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ABSTRACT

An extensive urban agglomeration has occurred over the Yangtze River delta (YRD) region of East China as a

result of rapid urbanization since the middle 1990s. In this study, a 44-yr (i.e., 1975–2018) climatology of the

summertime extreme hourly precipitation (EXHP; greater than the 90th percentile) over the YRD is analyzed,

using historical land-use data, surface temperature, and hourly rain gauge observations, and then the relationship

between rapid urbanization and EXHP changes is examined. Results show significant EXHP contrasts in diurnal

variation and storm type roughly before and aftermiddle July. That is, tropical cyclones (TCs) account for 16.4%of

the total EXHP hours, 80.5% of which occur during the late summer, whereas non-TC EXHP accounts for 94.7%

and66.2%during the early and late summer, respectively. Increasing trends in occurrence frequency and amount of

the non-TC and TC-induced EXHP are detected over the urban agglomeration. Statistically significant larger

increasing trends in both the EXHP and surface temperature are observed at urban stations than those at the

nearby rural stations.An analysis of 113 locally developed non-TCextreme rainfall events during 2011–18 summers

also suggests the contribution of the urban heat island effects to the more occurrences of EXHP, especially over a

band-shaped urban region where several major cities are distributed. This study reveals a significant correlation

between rapid urbanization and increased EXHP during the past two decades over the YRD region. The results

have important implications for understanding the impact of urbanization onEXHP changes in a warming climate.

1. Introduction

Rapid urbanization since the early-to-middle 1990s

has led to the formation of three major urban agglom-

erations in China, namely the Beijing–Tianjin–Hebei

(BTH) area inNorth China, the Pearl River delta (PRD)

in coastal South China, and the Yangtze River delta

(YRD) in coastal East China. The YRD urban agglom-

eration consists of a band-shaped city region extending

from the Shanghai (SH) municipality northwestward

along the Yangtze River sequentially to Suzhou (SZ),

Wuxi (WX), Changzhou (CZ), and Nanjing (NJ), and

two relatively smaller city areas to its south centered

aroundHangzhou (HZ) and Ningbo (NB), respectively

(see Fig. 1a for their locations). Substantial modifica-

tions have been made to the surface properties during
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the past several decades; for example, grass and crop-

lands were replaced by artificial surfaces like concrete

and tall buildings over the YRD (Fig. 1b). The resul-

tant urban heat island (UHI) and urban canopy effects

could contribute to changes in local and regional at-

mospheric circulations and precipitation (Shepherd

and Burian 2003; Shepherd 2005; Kaufmann et al. 2007;

Kishtawal et al. 2010; Yu et al. 2016; Zhang et al. 2019;

Zhang 2020). In recent years, precipitation has re-

markably increased over the midlower reaches of the

Yangtze River valley (Yu et al. 2010). Seven out of the

top 10 hourly precipitation extremes over the YRD

during 1975–2018 summers occurred in and after 1995

(Table 1). Heavy precipitation, especially associated

with extreme events, tends to induce floods and wa-

terlogging, causing severe economic losses and casu-

alties over the Yangtze River valley (NCC 1998; Zhang

et al. 2005).

Numerous studies have investigated changes in in-

tensity and distribution of precipitation over densely

populated vulnerable city areas and their relationship to

urbanization over the world. Changnon (1968, 1969) was

among the first to find an increase in total precipitation

over La Porte, a city to the east of Chicago, which was

indicated as a result of urbanization. Subsequent studies

observed increasing trends in heavy rainfall events as-

sociated with urbanization (e.g., Shepherd and Burian

2003; Kishtawal et al. 2010; Niyogi et al. 2011; Mishra

et al. 2012; Shastri et al. 2015). Urbanization could also

cause spatial variability of regional rainfall, which in

turn primes atmospheric setting for intensification of

urban rainfall (Paul et al. 2018). Upstream urbanization

could exacerbate UHI effects and cascade downwind

(D.-L. Zhang et al. 2009; Wan et al. 2013; Zhang and

Chen 2014) that are favorable for convective initiation

(Li et al. 2017b), leading to more precipitation occurring

FIG. 1. (a) Urban areas (color shadings) in the Yangtze River delta region identified with the DMSP/OLS

nighttime light data in the five years of 1993 (blue), 1998 (cyan), 2003 (green), 2008 (yellow), and 2013 (red).

(b) Land-use types over the YRD in 2015 and the locations of 70 national surface stations (large blue dots). The

solid black line represents the boundaries of contiguous urban areas in 2013–15. Dashed pink lines, used in many

figures that follow (i.e., Figs. 2, 3, 7, 8, 10, 12, and 13), denote the key analysis area covering most urban areas that

are contiguous or scattered nearby. (c) Evolution of urbanization reflected by paved road length (103 km) in the six

major cities over the YRD region, namely, Nanjing (NJ), Changzhou (CZ), Wuxi (WX), and Suzhou (SZ) in the

Jiangsu Province, Hangzhou (HZ) in the Zhejiang Province, and the Shanghai (SH) metropolitan, and the urban

ratio (%) within the YRD region based on the land-use data. (d) As in (c), but for electricity consumption (102

billion kWh) and urban ratio (%).
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over downtown and downwind of large cities (Shepherd

andBurian 2003; Zhang et al. 2018; Zhang 2020). Recent

studies suggest that precipitation intensity and pattern

changes over urban agglomerations in China depend on

geographical locations and regional climate regimes (Fu

et al. 2019). Specifically, significant positive trends are

detected in the amounts and occurrence frequencies of

extreme precipitation events in the Pearl River basin

over South China (Q. Zhang et al. 2009; Li et al. 2011),

with larger increasing frequency of extreme hourly

precipitation (EXHP) over the PRD urban agglomera-

tion during the rapid urbanization period (about 1994–

2016) than during the preurbanization era (from 1971 to

about 1993) (Wu et al. 2019). A distinct ‘‘rain island’’

feature is observed in the megacity of Shanghai during

the rapid urbanization period, with extreme hourly

precipitation being enhanced significantly and concen-

trated over the urban and suburban areas (Liang and

Ding 2017). However, statistically insignificant positive

or negative trends are noticed in the extreme (greater

than the 95th percentile) and annual maximal hourly

precipitation over the BTH during 1971–2013 (Xiao

et al. 2016), where urban expansion could even con-

tribute to summer rainfall reduction because of less sur-

face evaporation, higher surface temperature, and less

water vapor (C. Zhang et al. 2009; Zhang et al. 2014).

