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ABSTRACT

Using the hourly precipitation records of meteorologicatisns in Shanghai, covering a period of almost a century
(1916-2014), the long-term variation of extreme heavy ipi&tion in Shanghai on multiple spatial and temporal ssa$
analyzed, and theffects of urbanization on hourly rainstorms studied. Restitsv that: (1) Over the last century, extreme
hourly precipitation events enhanced significantly. Dgitine recent urbanization period from 1981 to 2014, the feaqu
of heavy precipitation increased significantly, with a idist localized and abrupt characteristic. (2) The spatistridhution
of long-term trends for the occurrence frequency and tatipitation intensity of hourly heavy precipitation in @tghai
shows a distinct urban rain-island feature; namely, heaggipitation was increasingly focused in urban and subugreas.
Attribution analysis shows that urbanization in Shangbaitgbuted greatly to the increase in both frequency arehiity of
heavy rainfall events in the city, thus leading to an incirggotal precipitation amount of heavy rainfall eventsatidition,
the diurnal variation of rainfall intensity also shows distive urban-rural dferences, especially during late afternoon and
early nighttime in the city area. (3) Regional warming, wattbsequent enhancement of water vapor content, convergénc
moisture flux and atmospheric instability, provided falabegphysical backgrounds for the formation of extreme pmigaion.
This accounts for the consistent increase in hourly heagyipitation over the whole Shanghai area during recentstime
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1. Introduction 2009; Piao et al., 2010). However, the impacts of urban-

From the first IPCC assessment report (IPCC, 1990)! ation on rainfall vary among fferent cities with dierent

. : . intensities of human activity (Gao et al., 2004). In China,
the fifth (AR5) (IPCC, 2013), the major conclusions sho ) ) o
unequivocally that the global climate is warming. Lan >hanghai (Zhou and Yang, 2001, Mu et al., 2008; Liang et

surface warming increases the atmospheric water vapor cal"-2013)’ Nanjing (Zhou et al., 2003) and Tianjin (Yu et al.
9 P b 808) show rain-island characteristics, while citiesiadhg

tent by ac_celeratlng surface evaporat|or_1. Meanwhile, t %ijing (Sun and Shu, 2007; Wang et al., 2009) and Chengdu
water-holding capacity of the atmosphere is enhanced by Mao et al 2007) exhibit dry-island features. Liang et al
increase in temperature, which increases flieiency of pre- " ' '

cipitation formation (Trenberth, 2005). The intensity of e (2013) suggested that the spatial distribution of raimste-

treme precipitation is likely to be enhanced in most land guency in Shanghai under rapid urbanization, as well as its

eas over the midlatitudes and humid tropics (IPCC, 201 gnd, has a more distinct urban rain-island feature than un

Trends of regional annual precipitation are primarily driv Cc" slow urbanization. In Beijing, the impact of urbaninati
9 (|)o P brimartly on precipitation is primarily reflective of the dry-islané e
by changes in the top 30% of heavy precipitation even%,ct' but the frequency of torrential rain above 100 mm d

which are controlled by changes in precipitable water in re: u, 2015), as well as the strength of low temperature sleet

sponse to global warming (L'.u etal, 20.16)' As indicated 'Bvents (Han et al., 2014), is greatly influenced by the urban
IPCC AR5, global warming since the mid-20th century may .~ . . ;
in-island &ect. Although many studies on the influences

be mainly attributable to anthropogenic influences (IPC of urbanization on rainfall have been conducted, the ingpact
2014), and the climate warming associated with human activ- ' T

ity is conducive to increased precipitation (Ding et al.020 on short-duration or hourly heavy rainfall remain unclear.
y precip 9 ' For China as a whole, the frequency of extreme heavy

