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ABSTRACT
Urban surface expansion affects land–atmosphere interactions as well as rainfall. Both the subregional area-
averaged daily (DRAIN) and the subregional cumulative volumetric (VRAIN) rainfall amounts are
important in this context for hydrological applications and management. Conducted at the city (Beijing,
Shanghai, and Guangzhou), city cluster (Beijing–Tianjin–Hebei (BTH), the Yangtze River Delta (YRD), and
the Pearl River Delta (PRD)), and national levels in China, numerical experiments were performed in this
study using a regional climate model. The analysis revealed that urban-related changes in rainfall variability
were more distinct for stronger rainfall among rainfalls of various intensity levels whereas changes in rainfall
intensity were more pronounced for weaker rainfall. Furthermore, urban-induced changes in heavy storm
rain were more prominent among rainfalls of various intensity levels, for which changes in the variability in
DRAIN and VRAIN were more distinct than changes in their intensities, and exhibited marked subregional
characteristics. The risk of heavy storm rain increased because of strengthened urban-induced DRAIN and
VRAIN variability over Beijing, and urban areas of the YRD and China. However, the risk of heavy storm
rain decreased because of decreased DRAIN and VRAIN variability and the reduced intensity of DRAIN
over urban areas of Shanghai, nonurban areas of BTH, and nonurban and the entire areas of Guangzhou,
the YRD, and the PRD. The urban-induced drying tendency in the lower troposphere and wetting tendency
in the low–middle troposphere, and enhanced vertical motions played an important role in determining the
changes in DRAIN and VRAIN in case of storm rain and heavy storm rain.

Keywords: volumetric rainfall amount, daily rainfall amount, urban surface expansion, heavy storm rain,
variability

1. Introduction

Anthropogenic factors such as urban surface expansion
have been shown to affect the energy and water cycles
between the land and atmosphere (IPCC, 2001, 2007,
2013), thereby influencing the climate at the local,
regional, and even global scales (Weaver and Avissar,
2001; Inoue and Kimura, 2004; Zhou et al., 2004; Zhao
and Wu, 2017), which has attracted increasing interest.
Changes in water resources are affected not only by the
subregional area-averaged daily rainfall amount
(DRAIN) but also the corresponding areas receiving rain
and number of rain days, which can be interpreted as the
subregional cumulative volumetric rainfall amount

(VRAIN). Compared with DRAIN, VRAIN is more
important for hydrological and water resource manage-
ment (McAnelly et al., 1997; Yao and Xu, 2004). Water
inflow can be evaluated more concisely based on
VRAIN, and is beneficial for forecasting stream flow
fluxes, water levels, and flood peaks.

Two strategies have been adopted for evaluating the
impact of urban-induced rainfall. The first relies on
meteorological station observation data, for which differ-
ences between urban and rural areas (Landsberg, 1956,
1970) or within and upwind and downwind of a city
(Changnon, et al. 1981, 1991; Diem, 2008; Keuser, 2014)
were considered attributable to urbanisation. However,
many stations regarded as ‘rural’ have been affected to
some degree by the rapid urbanisation occurring in China�Corresponding author. e-mail: zhaodm@tea.ac.cn
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over the past 30 years, which makes the ‘real’ rural stations
difficult to determine. In addition, the inhomogeneous
meteorological data due to site relocations and instrumen-
tation changes also exerts a considerable influence on the
observed values (Yan et al., 2010). The size of wetting cor-
rection comprises up to 40% due to the gauge change
(Groisman et al., 1975). Furthermore, the evaluated urban-
induced changes in rainfall may be overestimated or under-
estimated owing to the large spatial heterogeneity of rain-
fall and the discontinuous spatial distribution of
meteorological observation stations. The second strategy
relies on satellite-based rainfall data such as those from the
Tropical Rainfall Measuring Mission (TRMM, Shepherd
et al., 2002). Doppler radar data (Mote et al., 2007) and
nighttime light data have also been adopted in urban-
induced rainfall studies to more accurately detect urban
and rural surfaces (Ma and Zhang, 2015).