The previous studies mainly used daily or monthly

rainfall datasets (e.g., Shepherd and Burian 2003; Zhai

et al. 2005; C. Zhang et al. 2009; Q. Zhang et al. 2009;

Zhang et al. 2014). However, extreme precipitation is

often confined to a few hours and even periods shorter

than one hour (Yu et al. 2010). Current understanding of

the characteristics and changes of subdaily precipitation

extremes is very limited in general (Zhang et al. 2017),

and even less over urban environments because of the

complicated interactions and sometimes compensating

effects of nearby cities, namely, the UHI-induced de-

stabilization (Lei et al. 2008; Lin et al. 2011; Li et al.

2017b; Yang et al. 2017), building barrier of urban can-

yons (C. Zhang et al. 2009; Miao et al. 2011; Zhong and

Yang 2015; Zhang et al. 2018, 2019), and anthropogenic

aerosol emissions for cloud condensation nuclei sources

(Rosenfeld 2000; Jin and Shepherd 2008; Ntelekos et al.

2009; Zhong et al. 2015). Moreover, the extensive urban

agglomeration over the YRD consists of numerous

larger and smaller urban areas (Figs. 1a,b) with a ‘‘chain

flow’’ by downstream propagation of the UHI signal

(D.-L. Zhang et al. 2009; Wan et al. 2013). Therefore, it

is more meaningful to consider the urban agglomeration

as a whole, instead of individual cities, in studying the

characteristics and changes of EXHP, and their possible

link to urbanization over the YRD.

In this study, hourly precipitation observations from

surface stations during 1975–2018 are used to study the

climatology and trends of EXHP in summer [June–

August (JJA)] over the YRD region (118.58–122.58E,

29.58–33.08N). The objectives of this paper are 1) to

reveal a climatology of the spatiotemporal distribution

of EXHP over the YRD region, 2) to explore changes in

EXHP during the past 44 years (i.e., nearly half a cen-

tury), and 3) to examine the possible association be-

tween the observed EXHP changes and urbanization.

The next section describes datasets and analysis methods

used in this study. Section 3 presents a 44-yr climatology of

the characteristics of EXHP during the JJA of 1975–2018.

Section 4 examines whether or not rapid urbanization since

the middle 1990s has influenced the summertime EXHP

characteristics over the YRD region. Section 5 compares

two ensembles of extreme rainfall events occurred with a

strong and weak UHI, respectively, during the 2011–18

summers. A summary and concluding remarks are pre-

sented in the final section.

2. Data and methodology

a. Analysis region and urbanization background

Located in the coastal region of East China, the YRD

urban agglomeration borders the Shanghai metropoli-

tan with the provinces of Jiangsu and Zhejiang to the

north and south, respectively (Figs. 1a,b). The urban

growth over the YRD region is identified herein by us-

ing the satellite nighttime light dataset, historical land-

use data, and statistical data of paved road length

and electricity consumption. To analyze the version-4

satellite-based nighttime light data from the Defense

Meteorological Satellite Program’s Operational Linescan

System (DMSP/OLS)during 1993–2013 (from theNational

Geophysical Data Center at National Oceanic and

Atmospheric Administration; https://ngdc.noaa.gov/eog/

dmsp/downloadV4composites.html), the digital number

TABLE 1. The top 10 hourly precipitation rates (mmh21) at

the national stations over the YRD region (see Fig. 1b for their

distributions) during 1975–2018 summers.

No. Year Month Day Hour City Precipitation

1 1991 8 7 23 Shanghai 119.6

2 2008 8 25 7 Shanghai 117.5

3 2011 8 25 13 Jiaxing 111.9

4 1995 8 28 17 Zhenjiang 109.9

5 1997 8 13 19 Jiaxing 108.8

6 1985 7 26 10 Chuzhou 108.7

7 1995 6 21 4 Nantong 105.2

8 2011 6 24 15 Wuxi 101.3

9 1977 8 10 18 Nantong 100.3

10 1997 8 13 18 Jiaxing 96.9
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(DN) values of 53, 50, 54, 53, and 53 are used as the urban

thresholds for the years of 1993, 1998, 2003, 2008, and

2013, respectively (Fig. 1a), followingWang et al. (2013).

Note that different thresholds for the five years are used

because the satellites used for the product vary among the

years. The boundaries of the continuous urban areas are

presented by the contours derived from the DMSP/OLS

data in 2013 and used hereafter.

This study also uses the historical land-use data with

horizontal resolution of 1 km including seven land-use

types: croplands, forest, grasslands, water bodies, coun-

tryside, built-up lands, and others (from the Resources

and Environment Scientific Data Center, Chinese

Academy of Sciences; http://www.resdc.cn/data.aspx?

DATAID598). These data have been widely used in

studies focusing on, for example, land resource surveys

(e.g., Liu et al. 2014; Li et al. 2015) and the rainfall–

urbanization relationship (Wu et al. 2019). The land-use

data of 2015 agree well with the DMSP/OLS data of

2013 in representing the major urban areas (Fig. 1b).