precipitation events has significantly increased in theydon
* Corresponding author: Ping LIANG term (1957-2003; Zhai et al., 2007). However, influenced
Email: liangping1107@163.com by synoptic systems and terrain, the characteristics oftem
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ral or spatial distributions of heavy rainfall vary amond-di 4 m. Shanghai sits on the south edge of the mouth of the
ferent areas (Cai et al., 2007; Lin and Yang, 2014). For ilvangtze River. The municipality borders the provinces of
stance, the frequency and intensity of drought events teer liangsu and Zhejiang to the north, south and west, and is
Haihe River basin have increased (Liu et al., 2010); whereasunded to the east by the East China Sea and to the south by
extreme precipitation events over most areas of the midddangzhou Bay (Fig. 1a). As a global financial center, Shang-
and lower reaches of the Yangtze River and South Chihai has experienced rapid urbanization and economic devel-
show an obvious upward trend (Chen et al., 2009). In gempment. Based on variations of urban factors reflected by
eral, recent studies on precipitation and extreme pregipipopulation density and paved road area (Fig. 1b; data from
tion events in China have mainly been based on daily rainf&lhanghai Bureau of Statistics, httpaww.stats-sh.gov.gn
data, which might mask the features of short-duration heawdex.html), it can be clearly seen that, compared with the
rainfall events (Li et al., 2013). Instead, greater objétti relatively slow urbanization period before the 1980s, both
could perhaps be achieved by investigating the charatitsristhe urban population and paved road areas in Shanghai
of rainstorm events and their related mechanisms through ttave grown dramatically over the past 30 years—especially
use of hourly data. Previous research on hourly precipitatisince the 1990s, when economic reforms were introduced
in China has focused mainly on the diurnal variation of prén Shanghai. By 2014, Shanghai’'s population density (3826
cipitation (Yin et al., 2011b; Zhang and Zhai, 2011; Huang &m~2) and paved road area (218x 10° m?) had grown con-
al., 2012; Li et al., 2013; Yu et al., 2014; Han et al., 20143jderably compared with 1960 (1787 kfrand 75x 10° m?,
revealing that the diurnal variation of precipitation ahe t respectively).
long-term trend of low-temperature sleet events are rélate
to increased surface temperature andledénce in topogra- 2.2. Data
phy. Other studies that applied hourly data analyzed ttee rel The annual records of maximum hourly precipitation
tionships between the frequency of heavy rainfall events aftom 11 meteorological stations in Shanghai for the period
large-scale air—sea factors, including the Pacific Dec@dal 1916-2014 are used in this paper. The locations of these
cillation, ENSO and the North Atlantic Oscillation (Grimm11 stations are shown in Fig. 1a. The data were collected
and Tedeschi, 2009; Vicente-Serrano et al., 2009; Pakanand quality-controlled by the Shanghai Meteorologicabtnf
and Rajeevan, 2010; Fu et al., 2010; Boschat et al., 201®ation Center (SMIC) of the Shanghai Meteorological Bu-
But what are the impacts of climate change on hourly heawyau. Among them, the station at Xujiahui has a long record
rainfall events? And what contributions are made by urba¢since 1916), while Jiading, Pudong, Fengxian, Qingpu and
ization? These problems are still not clear. Jinshan have been in operation since 1959. Data from Nan-
In order to further understand the association between éxt, Baoshan and Minhang began to be collected in 1962,
treme precipitation and climate change, this paper, byitpkil965 and 1966, respectively, while Songjiang and Chong-
Shanghai as an example, investigates the spatiotemperal tiing stations have been recording data since 1981. Precip-
tribution of extreme precipitation over a long-term pera@fd itation amounts were automatically recorded by autogkaphi
almost a century (1916-2014), based on quality-controllegin gauges, including tilting siphons and tipping-buadieét
hourly precipitation data. Theffect of urbanization on the gauges. All of the rain gauges have been positioned at 0.7 m
long-term trends of extreme precipitation is then alsowvalabove the ground since their respective rainfall recorgabe
ated. The hope is that the results will benefitimprovementsthe maximum hourly precipitation was determined through
numerical modeling (Huang et al., 2009) and urban disastainute-by-minute observations, on an annual basis, by the
prevention and mitigation. autographic rain gauges and archived by SMIC after qual-
Following this introduction, section 2 describes the studty control. Following Wijngaard et al. (2003), the homo-
area (including Shanghai’'s urbanization history), datd ageneity of the data during the study period was investigated
statistical methods used in this work. In section 3, the-vathrough combined use of the Standard Normal Homogeneity
ability of hourly heavy precipitation events during thetlasTest (Alexandersson, 1986), the Buishand Range Test (Buis-
century in Shanghai is analyzed on multiple scales. Sedtiohand, 1982), and the Pettitt Test (Pettitt, 1979). The tesul
presents the temporal evolution of the spatial distributid revealed a suspicious inhomogeneity at Xujiahui station in
heavy precipitation. In section 5, the influence of urbaniza976. In fact, there was no station migration or alteratibn o
tion on the spatial distribution of heavy rainfall, as wedliss  the observation environment at this time, but an extraangin
variation tendency, are investigated. Section 6 discubses storm with disastrous flooding consequences for the whole of
possible &ects of climate change on the variation trends &hanghai did occur on the afternoon of 7 September 1976
heavy precipitation in Shanghai. And finally, a summary ¢Xu, 2006). Therefore, this suspicious inhomogeneoustpoin

the study’s key findings is provided in section 7. in the data caused by this weather event was removed from
the precipitation dataset used in this paper.
2. Study area, data and methods The hourly precipitation data from the same 11 meteoro-
o _ logical stations in Shanghai, but for the period 1981-2014,
2.1. Study area and urbanization history from the National Meteorological Information Center of the

Located in the alluvial plain of the Yangtze River DeltaChina Meteorological Administration (CMA), are also ap-
Shanghai is a coastal megacity with an average altitudepdiied in this paper. This dataset were subjected to stringen
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Fig. 1. (a) Locations of 11 meteorological stations in Shanghde(fited circles: urban stations; filled blue circles: rural
stations; open red circles: suburban stations). (b) Emwiutf urbanization reflected by population density and pave
road area. (c) Spatial distribution of thresholds of hotavy rainfall (units: mm).

