed line: rural
area).

Fig. 8. Diurnal variation of hourly rainfall intensity at urban
(red) and rural (blue) stations.

Hu et al., 2016; Song et al., 2016). At nighttime in Shanghai,
when the urban heat island effect is most prominent, radiation
cooling and the occurrence of sea breezes create conditions
that are unfavorable to low-level upward motion and water
vapor convergence. In other words, the most prominent ur-
ban rainfall island, during late afternoon to early evening, is
mainly due to the combined influences of urban effects and
basic local circulation associated with solar radiation and the
sea breeze. The situation is similar for the enhancement of
afternoon thunderstorms in Taipei (Chen et al., 2007). More-
over, the frequent occurrence period at urban sites (1600–
2100 LST) is longer than that on the outskirts of the city
(1700–2000). Furthermore, the peak time at city sites (1900
LST) is delayed by one hour compared with the outskirts of
the city (1800 LST). Therefore, urbanization may lead to a
greater occurrence of heavy precipitation and a delay in the
peak rainfall time. These results are consistent with the mod-
eling results of Ao et al. (2011) and Song et al. (2016).

6. Possible effects of climate change on the
long-term variation of heavy precipitation

From the above analysis it is clear that the frequency of
heavy precipitation increased significantly in Shanghai dur-
ing the rapid urbanization period. Besides the urban–rural
differences, the spatial distributions of the first EOF modes
for the trends of the frequency and total precipitation amount
for heavy rainfall events in Shanghai also show consistent
variation. Next, we analyze and discuss the possible causes
of these long-term tendencies from the viewpoint of climate
change.

Following Seneviratne et al. (2016), who put forward a
reasoning method for the regional responses to global cli-
mate forcing, we produce scatter plots (Fig. 9a) to show the
scaling relationship between the changes in global mean tem-
perature according to CRUTEM4 (Osborn and Jones, 2014)
and the frequency anomaly of heavy rainfall events in Shang-
hai based on the decadal variation of the respective variables.
The results indicate a rather linear scaling of heavy precipita-
tion events in Shanghai with the global temperature anomaly,
wherein their linear correlation passes the 0.01 reliability test.
The frequency anomaly of regional heavy rainfall events in
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Shanghai varies with the changes in global mean tempera-
ture. Relative to the average over 1981–2010, the frequency
of heavy precipitation in Shanghai increases by 4% as the
global mean temperature increases by 0.1◦C. This indicates
that surface warming is favorable to the occurrence of heavy
rainfall events, which is consistent with the study of Tren-
berth (2005). Conversely, in terms of the spatial distribution
of the correlation coefficients between temperature and the
frequency of heavy rainfall events (Fig. 9b), high-correlation
areas are located in the central city areas and nearby suburbs,
especially in the city areas, with correlation coefficients pass-
ing the 0.05 reliability tests. Against the background of re-
gionally consistent heating, the positive correlation between
the occurrence of heavy precipitation and temperature is more
significant over urban areas of Shanghai, where there is a
prominent urban heat island effect (Zhou and Shu, 1994). In
other words, the urban heat island contributes greatly to en-
hancing the occurrence of heavy rainfall events. At the same
time, the high frequency over urban areas may be associated
with the sea breeze circulation background. Figure 9c shows
the prevailing wind directions in Shanghai during April to
September. It can be seen that, as a coastal city, abundant
moisture can be transported to Shanghai, with a prevalent
southeasterly wind from its adjacent seas. In addition, the
wind direction convergence zone over central city areas and
nearby suburbs is rather similar to the heat-island area. This
means that heavy precipitation events occur more easily un-
der the presence of the heat island and sea breeze circulation.
This is consistent with the results of Tan et al. (2015), who
reported an example of short-duration convective precipita-
tion falling over the northwestern part of Shanghai.