Note that the land-use data show the presence of many

smaller urban areas, such as those lying along the

Hangzhou Bay between Shanghai and Hangzhou, and

those scattered around the Nanjing–Shanghai corridor,

which have all contributed to the YRD’s urbanization

growth. Therefore, a polygon (bounded by dashed pink

lines in Figs. 1a and 1b) covering the contiguous and most

scattered urban areas is defined as the key analysis area.

The temporal variations of paved road length and

electricity consumption (data from Jiangsu, Zhejiang,

and Shanghai Bureau of Statistics; http://tj.jiangsu.gov.cn/

index.html; http://tjj.zj.gov.cn/; http://tjj.sh.gov.cn/) clearly

show rapid increases in both variables since roughly the

mid-1990s at the six major cities, especially Shanghai,

Nanjing, and Suzhou, which is consistent with the rapid in-

crease of urban land use. The urban land use is illustrated

using the urban ratio calculated as the number of urban

grids divided by the number of all grids over the YRD re-

gion (Figs. 1c,d). This indicates that the YRD region has

undergone rapid urbanization since the mid-1990s. To fa-

cilitate understanding the impact of urbanization on the

summertimeEXHPproduction, the periods of 1975–96 and

1997–2018 are defined herein as the eras of preurbanization

and rapid urbanization, respectively.

b. Data and methodologies for EXHP analysis

A rain gauge–based hourly precipitation dataset from

70 national surface stations (see blue dots in Fig. 1b)

during JJA in 1975–2018 is used to analyze the charac-

teristics and changes of EXHP in relation to urbaniza-

tion over the YRD region. In addition, a homogenized

daily surface air temperature (Tsair) dataset (Cao et al.

2016) is utilized to analyze how the UHI effects change

during this study period. Both datasets are quality-

controlled by the National Meteorological Information

Center (NMIC) of the China Meteorological Administration

(CMA; http://data.cma.cn/data/online.html?t51), and

have been widely used in previous climatological studies

(e.g., Yu et al. 2010; Yuan et al. 2010; Zhang and Zhai

2011; Luo et al. 2016; Chen et al. 2018). The national

surface stations used in this study have over 90% of

reliable hourly data during each JJA of 1975–2018. The

Cressman (1959) interpolation method is used to obtain

grid point values from station observations.

For each of the 70 stations, a ‘‘wet hour’’ is defined as

an hour of measurable precipitation ($0.1mmh21).

With this definition, the 90th percentile of hourly pre-

cipitation at each station is used as the threshold of

EXHP for the station. Higher thresholds such as the

95th and 97.5th percentiles are also tested, and qualita-

tively similar results are derived. The 90th percentile

thresholds increase from about 5mmh21 at the south-

east to about 8mmh21 at the northwest of the YRD

region (Fig. 2b). The amount and occurrence frequency

of EXHP are calculated as the accumulated EXHP

amount and the number of EXHP hours, respectively.

The EXHP intensity is computed as the mean precipi-

tation rate averaged over the EXHP hours. Moreover,

an EXHP event at each station in the analysis of 1975–

2018 climatology is defined as a time period, when at

least one EXHP record occurs, with no intermittence of

wet hours or with intermittences lasting less than two

continuous hours. The duration of an EXHP event is

defined as the number of hours from the beginning to the

end of the event. The trends in Tsair, and precipitation

amount, occurrence frequency, and intensity, are esti-

mated using ordinary least squares (OLS) linear re-

gression with an F test. Quantile regression, another

linear regression method that could provide a more

complete statistical view of the dependent variables in

terms of quantiles (Koenker and Bassett 1978) and has

been widely used in previous studies (e.g., Friederichs

and Hense 2007; Shastri et al. 2015), is performed to

further verify the estimated OLS trends in precipitation.

As the daily extreme rainfall induced by tropical cy-

clones (TCs) exhibits different trends from those of lo-

cally induced (Chang et al. 2012), this study identifies the

hourly precipitation generated by TCswith the objective

synoptic analysis technique (OSAT) developed by Ren

et al. (2006, 2007). The OSAT method traces daily rain

belts produced by TCs using the distances from their

centers and the closeness and continuity between

neighboring raining stations. All of the hourly precipi-

tation records in the identified TC rainbelts are termed

as TC-induced, whereas all of the other records are

termed as non-TC precipitation. The latter is produced
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in close proximity of low-level shear lines and vortices

along mei-yu fronts, or far away from such systems

mainly in association with near-surface instability due to

surface heating (Luo et al. 2016).

To help understand the possible relationship between

EXHP changes and UHI effects, extreme rainfall events

(EXREs) that occurred over the key analysis area dur-

ing JJA of 2011–18 are further examined in section 5. In

addition to the observations from the national surface

stations described earlier, quality-controlled hourly ob-

servations of precipitation and Tsair at the densely dis-

tributed automatic weather stations (AWSs) (Fig. 2a)

with more than 90% of reliable hourly data during each

JJA from 2011 to 2018, provided by the NMIC, are also

used to better identify the finescale features in the dis-

tributions of UHI and rainfall. Over the regions inside

and outside of the key analysis area, there are 632 and

873 stations with precipitation observations (Fig. 2a),

among which 558 and 493 stations have temperature

observations, respectively. Unlike the definition of

EXHP, an EXRE is defined herein as a rainy event with

at least one record of hourly precipitation$ 23.7mm at

any of the stations over the key analysis area. The

EXRE starts from the hour when the key-area-averaged

rain accumulation becomes $0.1mm and ends at the

hour after which the key-area-averaged rainfall remains

,0.1mm for at least two continuous hours. The 10-min

mosaic radar images over the YRD are adopted to fur-

ther verify the reliability of the extreme rainfall records

and to characterize the life cycle of eachEXREbased on

radar reflectivity. The threshold of 23.7 mmh21 is the

99th percentile of measurable hourly precipitation

($0.1mm) during the 2011–18 summers at all stations,

including both the national-level stations and dense

AWSs, over the key analysis area. Using this much

higher threshold than that used in the 1975–2018 EXHP

analysis, 113 locally developed, non-TC EXREs are

identified, with little rainfall during at least 6 h prior to

their onsets, so the pre-event UHI intensity (UHII) can

bemuchmore clearly estimated. AnEXREmay include

several extreme hourly records at different stations at

one time or another.