quality-control, and have been widely used in many previokusm2, were classified as “urban” stations; Chongming, Nan-
studies (e.g., Yin et al., 2011b; Zhang and Zhai, 2011; Li bti, Jinshan, Qingpu and Fengxian, at less than 1506km
al., 2013; Yu et al., 2014). The measurement instruments amére classified as “rural” stations; and the remaining sta-
background were the same as for the annual maximum déas, including Minhang, Baoshan, Jiading and Songjiang,
mentioned above. were classified as “suburban” stations. The reason for using
NCEP-NCAR daily reanalysis (NNR) data (Kalnay ethe population statistics in 2008 to classify the statioas w
al., 1996), including temperature and relative humiditide that Nanhui district was merged into Pudong district in 2009
during 1981-2014, are used to calculate the long-term ahanghich meant there were no population records for the orlgina
in atmospheric instability and water vapor. Nanhui district thereafter, and a dramatic decrease indpe p
ulation density of the now larger Pudong district. As shown
2.3. Methods in Fig. 1a, the rural stations, indicated by the blue spats, a
Following the urban classification criteria of Zhou anébcated in the periphery of Shanghai city; the urban station
Shi (1995), the population densities in 2008 of the 11 disepresented by red spots, sit on the central part of the city;
tricts where the meteorological stations are located weee u and the suburban stations are situated between the rural and
to classify the stations into three types. Specifically,ixtuji urban stations.
and Pudong, with their population densities being abov€®300 The hourly records of the 11 meteorological stations in
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Shanghai since 1981 are used to examine the variationdrothe forecasting and analysis of severe convective weathe
hourly precipitation events during the period of rapid urba especially heavy rainfall events (Zhang et al., 2007). As de
ization. Specifically, the threshold for heavy rainfall lassi- scribed in Wang et al. (2012), NNR data can be used to calcu-
fied by the 99.9th percentile of hourly rainfall in the sumlate theK index, because of the close correlation between the
mer half of the year (April to September) during this peK index acquired from operational sounding observations and
riod (1981-2014). The percentile method is a honparam#tat from NNR data. Therefore, in this paper, the NNR data
ric method applicable to data with all kinds of distribution are employed to analyze the trends of unstable atmospheric
and is widely used for thresholds relating to extreme rélinfastratification for three layers in association with heavg-pr
The thresholds of the 11 stations range from 18.1 to 21.9 maipitation. In addition, NNR data are commonly used for cal-
which is close to the threshold for short-duration heavy preulating the water vapor transport flux due to the stratificat
cipitation (i.e., 20 mm ht) currently in operation under theof the water vapor balance equation. Accordingly, the NNR
regulations of the CMA. As shown in Fig. 1c, heavy rainfalilata are also used in this study to calculate the trends efrwat
events concentrated at city stations (Xuhui, Pudong) are usapor transport.
ally stronger than those over the suburbs (Baoshan, Minhang
Jiading, Songjiang) and coastal stations (Fengxian, Nanhu ] S o
and Chongming), with coastal station rainfall being stemg3. Multiscale variability of extreme precipita-
than over the suburbs. tion events

A linear tendency estimation method (Wei, 2007) is us%pI]_ Lona-t | variati f hourl . i
in this paper to calculate long-term trends; and follow-""" ong-lerm annuai variation ot hourly maximum pre
ing Meals et al. (2011), Mann—Kendall nonparametric tests cipitation
(Mann, 1945; Kendall, 1975) are applied to detect the sig- From the long-term annual variation of hourly maximum
nificance of trends. To reduce uncertainties brought abdigcipitation at Xujiahui shown in Fig. 2a, we can see that
by the linear tendency estimation, Ensemble Empirical Modfe hourly precipitation maximum has increased signifigant
Decomposition (EEMD; Wu and Huang, 2005, 2009)—&95% confidence), with a trend of 2.72 mm*h(10 yr) ™.
method for processing nonlinear and non-stationary seried"urthermore, trend is especially significant [6.60 mmt h
is also employed, for further comparative analysis of tH&0 yr)™'] during the rapid urbanization period (1981-2014).
long-term trends of heavy precipitation. EEMD is the resufiimilarly, the annual hourly maximum averaged in Shang-
of improvements made to its predecessor, EMD (Empiricafi also shows a significant99.9% confidence) increasing
Mode Decomposition; Huang et al., 1998), and involves fotfiend (Fig. 2b), with a rate of 6.2 mnTh(10 yr)™, for nearly
main steps: (1) Add a noise series to the target data; (2) b&lf a century (1965-2014). The average maximum during
compose the data with the added noise into Intrinsic Modfee latest 10 years (2005-14) rose by half as much compared
Functions (IMFs); (3) Repeat (1) and (2) again and again, Buith that (57 mm h') during the 10 years from 1965 to 1974.
with different noise series each time; (4) Obtain the ensefi-addition, from the changes in the distribution paranseér
ble means of the corresponding IMFs of the decompositiofit$ annual maximum at Xujiahui during every 30 years with
as the final result. This approach can solve the mode mixifglO-year sliding window (figure omitted), all of the distri-
problem of EMD and make the mean IMFs stay within theution parameters, including median, skewness and ksrtosi
natural filter period windows. In addition, we use a Gau&s Well as the shape parameter fitted by the General Extreme
sian filter (Barnes, 1973) to obtain the decadal componeigue distribution (Coles et al., 2001), are largest dutimg
of time series. EOF analysis (Lorenz, 1956) is also used,l@est 30 years (1986-2014), meaning that both the strength
analyze the spatial distribution of the long-term evolntaf and probability of extreme heavy precipitation enhanced du

heavy rainfall events. ing the rapid urbanization period.
In order to analyze the atmospheric stability, #éndex Figure 2c shows the distribution of the 99.9th percentile
is applied (Zhang et al., 2007), defined as for the annual maximum of hourly precipitation in Shang-
hai since 1916. It gradually decreases outward from Xuiji-
K = (Tgs0— Ts00) + Tasso— (T700— Td700 (1) ahui and Pudong stations in downtown Shanghai, suggesting

where [Tgs0— Tsoo) indicates the temperature contrast bed distinct urban rain-island feature. Those stations &xtat
tween the lower and middle level, i.e., the rate of vertieait downstream of the prevailing southeasterly wind during-sum
perature declineT ggso denotes the 850-hPa dew-point temer (Jiading, Baoshan, Qingpu) also experienced relgtivel
perature, characterizing the moisture content at the loalje heavy rainstorms; whereas, extreme heavy precipitation at
and (T700— Ta700 expresses the fierence between the tem-the coastal sites (e.g., Nanhui, Jinshan) was weaker than at
perature and dew-point at 700 hPa, which denotes the IdR€ inland and city sites.