Zhang et al. (2014) showed the influence of urban sur-
face expansion on the spatial variability of rainfall using
data from meteorological stations, weather radars, and
the TRMM. However, because of the large spatial hetero-
geneity of rainfall, using data only from discrete meteoro-
logical stations can introduce errors in DRAIN, mean
rain areas, and number of rain days, and consequently in
VRAIN, with respect to the continuous rainfall data in
both the spatial and the temporal dimensions. This is
especially pertinent to studies on how urban surface
expansion influences rainfall. The urban-induced rainfall
may thus be overestimated or underestimated, particu-
larly for periods prior to the widespread use of auto-
mated stations. Meanwhile, the relatively recent
introduction of satellite-based rainfall data, which can be
traced back to only 1997, limits studies over longer peri-
ods (Shepherd et al., 2002). Nested dynamical downscal-
ing approaches can provide fine values of the rainfall
amount (Gao et al., 2006) reflecting urban land-use
changes at both the city and national levels, as well as
continuous values in both the spatial and temporal
dimensions (Lin et al., 2008), which could help to com-
pute and compare DRAIN and VRAIN values.

In some previous studies, the amount of rainfall was
reported to increase over and downwind of cities (Burian
and Shepherd, 2005; Baik et al., 2007), whereas no
urban-induced rainfall was detected over large cities in
Turkey (Tayanc et al., 1997). Therefore, there exist
contradictory findings and considerable uncertainty
regarding urban-induced rainfall, necessitating further
analysis of data measured using gauge stations and satel-
lite-derived or radar-retrieved data in addition to fine-
resolution dynamical approaches.

Numerous previous studies have focused on urban-
induced rainfall, but the majority of analyses and numer-
ical experiments were performed for single cities or city

clusters (Jiang and Tang, 2011; Niyogi et al., 2011;
Zhong et al., 2017). With the economic development dur-
ing the past several decades, China has experienced rapid
urbanisation. Marked urban surface expansion has been
detected in China, especially over East China. The cli-
mate over East Asia (including East China) features a
typical monsoon characteristic, namely the East Asian
Monsoon (EAM) (Fu, 1997). The impacts of urban sur-
face expansion are concentrated not only in a single city
or city cluster, but also are evident throughout the EAM
region (Chen et al., 2016; Ma et al., 2016; Zhao and Wu,
2018). Furthermore, studies on urban-induced changes
have been conducted in terms of the total rainfall as well
as its levels of intensity (Kishtawal et al., 2010; Niyogi
et al., 2017), but the results have been obtained mostly
based on observation data from inhomogeneous meteoro-
logical stations, from which the mean rain areas are chal-
lenging to accurately identify. In this article, urban-
induced changes in VRAIN and DRAIN for various
intensity levels of rainfall are examined using modelling-
based continuous values in both the spatial and the tem-
poral dimensions.

In the present study, the nested fifth-generation Penn
State/NCAR Mesoscale Model version 3.7 (MM5V3.7)
(Grell et al., 1994) was adopted to perform numerical
experiments on urban-induced changes in rainfall at vari-
ous intensity levels at different spatial scales. The default
fixed-in-time urban data in the model were replaced by
satellite-derived data, with which urban distributions and
expansions can be reproduced more accurately (He et al.,
2013; Jia et al., 2014; Hu et al., 2015).