Surface warming also helps to raise atmospheric mois-
ture. For example, in August, when the most pronounced in-
crease in heavy precipitation occurs, the decadal variation of
surface temperature is significantly and positively correlated
with that of total-column precipitable water content. The cor-
relation coefficient reaches 0.32 above the 95% confidence
level. Furthermore, from Fig. 9d, the precipitable water con-
tent and frequency of heavy rainfall events in Shanghai dur-
ing August show consistent decadal variations and long-term
tendencies. Therefore, the increase in atmospheric moisture
content associated with surface warming is another important
cause of the enhancement in heavy rainfall events.

Water vapor convergence is a basic physical condition of
precipitation. The long-term changes in the flux divergence
of total-column water vapor transport over Shanghai during
the summer half of the year are displayed in Fig. 9e. Water
vapor convergence is dominant, with divergence showing a
significant reducing trend. Specifically, the convergence of
water vapor over Shanghai shows a significant (>99% con-
fidence) increasing trend at a rate of 0.46× 10−5 kg (m2

s)−1. In addition, the average water vapor convergence dur-
ing 1998–2014 is 1.75× 10−5 kg (m2 s)−1, which is almost
three times more than that during the former period [1981–
97; 0.61×10−5 kg (m2 s)−1]. This provided a more favorable
background for the occurrence of heavy precipitation.

Unstable atmospheric stratification is another important

dynamic condition for the formation of heavy rainfall. TheK
index is adopted to explore the effects of atmospheric stabil-
ity on the long-term change in heavy rainfall events. Figure
9f shows a significant (>99% confidence) increasing trend for
theK index over Shanghai in August since 1981, with a rate
of 1.0◦C (10 yr)−1, indicating a significant enhancement in at-
mospheric instability. In addition, the averageK index during
the latter stage (1998–2014) reaches 30.4◦C, which is favor-
able for the occurrence of strong convective weather and may
thus be an important condition for the increase in heavy rain-
fall events. The situation in June is similar to that in August.
Despite the weak increase of theK index in September [0.24◦

(10 yr)−1], the atmospheric stratification is not conducive to
the occurrence of strong convective weather, owing to the low
K index (<25◦C) in most years. This is roughly consistent
with the decreasing trend of heavy rainfall events in Septem-
ber. Furthermore, we also find that both surface temperature
and the strength of the western Pacific subtropical high at 500
hPa are significantly correlated with theK index in August.
This means that regional warming associated with large-scale
circulation systems may contribute greatly to the increasein
atmospheric instability, which is an important reason for the
consistent increase in heavy rainfall events over the wholeof
Shanghai.

Combining the analyses in sections 5 and 6, it can be con-
cluded that a background of increasing temperature, enhanc-
ing water vapor content, convergence of moisture flux and
atmospheric instability, favorable for the formation of heavy
precipitation, was responsible for the consistent increase in
hourly heavy precipitation over the whole of Shanghai dur-
ing the rapid urbanization period. Meanwhile, the urban rain-
island effect contributed to more frequent and stronger heavy
precipitation in central city areas, which is another important
factor resulting in the long-term change in heavy precipita-
tion frequency in the urban area. The preliminary estimation
made in this study suggests that urbanization may account for
more than half of the heavy precipitation tendencies at urban
sites.

7. Conclusions

Based on hourly precipitation data in Shanghai covering
a period of nearly a century (1916–2014), and from the per-
spective of extreme precipitation and the spatiotemporal dis-
tribution of hourly heavy rainfall events, the long-term varia-
tion in extreme heavy precipitation events in Shanghai were
analyzed in this study, and the effects of urbanization and re-
gional warming on heavy rainfall events investigated. The
results can be summarized as follows.