level water vapor saturation. TH€ index is a comprehen-
sive index able to reflect the atmospheric potential enerayz‘
by characterizing the humidity and saturation degree of the
lower troposphere. At the same time, it can also reflect the As shown in Fig. 3a, during the rapid urbanization stage,
warmth of the lower layers. Both are important for descrilihe frequency of hourly heavy precipitation exhibits an up-
ing the atmospheric instability. Therefore, it is widelyeds ward long-term trend at a rate of 3.27yr Furthermore, the

Changes in hourly heavy precipitation during the
rapid urbanization period
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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 geEllyears; (c) spatial distribution of the 99.9th percentil
of annual hourly precipitation maximum in Shanghai sinc&6l9
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Fig. 3. Variation in the frequency of hourly rainstorms in Shanghaiing the rapid urbanization period (units of trend:
yr~1): (a) interannual variation (réolue line denotes trefidecadal component); (b) monthly variation (represented by
histogram; red line denotes monthly trend); (c) diurnalatasn (represented by red line; histogram denotes hourly
trend); (d) annual frequency of abrupt hourly rainstornesl (ine is the trend line).

case is similar for its decadal component after the intarahnshows a unimodal type distribution (Fig. 3b). The frequency
variability has been filtered, especially since the late0K99 peak occurs in July and August (highest in August), account-
The average annual frequency during 1998-2014 is 53 ying for 63% of the summer half of the year. The occurrence
over the whole Shanghai area, which is 8'ymore than that of heavy precipitation during April-May is about 2 ac-
during 1981-97. However, there is little change in the t@ounting for only 5% of the summer half of the year. From
tal rainfall amount during April to September before and athe long-term change in the monthly frequencies of hourly
ter 1997, which suggests that hourly heavy precipitation dgeavy precipitation (Fig. 3b), the occurrence probability
curred more frequently after the late 1990s. Augustincreases significantly 0% confidence), with a rate
The monthly frequency of hourly heavy precipitatiomf 3.2 (10 yry!. In addition, the probability in June also
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shows a positive trend [1.7 (10 yf. Conversely, the prob- (a)
ability in September shows a significant negative tendency2.0°N : ' ' : '
[-1.3 (10 yr)y1], while there is no obvious trend for July. p—

The diurnal variation of the frequency of hourly heavy 31.8°N - - 0.5
rainfall events (Fig. 3c) also shows a unimodal-type disiri 'J A 0.4
tion, with the peak reaching 3.4yrat 1700-2100 local stan- 31.6°N 4 ha Ny o3
dard time (LST). However, heavy rainfall occurs relatively \ e
less frequently in the morning (0500-1200 LST). There is3{ 4°N - | /102
a consistent increasing trend for heavy rainfall events dur 0.1
ing daytime (1000-2200 LST). Therefore, the trend [0.7 (1054 5o L 00
yr)~1] at peak time (1800—2200 LST) is the most distinctive. '

Due to the considerable influence of the pattern of intens%1 0°N- | -0.1
rainfall on flood prevention and drainage, the temporal@vol 0.2
tion of intense precipitation is further examined accogdim 30.8°N - | 03
a classification of temporal evolution patterns (Table 1). O ~ ’
average, abrupt events account for half of all types, white t 30.6°N -04

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, witreadr
of 1.8 (10 yr)'! (90% confidence level); whereas, the grow-
ing type events show a downward treneD[75 (10 yr) 1],

120.8°E 121.2°E 121.6°E 122.0°E

and the trend for persistent type events is indistinct. heot 32.0°N ' ' ' ' '
words, hourly heavy precipitation has become more abruptin PN
Shanghai since 1981. 31.8°N \ I T 25.0
20.0
31.6°N - B 150
4. Evolution of the spatial distribution of '
heavy precipitation events 31.4°N - - [ 10.0
The results presented in section 3 demonstrate that hour ™~ n 50
heavy rainfall in Shanghai occurred more frequently during = 0.0
the rapid urbanization period. Next, we discuss the evartuti 31.0°N I 50
of spatial diferences in heavy rainfall in Shanghai, and the™ 10.0
link with urbanization. o
30.8°N 1 r -15.0
4.1. Spatial dfferences in the variation trends of heavy 20,0
precipitation in Shanghai 30.6°N ' T T '

120.8°E 121.2°E 121.6°E 122.0°E

As shown in Fig. 4a, the spatial distribution of the trends
of hourly heavy precipitation frequency is clearly influedc
by urbanization. Urban (Xujiahui and Pudong) and suburbarfig. 4. Spatial distribution of the trend of the (a) frequency
(Minhang and Jiading) stations show distinctive incregsin [units: (10 yry*] and (b) total precipitation amount [units: mm
trends, reaching 0.5-0.7 (10 y#) while rural sites show (10 yr)™*] of hourly rainstorms.
weak upward trends or downward trends. According to the
results presented in section 3, the annual frequency oeer Whole Shanghai increased during the rapid urbanization pe-

o _ ~riod, which means heavy rainfall events were focused more
Table 1. Classification of temporal evolution types of heavy ralhfaﬁn urban and suburban areas

events. The urban rain-island feature is also reflected in the trends
Temporal Precipitation conditions during the 3 h beforeOf heavy rainfall event total precipitation amounts. Aswho
evolution type the heavy rainfall eventR(_1, P_p, P_3, re- in Fig. 4b, frequencies over central urban (Pudong and Xu-

spectively;P denoting precipitation) jiahui) and nearby suburban (Minhang and Jiading) sites in-
creased dramatically, with rates of 21.7—25 mm (10%r)n
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 spatiafatiences

of the evolution trends of both frequency and total rainfall
amount for heavy rainfall events in Shanghai.