The UHII is estimated as the surface temperature

difference between urban and rural areas, as in previous

studies such as Yang et al. (2017) and Wu et al. (2019),

using the following formula:

UHII5T
u
2T

r
. (1)

Here the urban temperature Tu is the hourly Tsair av-

eraged inside the key analysis area (red and orange dots

in Fig. 2a), while the rural temperature Tr is the Tsair

averaged outside the key analysis area (blue and green

dots in Fig. 2a). Stations with altitudes higher than 100m

above the mean sea level are excluded in the calculation

to avoid the differences in surface temperature caused

by different elevations. We calculated the historical

mean UHII (UHIImean) during JJA of 2011–18 as about

0.558C. During the three hours prior to an EXRE onset,

if the UHII of at least two hours exceeds UHIImean, the

EXRE is considered as a strong-UHI event. Otherwise,

it is a weak-UHI event.

FIG. 2. (a) Spatial distributions of surface stations over theYRD region: the 70 national surface stations (large red

and blue dots for stations inside and outside the key analysis area, respectively), the AWSs (small orange and green

dots for stations inside and outside the key analysis area, respectively), with shadings denoting topography (m).Mt.

Yellow and Mt. Tianmu are labeled. (b) Spatial distribution of the threshold of the EXHP (mmh21) defined using

the 90th percentile.
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To examine the spatial distribution of the pre-event

UHI for the identified two ensembles of EXREs (i.e., a

strong- and a weak-UHI event), the Tsair perturbation

(DT) at each station is calculated as a deviation from the

spatial average of Tsair over the YRD region for each

hour before each EXRE’s onset. This method can

mostly remove diurnal and seasonal variations of Tsair,

which is required by the composite analysis for each

ensemble of the EXREs. Moreover, distributions of the

normalized rainfall (NR) are compared between the

strong- and weak-UHI EXREs, and NR at each station

is calculated by

NR5
R2R

region

R
region

, (2)

where R is rainfall accumulation of all EXREs (in the

strong- or weak-UHI ensembles) at each station; Rregion

is the rainfall accumulation averaged over all the sta-

tions over the YRD region. This method is useful for

describing the local variations of rainfall distributions

(Yu 2007; Dou et al. 2015). The 975-hPa horizontal wind

field from the ERA-Interim reanalysis data is used to

indicate the occurrences of the EXREs with respect

to the prevailing airstreams across the urban regions

under study.

3. A 44-yr climatology of the total summer

precipitation and EXHP

In this section, we present a 44-yr climatology of the

total precipitation and EXHP during the summer

months over the YRD region. Figure 3 shows spatial

distributions of the averaged amount and occurrence

frequency of the total summer precipitation and the

EXHP over the YRD region during the JJA of 1975–

2018. The total precipitation amount peaks (.640mm)

in the southwest of the YRD region, where complex

terrain (e.g., Mt. Yellow andMt. Tianmu) is distributed

(cf. Figs. 3a and 2a), and this is consistent with that

found by Fu et al. (2019). The upper and lower portions

of the key analysis area covering the urban areas have

precipitation amounts of about 500 and 540mm, re-

spectively, with a minimum of about 480mm in be-

tween. The number of wet hours generally decreases

with latitude over the YRD region, with high occur-

rence frequencies in the southwest and southeast, in

good agreement with the distribution of total precipi-

tation amount (cf. Figs. 3b and 3a). A comparison of

Figs. 3c,d and 3a,b shows that spatial distributions of

the amount and occurrence frequency of EXHP pres-

ent similar patterns to those of the total precipitation,

but different in magnitude. A high correlation between

larger amount or higher occurrence frequency of pre-

cipitation and urban areas is not observed. This appears

to be attributable to the impact of topography on the

upstream of prevailing southwesterly monsoonal air at

the southwest, namely, removing large moisture con-

tent that may be otherwise used for precipitation over

the downstream urban regions.

A total of 60 218 (83.6%) and 11 828 (16.4%) non-TC

and TC-induced EXHP hours, respectively, are found

during the 1975–2018 summers (Table 2). Diurnal and

every-10-day variations in the EXHP hours, and dura-

tions of the corresponding EXHP events (defined in

section 2b), are comparatively examined for the pairs of

EXHP-related parameters (Fig. 4). Note that about

69.0% of the non-TC EXHP hours occur during early

June to 20 July (approximately the mei-yu season; Ding

1992), and the remaining 31.0% take place during late

July to the end of August (i.e., the post-mei-yu period).

The non-TC EXHP hours during the periods of mei-yu

and post-mei-yu accounts for 94.7% and 66.2% of all the

EXHP hours during each period, respectively (Table 2).

More than half (57.6%) of the post-mei-yu non-TC

EXHP hours take place in the afternoon-to-evening

hours [1200–2300 local solar time (LST)] with short

durations (i.e., #12h) (Figs. 4a,b), resulting likely from

surface heating. In contrast, a comparable fraction

(30.0%) of the non-TC EXHP hours during the mei-yu

season occur in the nocturnal-to-morning hours (0000–

1100 LST) with longer durations (.12 h), but they

rarely occur in late summer. This appears to reflect the

important roles played by the low-level southwesterly

monsoonal flow and the boundary layer inertial oscil-

lation of ageostrophic winds, leading to the formation

of low-level jets (LLJs), in providing net moisture flux

into the YRD region for the nocturnal-to-morning

EXHP production (Luo et al. 2018).