Long-term annual variations of maximum hourly precipi-
tation in Shanghai increased significantly during the last cen-
tury, especially in the latter 50 years, with trends reaching
2.72 mm h−1 (10 yr)−1 and 6.2 mm h−1 (10 yr)−1 in the
first and second half of the study period, respectively. In
the latter half of the study period, the mean value of maxi-
mum precipitation intensity during the last 10 years (2005–



332 VARIATION OF RAINSTORM AND LINK TO URBANIZATION VOLUME 34

14; 85.5 mm h−1) was about 1.5 times higher compared with
that in the first 10 years (1965–74; 57 mm h−1). The annual
frequency of heavy hourly precipitation in Shanghai during
the rapid urbanization period (1981–2014) showed a signif-
icant increasing trend, with more local and abrupt features.
Specifically, the frequencies of local heavy rainfall events and
abrupt heavy rainfall events increased at a rate of 1.5 and 1.8
(10 yr)−1, respectively—especially in June and August, when
local or small-scale events mostly occur. The diurnal varia-
tion of the occurrence frequency of heavy precipitation exhib-
ited a single-peak distribution type, with the peak occurring
at 1700–2100 LST.

In terms of spatial distribution, the long-term trends for
the frequency and total precipitation of hourly heavy rain-
fall exhibited clear city rain-island characteristics, with heavy
precipitation events focused in urban and suburban areas. Ur-
banization was conducive to both an increase in frequency
and an enhancement in intensity of heavy rainfall events at
urban sites, thus further increasing the total precipitation of
heavy rainfall events. In addition, urbanization also con-
tributed to distinctive urban–rural differences in hourly rain-
fall intensity during the period from late afternoon to early
evening, and further led to greater occurrences of heavy rain-
fall events near urban sites.

Regional warming, an enhancement of water vapor, mois-
ture convergence and atmospheric instability provided favor-
able thermodynamic and dynamic conditions for the forma-
tion of extreme precipitation, which accounts for the consis-
tent increase in hourly heavy precipitation over the whole of
Shanghai during the rapid urbanization period. Moreover,
from the correlation between 2-m air temperature and the
frequency of strong rainfall events (Fig. 9b), there is some
indication that the urban rain-island effects on heavy rainfall
are linked with the interaction of the urban heat island, since
frequencies of heavy rainfall are highly related with temper-
ature in urban areas well-known as heat islands in Shanghai
(Zhou and Shu, 1994). In addition, it was also found that the
decreasing trend of the frequency of drizzle (<0.5 mm h−1)
was weaker over central city areas and the suburbs than on
the outskirts during 1981–2014. Further analysis showed that
drizzle frequencies over central city areas exhibited a slight
increasing trend after 2007, while those over suburbs stillde-
creased. This may be related with more warm cloud conden-
sation nuclei coming from aerosols, which are advantageous
to the formation of weak precipitation over central city ar-
eas (Zhou and Shu, 1994). The specific mechanism involved,
however, needs further research.

It is important to note that the results of our analysis are
limited in at least two respects. First, the spatial distribution
of heavy precipitation in Shanghai was determined by 11in
situ meteorological stations that are sparsely distributed for
interpolation purposes. Considering the local characteristics
of heavy precipitation as depicted in this study, future anal-
ysis could be improved through the availability of additional
high-resolution observations. And second, the use of simple
correlation between temperature and precipitation at the 11
sites over Shanghai, to illustrate the impact of the urban heat

island on heavy precipitation. Although further regression of
the frequencies of heavy precipitation onto urban–rural tem-
perature differences also showed the heat island effect may
have led to the increase in heavy rainfall, the actual spatial
distribution of the urban heat island may not take a fully
concentric pattern (Hu et al., 2016) under the combined in-
fluences of both complex land-use categories and different
weather conditions. Meanwhile, significant correlation be-
tween the frequencies of heavy rainfall were mainly found
at those urban and suburban stations located in the downwind
direction of the prevailing sea breeze. In other words, this
significant correlation may be simultaneously associated with
the impact of the sea breeze. Analysis of the relationship be-
tween heavy precipitation and the urban heat island could be
further improved by excluding the impacts of the sea breeze
through numerical modeling.
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