Abrupt type P_1<05mm,P_,<0.5mmandP_3<0.5mm
Growth type P_,>P_; orP_.3>P_; and one ofP_4, P_»
or P_3 larger than 0.5 mm but less than the
threshold of heavy precipitation events
Continuous type One d?_;, P_, or P_3 larger than the thresh-
old of heavy rainfall events
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4.2. Evolution of spatial types of heavy rainfall events 30.0 0.16
_ _ S = 1981-2014 014
Further calculations are made with respect to spatial dis- 25.0 = 1981-1997 '
tribution types of hourly heavy rainfall events in Shanghai i 1998-2014 0.12
according to the information given in Table 2. As depicted & 2% ] -0.10
according 9 _ : picted © -e- Trend (1981-2014) [ 010
in Fig. 5, on average, local heavy rainfall occurs most fre-$ 15.0 - £ 0.08 &
quently ~25 yr1), accounting for 74.5% of all types. Mean- & 10.0 L 006 T
2 1001 .

while, the small range type accounts for 22.398 (yr 1),

. - 0.04
and regional and large-scale events are least probabb)3.2 5.0 - -
These results suggest that hourly heavy precipitationteven '
possess obvious local or small-scale features. When itsome -0.00

Small- . Large-
to long-term change, both local- and small-scale events sho Local (. Regional 1

obvious increasing trends, especially the local type,hieac

1 . -
1'.5 (1O.er ’ The_ largest rise |n.frequency of local heavy Fig. 5. Average frequencies for flerent timespans (bars) and
rainfall is located in the central city area and suburbs & th ;o4 (curve) of heavy rainfall events belonging tiielient spa-
south, exhibiting a fan-shaped distribution from the forme g gistribution types (units: y&).
to the latter along the Huangpu River (figure omitted). This

pattern of more local heavy rainfall over the central cityaar events, with a variance contribution rate of 12.4%, shows a

and southern suburbs may be asspmated with wind CONVElVerse distribution type from south to north. Becausemrba
gence brought by the urban heat islarfteet and sea—land

and suburban stations are locate in north or central Shang-

breeze f:lrculatlon, respectively (Hu and Li, 2_0,10)_' Furth‘ﬁai, respectively, the spatial distribution of EOF2 migét r
calculations show local and small-scale precipitatioméve flect the variation of urban—rural fierences. As shown in

in June and August increase significantly, with rates at 9. 6b, the principal component of EOF2 tends to reduce.

(10yr*and 1.4 (10_yr)1, reaf:h.mg the_95% an-d 99% _Conf"ln other words, in modern times, since 1981, the frequencies
Qence level, respectively. This is consistent W|th_ theansr of heavy precipitation events over urban and nearby subur-
ng .trend for the annual frequ_ency c_)f heayy rainfall eVeNin areas have enhanced more than in rural areas over south
during June and August, mentioned in section 3.2. Shanghai. Therefore, urbanization plays an important role
in the spatially inhomogeneous distribution of the freqryen
5. Influences of urbanization on the long-term ©f neavy precipitation. The second eigenvector (EOF2) of
. s total heavy precipitation amounts, with a variance contrib
variation of heavy precipitation tion rate of 12.1% (Fig. 6¢), exhibits a more obvious rain-
5.1. Impacts on spatial distribution island feature in the central city area. Furthermore, its-pr
In order to further identify whether there areffdrent cipal c(())mpon_ent (Fig. 6d) has also significanFIy increaaed,
regional regimes of climate variability in heavy precipitathe 954) (;onf|dence Igvel: Therefore, urban|za}t|on makes a
tion events in association with the urban—ruraffefience More distinctive contribution to the strengthgmng of r-;eav
v Shanghl, EOF analysis s aplie 1o the anomay fina 1 st f e hecuency of ey nfa Tt !

series of frequencies and total amounts of heavy precipi? o _
tion events in Shanghai during the rapid urbanization mbri(?n surface AWS monitoring records, which also showed the

(1981-2014). The first EOF mode (figures omitted) for bo&{esence of an urban rain island. It is worth mentioning, that

' . G or the first EOF modes with consistent phases, the fact that
the frequency and total rainfall amount of heavy precipitat larger amolitudes were located at urban Stations su ot
explains about 48% of the total variance, exhibiting cohef: gming gs o result of urbanization also. to some e%(gteEnEtt ox
ent increasing phases over the whole of Shanghai. This . . ' o =
be connected with the regional consistency of warming ed fé;ects on the_ e_;/otl_utlo_n (;fhthe f'r:sF EOF spatial distribu-
Shanghai. The specific reasons will be discussed in sect}bcw ofheavy precipitation in shanghal.
6; however, here, we focus on the urban—ruréieences as- 5 2 |mpacts on long-term trends
sociated with urbanization, which can be distinctivelyrfdu As described in section 2.3, based on population den
in the second EOF modes. From Fig. 6a, the second eigen-". X N . i
vector (EOF2) by EOF on frequencies of heavy precipitaticﬁ‘\ty n Shanghal, Xullahw_ and PUdong were selegted as ur-

an sites, while Chongming, Nanhui, Jinshan, Qingpu and

Table 2. Classification of spatial distribution types of heavy ralhf Fengxian were selected as rural stations. Using this elassi

events. fication, i.e., through urban-rural comparison, tifiees of
Spatial distribution type Station coverage percentaggrban?zation on the long-term change in heavy_rainfall @nb