By comparison, about 80.5% of the TC-induced

EXHP hours occur during the post-mei-yu period, ac-

counting for about one-third (i.e., 33.8%) of all the

EXHP hours for the period. About a half (47.6%) of

these EXHP events last 1–12 h, while about 24.8%

persist longer than one day (Figs. 4e,f). Like the non-

TC EXHP during the post-mei-yu period, diurnal

variation of the TC-induced EXHP exhibits a prom-

inent late-afternoon (1600–1700 LST) peak occurring

with mostly short durations (i.e., #12 h) (cf. Figs. 4c,f).

This result suggests that surface heating could intensify

hourly precipitation under the favorable influence of

TC circulations (i.e., ample moisture supply and per-

sistent upward motion).

Of interest is the double peaks in the diurnal varia-

tions of occurrence frequency of the non-TC EXHP,

with a major peak in the afternoon (1400–1800 LST)
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and a secondary peak in the morning (0600–0900 LST)

(Figs. 5 and 4a). In contrast, the occurrence frequency of

the TC-induced EXHP has a single peak in the after-

noon period (1500–1700 LST) (Figs. 5 and 4d), which is

qualitatively consistent with the previous finding that

TC-produced precipitation has a maximum in the af-

ternoon over land, but a maximum in the early morning

over ocean (Tuleya 1994; Bowman and Fowler 2015).

The prominent late-afternoon peak of both the non-TC

and TC-induced EXHP results from the surface heating-

induced instability.

Figure 5 also shows the diurnal variations of occur-

rence frequency of all the EXHP (i.e., including both the

non-TC and TC-induced EXHP) during the mei-yu and

post-mei-yu periods, respectively. Results reveal that

the above-mentioned double peaks occur mostly during

the mei-yu period reflecting likely the collective roles of

nocturnal-to-morning LLJs and daytime solar heating,

whereas those in the post-mei-yu period features with a

single late-afternoon peak. These are consistent with

that shown in the previous studies of mean precipi-

tation and convection over the middle and lower rea-

ches of Yangtze River (e.g., Xu and Zipser 2011; Luo

et al. 2013).

4. Relationship between EXHP changes and

urbanization

In this section, we analyze the EXHP changes during

the past four decades and examine whether they could

be related to rapid urbanization. While a high correla-

tion between larger amount or higher frequency of

FIG. 3. Spatial distribution of the summer-mean precipitation during 1975–2018: (a) amount (mm) and

(b) occurrence frequency (h) of the total precipitation. (c),(d) As in (a) and (b), respectively, but for the EXHP.
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precipitation and urban areas is not observed, both the

total precipitation and the EXHP amount, as shown

in Fig. 6, have increased during 1975–2018 with sta-

tistically significant trends of 2.9 and 2.3mm yr21 (at

90% and 99% confidence levels), respectively. This

appears to coincide with the rapid urbanization over

the YRD region (cf. Figs. 6 and 1c,d). Moreover, al-

though the decadal variations could be associated

with the ‘‘southern flood–northern drought’’ phe-

nomenon of the East Asian summer monsoon rainfall

(e.g., Yu et al. 2010), these positive trends are quali-

tatively consistent with thermodynamic consequence

of global warming and can also be contributed by the

local urban agglomeration effects, especially the UHI

effects.

To help explore the relationship between urbanization

and the EXHP changes, Fig. 7 compares spatial distribu-

tions of the amount, occurrence frequency, and intensity

of the summer EXHP between the earlier and later 22

years (i.e., the preurbanization and rapid urbanization

eras). During the preurbanization era (i.e., 1975–96), the

key analysis area features lower EXHP amounts (Fig. 7a),

whereas during the rapid urbanization era there are lo-

cations of higher EXHP amounts (Fig. 7b) and re-

markable increases are observed (Fig. 7c). Note that a

localized EXHP center is located in central Shanghai

during both eras (Figs. 7a,b), which is consistent with

the finding of Liang and Ding (2017), who attributed

this feature to the impact of urbanization. Note also

that the EXHP occurrence frequency decreases gen-

erally with latitude during the preurbanization era

(Fig. 7d). However, a different scenario is seen during

the rapid urbanization era, with more occurrences of

EXHP (Fig. 7e) and notable increases in the EXHP

occurrence frequency (Fig. 7f) over the key analysis

area. The EXHP intensity increases with latitude

during both eras with the strongest EXHP in the north

(Figs. 7g,h) where the EXHP occurs the least frequently

TABLE 2. The occurrence frequency (h) of EXHP during the 1975–

2018 summers.

Summer 1 Jun–20 Jul 21 Jul–31 Aug

All EXHP 72 046 43 867 28 179

Non-TC EXHP 60 218 41 560 18 658

TC-induced EXHP 11 828 2307 9521

FIG. 4. Two-dimensional distributions of the occurrence frequency (h) of the non-TC EXHP during the 1975–2018 summers: (a) local

solar time vsmonth, (b) duration (h) vsmonth, and (c) duration (h) vs local solar time. (d)–(f)As in (a)–(c), but for the TC-inducedEXHP.

In (a), (b), (d), and (e), the values are averaged for each 10- (or 11-) day period in JJA (e.g., 1–10 Jun, 11–20 Jun, 21–30 Jun, 21–31 Jul).
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over the YRD region (Figs. 7d,e). Enhancement in the

EXHP intensity during the latter era is observed at more

locations over the region than those with weakened

EXHP intensities (Fig. 7i). Prominent increases in the

EXHP amount, occurrence frequency and intensity are de-

tected over the key analysis area, especially for the first two

variables in the major cities of Wuxi, Changzhou, and

Nanjing. Moreover, a stronger similarity is found in the

pattern of differences in the EXHP occurrence frequency

(rather than intensity) from that of the EXHP amount (cf.

Figs. 7c,f,i).

Figure 8 shows the spatial distributions of trends de-

rived from OLS regression in the amount, occurrence

frequency, and intensity of all, non-TC, and TC-induced

EXHP, respectively. Stations that pass the significance

test at 90% (99%) confidence level are labeled as

smaller (larger) gray dots. For all EXHP (including both

non-TC and TC-induced EXHP), stations with statisti-

cally significant increasing trends in the amount and

occurrence frequency are mostly located within the key

analysis area (Figs. 8a,d). Neutral trends in precipitation

intensity are observed at most stations, except for sev-

eral stations with significant positive trends within the

key analysis area. A comparison of Figs. 7 and 8 reveals

that the increased EXHP amount over the YRD urban

areas are contributed more by the higher occurrence

frequency than the enhanced intensity. Note that the

less evident intensity trend detected at central Shanghai

differs somewhat from that found by Liang and Ding

(2017), due to the use of different EXHP definitions and

analysis periods. When the TC-induced EXHP are ex-

cluded, the increasing trends in the amount, occurrence

frequency, and intensity of the non-TC EXHP over the

YRD urban areas are still evident (Figs. 8b,e,h), albeit

with smaller magnitudes than those of all the EXHP

(Figs. 8a,d,g). The TC-induced EXHP amount (Fig. 8c)

shows significant increasing trends over the YRD region,

with stations that pass the significance test mostly (15 out of

23) located within the key analysis area. Similar features are

found in the occurrence frequency (Fig. 8f).Although larger

increasing trends in the TC-induced EXHP intensity than

the non-TC EXHP intensity are found over the central

portion of the key analysis area, only a few stations pass the

significance tests (cf. Figs. 8h,i).

FIG. 5. Diurnal variation of the occurrence frequency (h yr21) of EXHP during the 1975–

2018 summers. Note that separate y axis is used for the TC-induced EXHP illustrated by

dashed line. Solid black line denotes non-TC EXHP, and total EXHP amounts during 1 Jun–

20 Jul and 21 Jul–31 Aug are represented by orange and blue lines, respectively.

FIG. 6. Annual evolution during 1975–2018 of the total summer-

averaged precipitation (light blue) and EXHP (light red) amounts

(mm) from the 70 national surface stations over the YRD region.

Dashed and dark solid lines denote decadal and trend components,

respectively.
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Figure 9 provides the linear trends in EXHP at urban

and rural stations derived from quantile regression.

Results show consistently larger increasing trends in all

and non-TC EHXP amount and occurrence frequency

(Figs. 9a,b,d,e) for almost all the quantiles over urban

stations than rural stations, with small differences in

trends for TC-induced EXHP amount and occurrence

frequency (Figs. 9c,f). Moreover, the urban-vs-rural

differences in trends are much more prominent for

larger quantiles. In contrast, there are remarkable dif-

ferences in TC-induced EXHP intensity between urban

and rural stations, with larger increasing trends over

urban stations (Fig. 9i), but with minor differences in

TC-induced EXHP amount and occurrence frequency

(Figs. 9g,h). A comparison of Figs. 8 and 9 shows that the

OLS and quantile regression results are qualitatively

FIG. 7. (top) Spatial distributions of the EXHP amount (mm), (middle) occurrence frequency (h), and (bottom) intensity (mmh21)

during the JJA of (a),(d),(g) 1975–96 and (b),(e),(h) 1997–2018. (c),(f),(i) The difference between (b) and (a), between (e) and (d), and

between (h) and (g), respectively.
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consistent and that the OLS regression slopes look

like the regression results derived from the 0.5 quan-

tile. These results collectively indicate that the YRD

urban agglomeration might have contributed to the in-

tensification of both non-TC and TC-induced hourly

precipitation, leading to more occurrences of EXHP,

which are qualitatively consistent with the previous finding

about rainfall enhancement caused by Hurricane Harvey

(2017) in Houston (Zhang et al. 2018). On the other hand,

Wu et al. (2019) note that the TC-induced EXHP over the

FIG. 8. OLS regression slopes of the EXHP (a) amount (mm decade21), (d) occurrence frequency (h decade21), and (g) intensity

(mmh21 decade21) during the 1975–2018 summers. (b),(e),(h) As in (a),(d),(g), but for the non-TCEXHP. (c),(f),(i) As in (a),(d),(g), but

for the TC-induced EXHP. Larger and smaller gray dots denote stations with significant trends at 99% and 90% confidence level,

respectively.
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PRD region has decreased due to substantial decreases in

the number of landfalling TCs over coastal South China

(Chang et al. 2012).

To further explore the possible link between the in-

creasing precipitation amount and urbanization (i.e., in

terms of the UHI effects), we examine spatial distribu-

tions of Tsair, its difference between the preurbanization

and rapid urbanization eras, and its trends derived from

OLS regression during 1975–2018 over the YRD region

(Fig. 10). In general, the daily temperature decreases

FIG. 9. Box-and-whisker plots of the quantile regression slopes of EXHP (a) amount (mm decade21), (d) occurrence frequency

(h decade21), and (g) intensity (mmh21 decade21) during the 1975–2018 summers. (b),(e),(h)As in (a),(d),(g), but for the non-TCEXHP.

(c),(f),(i) As in (a),(d),(g), but for the TC-induced EXHP. The box-and-whisker plots show the interquartile range (rectangle), outliers

(i.e., the 10th and 90th percentiles; whiskers), and mean (solid line). OLS regression slopes in Fig. 8 (denoted by ‘‘OLS’’) are also plotted

next to the 0.9 quantile for comparison.