Mvestigated. The long-term trends for total rainfall amgu
Local <10% frequency and strength of heavy precipitation at the above
Small-scale > 10% and< 333% two types of observatories (i.e., urban and rural) exhitsit d
Regional > 33.3% and< 50%

tinct differences, and thesefl@irences are consistent with

- 0, . . . . .
Large-scale > 50% the urban-islandféects described in section 5.1. To quantify
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Fig. 6. Second EOF (a, c) eigenvectors and (b, d) principal comgerienthe (a, b) frequency and (c, d) total rainfall
amount (Unit: mm) of heavy rainfall events.

the impacts of urbanization on long-term changes in heasignificantly at the 95% and 90% confidence level, respec-
precipitation, the percentage contribution of the urban-ratively; whereas, the increasing trend [0.3 mnt (10 yr)™]
island dfect (URIE) is defined as at suburban stations is less obvious, and rural stations sho
a weak declining trend. Thus, the contribution of urbaniza-
URIE = (TRurban~ TRreg)/ TRurbanx 10Q @ tion to the trends of heavy rainfall intensity may be morantha

where TR:pandenotes the long-term trend of urban sites, arRP%. according to Eq. (2). _ o
TRy the regional average of the long-term trends for the It can be seen from the above analysis that urbanization is
whole of Shanghai. Thus, the contributions of the URIE d¢Pnducive to enhancing both the occurrence and intensity of
the long-term trends of total rainfall amount, frequency arheavy rainfall events, thus further increasing the totadam
intensity at urban sites are calculated according to Eq. (2) Of heavy precipitation. Urbanization may be responsibfe fo

Table 3 shows that the tendency of the total precipitatidRore than half of the change trend at urban sites. The re-
of heavy rainfall events at urban sites is 2.4 mmtywhich sults, however, are mainly based on a linear tendency estima
is eight and two times greater than at rural (0.3 mmtyr tion method. To reduce the uncertainty of the above analysis
and suburban (1.2 mm W), respectively. For the whole of

Shanghai on average, the tendency of the total heavy rajable 3.Comparison of the tendencies of hourly rainstorm events at
fall amount is 0.9 mm yrt. Therefore, based on Eq. (2)'different stations and the contributions of urb&eets on trends at

the contribution of urbanization to the long-term trendtu t G/t Sites.
heavy ral_nfall amount at urban sites is as.hlgh as 62.5%. TRfes Tendency of totdlendency of Tendency of
contributions to the frequency and intensity of heavy feci precipitation frequency intensity [mm h

itation at urban sites shows a similarly obvious urban4rura (mmyrd)  (10yrY 1oy
difference, i.e. the urban rain-island feature. Therein, the -

contribution to the increasing trend of the frequency ofiyea \L/Jvrgole otf ?_hanghal (2)'2 8'52 %139
rainfall reaches 54.7%, and the contrast between the tre rzlns?a?i é?‘nss 0:3 0:16 —0.16
for precipitation intensity at urban and rural sites is thesm ;5 (%) 625 54.7 > 50

evident. Urban sites, such as Xujiahui and Pudong, inccease
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considering rainfall as a nonlinear and nonstationaryaidei 2.7

the EEMD method was also applied to time series of the fre-,

guency, total rainfall amount and intensity of heavy precip § 2.44

itation events, to further investigate the urban-rur#iledi g ;‘

ences in the tendencies of heavy precipitation. By anatyzin Z ¢ 2.11

the trend components decomposed by EEMD, it was foune@ £ 18

that, compared with the linear tendency estimation methodég '

the trends of total rainfall amount and frequency acquingd b 151

EEMD are more obvious, presenting even more distinct ur- - - - - -
banization €ects. For example, Fig. 7 shows a clearer urban- 0 4 8 12 16 20
rural difference for the trends of heavy rainfall intensity dur- Time ( h)

ing the rapid urbamzaﬂ_on per_|od after the end of the" 19905Fig. 8. Diurnal variation of hourly rainfall intensity at urban
In the 21st century, the intensity of urban heavy precigitat Qred) and rural (blue) stations

has increased year by year; whereas, at sites on the ositskir
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, . : . .
. . i ..~ when the urban heat islanéfect is most prominent, radiation
the intensity at urban sites enhanced from 29.8 mih . .
i : cooling and the occurrence of sea breezes create conditions
1981 to 42.6 mm ht in 2014. Conversely, at sites on the out: .
: . ; that are unfavorable to low-level upward motion and water
skirts of the city, or for the whole of Shanghai, growth WaS_ | or converaence. In other words. the most brominent ur
very slow. Thus, the EEMD analysidfers further support P 9 : ’ P

to the above results on the contribution of urbanizatiome tbaq rainfall island, durmg Iatg afternoon to early evenisg
. S mainly due to the combined influences of urbdfeets and
long-term change in heavy precipitation events.

basic local circulation associated with solar radiatiod tre
5.3. Influences on diurnal variation sea breeze. The situation is similar for the enhancement of

As shown in Fig. 8, the diurnal variation of rainfall inten_afternoon thunderstorms in Taipei (Chen et al, 2007). More