FIG. 10. Spatial distributions of (a) daily surface air temperature (Tsair; 8C) averaged during the 1975–2018 summers, (b) summer Tsair

difference (8C) between 1997–2018 and 1975–96, and (c) OLS regression slopes (8C decade21) of summer Tsair during 1975–2018, with

crosses denoting the trend significance at 99% confidence level. Gray shading represents topography (m).
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with latitude with a warm center at the southeast of the

key analysis area (Fig. 10a). Of particular relevance are

that Tsair become higher during the rapid urbanization

era (i.e., positive differences shown in Fig. 10b) and that

significant increasing trends are detected at almost all

the stations over the YRD region (Fig. 10c). The in-

creasing trends in Tsair are higher than 0.38C decade21

over the urban areas, except for the city of Nanjing lo-

cated in the northwest of the key analysis area. In the

major cities of Shanghai, Suzhou, Wuxi, and Ningbo

with rapid urban expansion in the last several decades

(Fig. 1), the Tsair trends reach 0.458C decade21. These

trends are much larger than the global mean value, with

approximately an increase of 1.538C in the mean land

Tsair from 1850–1900 to 2006–15 (IPCC 2019). This

suggests a warmer environment contributed by the UHI

effects in addition to global warming, which is consistent

with previous findings (e.g., Zhou et al. 2004).

Figure 11 further shows the relationship between the

trends in Tsair and EXHP amount/frequency/intensity

but at individual stations. The urban-vs-rural differences

in the trends of area-averaged temperature, and EXHP

amount, occurrence frequency, and intensity are all

significant at 99% confidence level with a t test. Under

the background of global warming, the Tsair trends at all

the stations are positive, with the mean trend at the ur-

ban stations (0.388C decade21) being larger than that at

the rural stations (0.288C decade21), clearly reflecting

the UHI impacts. The trends in EXHP amount (JJA

accumulation) are mostly positive, which is qualitatively

consistent with the previous study of Xiao et al. (2016).

Of importance is that larger trends in the EXHP amount

are observed at the urban stations than those at the rural

stations, with mean trends of 32.6 and 12.8mm decade21,

respectively (Fig. 11a). The overall pattern of the EXHP

occurrence frequency and Tsair (Fig. 11b) resembles that of

the EXHP amount and Tsair (Fig. 11a), with larger trends

for urban stations. This is not exactly the case for theEXHP

intensity–Tsair diagram (Fig. 11c), showing much less or-

ganized intensity trend distributions between the urban and

rural stations.Despite the less organized distributions,most

urban stations still exhibit larger EXHP intensity trends.

Collectively, all these larger trends at the urban stations

than the rural stations indicate possible contribution of the

FIG. 11. Scatterplots of the trends of Tsair vs those of the EXHP (a) amount, (b) occurrence frequency, and

(c) intensity. Red and blue colors denote the urban and rural stations, i.e., stations within and outside the key analysis

area in Fig. 1b, respectively. Filled circles denote stationswhere trends of theEXHPvariable passed the significant test

at 90% confidence level. Crosses represent mean values among the urban and rural stations, respectively. Differences

in the mean values of Tsair, EXHP amount, occurrence frequency and intensity between urban and rural stations are

significant at 99% confidence level with a t test. The trends are derived from OLS regression.
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UHI effects to more frequent occurrence of EXHP over

the YRD urban agglomeration.

In summary, the total EXHP amount in summer has

increased substantially during the rapid urbanization era

(1997–2018) relative to the preurbanization era (1975–96)

over the YRD region. The statistically significant in-

creasing trends in both amount and occurrence frequency

of the EXHP, including non-TC and TC-induced EXHP,

are mostly observed over the urban agglomeration, and

they are generally larger than those over the nearby rural

areas. In addition, larger trends in Tsair are also observed

at the urban stations than the rural stations.

5. Contrasting strong- versus weak-UHI EXREs in

2011–18

It is shown from the preceding section that there exists a

possible relationship between the statistically significant

increases in EXHP and the rapid urbanization (i.e., re-

flected by the UHI effects) over the YRD urban agglom-

eration. To confirm this result, 113 locally developednon-TC

EXREs detected by dense AWSs and 10-min mosaic

radar images over the key analysis area during 2011–18

summers are analyzed. To this end, the 113 EXREs are

categorized into 56 strong- and 57 weak-UHI events, as

described in section 2b. It is evident from Fig. 12a that the

hourly UHII values for the strong-UHI events are mostly

greater than the multiyear averaged UHII (UHIImean 5

0.558C) during the 10-h preonset period, and exhibit little

changes 5h prior to the onset of the EXREs. Prominent

warm centers are observed over the central portion of the

band-shaped urban region, the Hangzhou area, and the

areas between them where numerous scattered urban

lands are located (Fig. 12b). These warm centers gener-

ally collocate with the larger/higher EXHP amounts/

frequencies during the rapid-urbanization era relative to

FIG. 12. (a) Box-and-whisker plots of the UHII for the identified strong-UHI EXREs, showing the interquartile

range (rectangle), outliers (i.e., the 10th and 90th percentiles; whiskers), and mean (solid line). (b) Composite pre-

event surface air temperature (Tsair) perturbation (DT; 8C; dots), and 975-hPa horizontal winds (a full barb is

1m s21) for the strong-UHI EXREs. The hourly temperature observations in the 3-h period before each EXRE’s

onset and 6-h-interval ERA-interim data at 1400 LST of the day each EXRE occurred are used in the calculation.

(c),(d) As in (a) and (b), but for the identified weak-UHI EXREs. Stations with altitudes. 100m above the mean

sea level are not shown in (b) and (d).
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the preurbanization era (cf. Figs. 12b and 7), and the

significant, large increasing trends of EXHP during

1975–2018 (cf. Figs. 12b and 8a,d). Note that the rel-

atively weaker warm centers at Shanghai and Nanjing

(Fig. 12a) are probably attributed to the advection of

unheated air over ocean and rural areas (D.-L. Zhang

et al. 2009), respectively, as indicated by the low-level

southeasterly and westerly winds.