. L over, the frequent occurrence period at urban sites (1600—
S't.y at both u_rba_n (Xupahgl and Pudong) and “4“"" (Cho_n 100 LST) ig longer than thatlz)n the outskirts of thé city
?'Sgi’m'\(')%gr;_l:" ﬂfﬁg v?i't?]gfhué Fgggx(')iz)ursrﬁitlogjrienm'tb 700-2000). Furthermore, the peak time at city sites (1900

ype ! P g dunng n_ST) is delayed by one hour compared with the outskirts of
2t urban Stations is much more niensie than that a ruflf G (1800 LST). Therefore, urbanization may lead to 3

. . %reater occurrence of heavy precipitation and a delay in the

sites during the peak hours (1600-2100 LST) of frequent

. .1~ "peak rainfall time. These results are consistent with thd-mo
heavy rainfall occurrence. The enhancement of precipitati’ .
) . - . ; ling results of Ao et al. (2011) and Song et al. (2016).
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 anthropegegi  pgssible ffects of climate change on the
heat is then released to the urban boundary layer afterflate a _ L T
ternoon (Hu et al., 2016). Stronger turbulent vertical mgxi long-term variation of heavy precipitation

and low-level water vapor convergence, due to both higher From the above analysis it is clear that the frequency of
heat emissions and increased land surface roughness andrsavy precipitation increased significantly in Shanghai du
face friction velocity, in turn enhance the mean upwardeeloing the rapid urbanization period. Besides the urban—rural
ity and promote an increase in heavy precipitation in the afifferences, the spatial distributions of the first EOF modes
ternoon to early evening over urban areas (Miao et al., 20%as the trends of the frequency and total precipitation aniou
for heavy rainfall events in Shanghai also show consistent

etal., 2016; Song et al., 2016). At nighttime in Shanghai,

42 1 Shanghai variation. Next, we analyze and discuss the possible causes
> 39 | Urban of these long-term tendencies from the viewpoint of climate
@ 1 _____ Rural change.
2T 36 1 Following Seneviratne et al. (2016), who put forward a
= ¢ 337 reasoning method for the regional responses to global cli-
fg £ 30 1 mate forcing, we produce scatter plots (Fig. 9a) to show the
K 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-
1985 1990 1995 2000 2005 2010 hai based on the decadal variation of the respective vasabl
Fig. 7. Trends determined by EEMD applied to the intensities The results indicate a rather linear scaling of heavy precip

of heavy rainfall events during 1981-2014 (red line: urb@aa  tion events in Shanghai with the global temperature angmaly
black solid line: the whole of Shanghai; black dashed linealr  wherein their linear correlation passes the 0.01 religitiist.
area). The frequency anomaly of regional heavy rainfall events in
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Fig. 9. Influential factors associated with the variation in houdinstorms over Shanghai during 1981-2014: (a) scal-
ing between the anomaly percentage of hourly rainstormufregy in Shanghai and the change in global mean temper-
ature k-axis denotes the temperature anomaly; urii@:dashed line is the linear fitting line); (b) spatial distriion of
correlation cofficients between 2-m air temperature and the frequency offhminstorms during April-September;

(c) prevailing wind directions in Shanghai during April4ember (shaded areas denote distinct convergences of wind
directions); (d) decadal variation (curve) and tenden@gkied line) for precipitable water (red; units: kgZnand
hourly rainstorm frequency (black) in August; (e) flux digence of total-column water vapor transport over Shanghai
during the summer half of the year [units: POkg (m? s1)71]; (f) K index (curve; units®C) and tendency (dashed
lines) over Shanghai in June, August and September.
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Shanghai varies with the changes in global mean tempedgsnamic condition for the formation of heavy rainfall. TKe
ture. Relative to the average over 1981-2010, the frequeriglex is adopted to explore th&ects of atmospheric stabil-
of heavy precipitation in Shanghai increases by 4% as titye on the long-term change in heavy rainfall events. Figure
global mean temperature increases by’ Q.1This indicates 9f shows a significant{99% confidence) increasing trend for
that surface warming is favorable to the occurrence of heathe K index over Shanghai in August since 1981, with a rate
rainfall events, which is consistent with the study of Trersf 1.0°C (10 yr) %, indicating a significant enhancementin at-
berth (2005). Conversely, in terms of the spatial distidiut mospheric instability. In addition, the averagéndex during
of the correlation coéicients between temperature and ththe latter stage (1998-2014) reaches 30,4vhich is favor-
frequency of heavy rainfall events (Fig. 9b), high-cortiela able for the occurrence of strong convective weather and may
areas are located in the central city areas and nearby sjbutfius be an important condition for the increase in heavy rain
especially in the city areas, with correlation bgents pass- fall events. The situation in June is similar to that in Augus
ing the 0.05 reliability tests. Against the background of rdDespite the weak increase of tiéndex in September [0.24
gionally consistent heating, the positive correlationsan (10 yr)™1], the atmospheric stratification is not conducive to
the occurrence of heavy precipitation and temperature ig m¢he occurrence of strong convective weather, owing to tive lo
significant over urban areas of Shanghai, where there i&andex (<25°C) in most years. This is roughly consistent
prominent urban heat islandfect (Zhou and Shu, 1994). Inwith the decreasing trend of heavy rainfall events in Septem
other words, the urban heat island contributes greatly to drer. Furthermore, we also find that both surface temperature
hancing the occurrence of heavy rainfall events. At the saraed the strength of the western Pacific subtropical high@t 50
time, the high frequency over urban areas may be associat® are significantly correlated with tieindex in August.
with the sea breeze circulation background. Figure 9c shoWsis means that regional warming associated with largéesca
the prevailing wind directions in Shanghai during April tairculation systems may contribute greatly to the incréase
September. It can be seen that, as a coastal city, abundantospheric instability, which is an important reason Far t
moisture can be transported to Shanghai, with a prevalennsistent increase in heavy rainfall events over the wbble
southeasterly wind from its adjacent seas. In addition, tdanghai.
wind direction convergence zone over central city areas and Combining the analyses in sections 5 and 6, it can be con-
nearby suburbs is rather similar to the heat-island are& Tbluded that a background of increasing temperature, erhanc
means that heavy precipitation events occur more easily umg water vapor content, convergence of moisture flux and
der the presence of the heat island and sea breeze circulattdmospheric instability, favorable for the formation ofkg
This is consistent with the results of Tan et al. (2015), wharecipitation, was responsible for the consistent ineréas
reported an example of short-duration convective pregipithourly heavy precipitation over the whole of Shanghai dur-
tion falling over the northwestern part of Shanghai. ing the rapid urbanization period. Meanwhile, the urban-ai
Surface warming also helps to raise atmospheric moistand dfect contributed to more frequent and stronger heavy
ture. For example, in August, when the most pronounced iprecipitation in central city areas, which is another intpot
crease in heavy precipitation occurs, the decadal vaniatio factor resulting in the long-term change in heavy precipita
surface temperature is significantly and positively cated tion frequency in the urban area. The preliminary estinmatio
with that of total-column precipitable water content. Tloe-c made in this study suggests that urbanization may account fo
relation codficient reaches 0.32 above the 95% confidenogore than half of the heavy precipitation tendencies atrurba
level. Furthermore, from Fig. 9d, the precipitable watem-co sites.
tent and frequency of heavy rainfall events in Shanghai dur-
ing August show consistent decadal variations and long-ter )
tendencies. Therefore, the increase in atmospheric meistd. Conclusions

content associated with surface warming is another impbrta Based on hourly precipitation data in Shanghai covering

cause of the enhancementin heavy rainfall events. 3 periog of nearly a century (1916-2014), and from the per-
Water vapor convergence is a basic physical and't'on%%ctive of extreme precipitation and the spatiotempasal d

precipitation. The long-term changes in the flux d'Ve,rger,“fﬁbution of hourly heavy rainfall events, the long-ternriga

of total-column water vapor transport over Sha_nghw dunqgm in extreme heavy precipitation events in Shanghai were

the summer half of the year are displayed in Fig. 9e. Walga\y e in this study, and théects of urbanization and re-

vapor convergence is dominant, with divergence showing g, a| warming on heavy rainfall events investigated. The
significant reducing trend. Specifically, the convergenice fosults can be summarized as follows

vyater vapor over Shanghai shows a significar%é{% Cr(;g- Long-term annual variations of maximum hourly precipi-
f|d_?nce) Increasing trend at a rate ah@x 107 kg ( tation in Shanghaiincreased significantly during the lastc
,S) - In add|t|on_, the averasge water valpor convergence dll‘lﬁ'ry, especially in the latter 50 years, with trends reaghin
ing 1998-2014 is 75x 107> kg (m? s)™*, which is almost 5 75 11 (10 yry! and 6.2 mm At (10 yryL in the

three times more than t?at during the former period [198}t; and second half of the study period, respectively. In
97; 061x 10™° kg (m” s)™*]. This provided a more favorable g |atter half of the study period, the mean value of maxi-

background for the occu_rrence_qf hgavy_ precipitati(_)n. mum precipitation intensity during the last 10 years (2005—
Unstable atmospheric stratification is another important
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14; 85.5 mm h') was about 1.5 times higher compared witisland on heavy precipitation. Although further regreasio
that in the first 10 years (1965-74; 57 mm-h The annual the frequencies of heavy precipitation onto urban—rurakte
frequency of heavy hourly precipitation in Shanghai duringerature diferences also showed the heat islaffé@ may
the rapid urbanization period (1981-2014) showed a signifave led to the increase in heavy rainfall, the actual spatia
icant increasing trend, with more local and abrupt featurafistribution of the urban heat island may not take a fully
Specifically, the frequencies of local heavy rainfall egartd concentric pattern (Hu et al., 2016) under the combined in-
abrupt heavy rainfall events increased at a rate of 1.5 &hd fluences of both complex land-use categories afirint
(10 yry 1, respectively—especially in June and August, whemeather conditions. Meanwhile, significant correlatior be
local or small-scale events mostly occur. The diurnal varibween the frequencies of heavy rainfall were mainly found
tion of the occurrence frequency of heavy precipitationilexh at those urban and suburban stations located in the downwind
ited a single-peak distribution type, with the peak ocagri direction of the prevailing sea breeze. In other words, this
at 1700-2100 LST. significant correlation may be simultaneously associatiéful w
In terms of spatial distribution, the long-term trends fathe impact of the sea breeze. Analysis of the relationship be
the frequency and total precipitation of hourly heavy rairtween heavy precipitation and the urban heat island could be
fall exhibited clear city rain-island characteristicsttwheavy further improved by excluding the impacts of the sea breeze
precipitation events focused in urban and suburban areas. tirough numerical modeling.
banization was conducive to both an increase in frequency
and an enhancement in intensity of heavy rainfall events at Acknowledgements. This research was jointly supported by
urban sites, thus further increasing the total precigitatf the Major Consulting Projects of the Chinese Academy of Engi
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frequency of strong rainfall events (Fig. 9b), there is soméo, X. Y., X. J. Ren, J. P. Tang, and X. Q. Yang, 2011: Simufatio
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