Prior to the onset of the identified weak-UHI events,

the UHI intensity weakens continuously and most of the

UHII values become smaller than UHIImean in 4 h be-

fore their onset (Fig. 12c). The prominent warm centers

prior to the onset of EXREs in the strong-UHI events

(Fig. 12b) are hardly present in the weak-UHI events

(Fig. 12d). Over the band-shaped urban region and the

Nanjing area, lower positive DT values are scattered

over a few city centers only, whereas higher positive

DT values concentrate in the southern portion of

the key analysis area (i.e., the Hangzhou area) and

nearby mountains. This indicates more favorable

thermodynamic conditions (i.e., more unstable) over

the Hangzhou area and nearby mountains than the

band-shaped urban region to the north.

Figure 13 shows the spatial distributions of the region-

normalized precipitation amount, calculated by Eq. (2),

during the strong- and weak-UHI EXREs, respectively. For

the strong-UHI EXREs, the EXHP records ($23.7mmh21)

and prominent positive rainfall accumulations are mostly

observed over the band-shaped urban region and its nearby

Nanjing area, where prominent warm centers are observed

(Fig. 12b). Two separate rainfall centers with smaller spatial

coverages are found over Mt. Tianmu and Ningbo, respec-

tively. In contrast, thehourly extremes andprominent positive

rainfall accumulation during the weak-UHI EXREs are

mostly produced over western Hangzhou (Fig. 13b), due

likely to lifting of the unstable southeasterly flow by the

complex terrain (Fig. 12d). Over the band-shaped urban re-

gion, only scattered rainfall centers are found (Fig. 13b), co-

inciding roughly with the isolated warm centers (Fig. 12d).

Considering that UHI is calculated by area-averaged tem-

perature differences, there might be somemismatch between

Figs. 12 and 13, such as the inconsistence between temper-

ature perturbation and region-normalized precipi-

tation over Hangzhou for the strong-UHI events.

The above results suggest that the strong UHI effects

over the YRD region (i.e., the prominent warm centers

over the central key analysis area) could contribute to the

increased occurrence frequency of summerEXHPover the

densely populated urban agglomeration. Situated near

the coast and with mountains adjacent to its southern

boundary, the urban agglomeration over the YRD region

can be influenced by land–sea breezes and mountain–plain

circulations, as in other urban areas in the world (Shepherd

and Burian 2003; Wang et al. 2014; Chen et al. 2016; Wu

and Luo 2016; Li et al. 2017a; Zhang 2020). This may

change local thermal conditions and near-surface airflows,

and consequently influence the initiation and development

of convective storms. Interactions between the resultant

local circulations, and their influences on the EXREs over

the YRD region, under the background of global warming,

deserve further studies.

6. Summary and concluding remarks

In this study, we present a climatology of the sum-

mertime (JJA) EXHP over the YRD region during

FIG. 13. Composite spatial distributions of the region-normalized precipitation amount (shading) of the 2011–18

EXREs with (a) strong UHI and (b) weak UHI, respectively. Cyan dots denote stations with hourly precipitation

records $ 23.7mmh21 occurring more than twice.
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1975–2018, using hourly precipitation observations and

historical land-use data, and then examine the rela-

tionship between the EXHP changes and rapid urbani-

zation since the middle 1990s. Some major results are

summarized as follows.

The EXHP over the YRD region shows distinct

characteristics during the early and late summer.

Namely, it is producedmostly (95%) by non-TC systems

(e.g., low-level shear lines, vortices) along mei-yu fronts

or locally developed convective storms due to the in-

creasing surface heating during the early summer (Luo

et al. 2016). Its diurnal variations exhibit double peaks: a

major peak in the morning and a secondary peak in the

afternoon. In contrast, the EXHP during later summers

is produced by both non-TC systems (66%) and TCs

(34%). The former occurs mostly in the afternoon with

short durations (#12 h), whereas the latter features a

prominent afternoon peak.

Although a high correlation between larger amount or

higher occurrence frequency of precipitation averaged

during the 1975–2018 summers and urban areas is not

found, we note substantial increases in both the amount

and the occurrence frequency of the non-TC and TC-

induced EXHP over the YRD region during the rapid-

urbanization era (i.e., 1997–2018), as compared to the

preurbanization era (i.e., 1975–96). Statistically signifi-

cant increasing trends in the EXHP amount and occur-

rence frequency during the 1975–2018 summers are

observed at most stations over the YRD urban areas,

but significant trends in the EXHP intensity have lower

magnitudes and are observed at much fewer stations.

Moreover, the significant increasing trends of EXHP

generally collocate with significant increasing trends of

surface air temperature, with larger trends in both var-

iables at urban stations than rural stations, suggesting

the presence of a relationship between the EXHP in-

creases and the UHI effects.

An analysis of 113 locally developed non-TC EXREs

over the YRD region during 2011–18 summers reveals

contrasting rainfall distributions between the strong-

and weak-UHI events. EXHP is mostly produced over

the urban areas, especially a band-shaped urban region

during the strong-UHI events, whereas it is mainly dis-

tributed over the mountains in southern YRD region

during the weak-UHI events.

In conclusion, we may state that the summertime

EXHP over the densely populated urban agglomeration

of the YRD region has shown significant increases

during the past half a century as a result of rapid ur-

banization, in addition to global warming. This result

adds new supporting evidence to the findings from the

recent studies of Liang and Ding (2017), Fu et al. (2019),

and Wu et al. (2019), who showed the correlation

between rapid urbanization and more extreme rainfall

events over the coastal urban agglomerations in South

and East China. Of course, more studies are needed to

better understand the associated physical mechanisms

governing the subdaily extreme precipitation-producing

storms, particularly the interactive roles of the circula-

tions induced by urbanization, land–sea contrasts, and

orography under various larger-scale conditions in a

warming climate.
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