2. Experimental design and data

The numerical experiments used here were similar to
those used by Zhao and Wu (2017; Supplemental Online
Material: material and methods). The coarse mesh cov-
ered East Asia at a 30-km resolution. The first nested
domain covered east China at a 10-km resolution, and
the second nested domain covered the three city clusters
[Beijing–Tianjin–Hebei (BTH), the Yangtze River Delta
(YRD), and the Pearl River Delta (PRD)] at a 3.3-km
resolution. The model domain and distributions of the
terrain with nested domains (the BTH, YRD, and PRD),
and the three cities (Beijing, Shanghai, Guangzhou) are
shown in Fig. S1 (see Supplemental Online Material:
materials and methods). The land-use data displaying
urban surface expansion in China for the years 1980
(U80) and 2010 (U10), and shown in Fig. S2 (see
Supplemental Online Material), were employed in the
study. Two experiments were performed based on similar
model parameters with the exception of the urban distri-
bution, within which U80 and U10 were used separately.
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The definition of urban-induced changes (contribution)
to VRAIN was similar to that in a previous study on
urban-induced changes in surface air temperature:

Contribution ¼ RU10 � RU80ð Þ=RU10 � 100%

where RU80 and RU10 are the values of VRAIN under U80
and U10, respectively. The contributions to DRAIN, cumu-
lative rain areas, mean rain areas, and number of rain days
from urban surface expansion are defined similarly, where

Cumulative rain areas ¼ mean rain areas � number

of rain days:

According to the criteria of the China Meteorological
Administration (CMA), DRAIN values can be categor-
ised as five intensity levels based on their intensity: light
(0.1–9.9mm day�1), moderate (10–24.9mm day�1), heavy
(25–49.9mm day�1), storm (50–99.9mm day�1), and
heavy storm (�100mm day�1).

To explore urban-induced changes in total rainfall and
rainfall of various intensity levels, relative changes in the
values of VRAIN and DRAIN over different subregions,
including nonurban areas and urban areas (areas classi-
fied as urban surface in U80 or U10) at different spatial
scales were analysed. Significance tests (F tests and t
tests) were then conducted to detect the significance of
the urban-induced changes in VRAIN and DRAIN. The
F tests expressing the significance of changes in the vari-
ability are performed based on the variance ratio of the
simulated values between U80 and U10, which is similar
to that adopted by Hayashi (1982). The t tests evaluating
the significance of changes in the intensity are conducted
using the ratio of mean difference to standard deviation
between U80 and U10, which is similar to that applied
by Chervin and Schneider (1976). Here, ‘�’ indicates

higher than a 95% confidence level on F tests (F�) or t
tests (T�), denoting significant changes in the variability
and intensity of rainfall, respectively, and F�1 and F�2
indicate enhanced and weakened variability, respectively.
Subregions showing significant changes in the variability
(intensity) only are marked using F� (T�) only, and subre-
gions expressing significant changes in both the variability
and the intensity are marked using F� and T�.

3. Results

3.1. Urban-induced changes in total rainfall

The urban-induced relative changes in total rainfall
(Fig. 1) show that the DRAIN and VRAIN variability
strengthened over the urban areas of Beijing, whereas
their intensities increased over urban areas of Guangzhou
and the PRD. Overall, only the DRAIN intensity
increased over the entirety of China. Both the strength-
ened DRAIN and the expanded cumulative rain areas
contributed to the enhanced VRAIN over the urban areas
of Guangzhou and the PRD. The mean rain areas
expanded but the numbers of rain days decreased, dem-
onstrating that the contributions to the increased cumula-
tive rain areas from the mean rain areas were larger than
those from the decreased numbers of rain days. However,
the strengthened DRAIN and the decreased cumulative
rain areas contributed to the strengthened VRAIN over
the urban areas of Beijing and China as a whole, showing
that the contributions to the VRAIN from the enhanced
DRAIN were larger than those from the decreased cumu-
lative rain areas. Both the mean rain areas and number
of rain days decreased over the urban area of Beijing,
whereas the mean rain areas decreased but the number of

Fig. 1. The urban-induced relative changes in total rainfall at different scales. Changes in VRAIN, DRAIN, cumulative rain areas,
mean rain areas, and numbers of rain days for total rainfall due to urban surface expansion over nonurban areas (non), urban areas,
and subregions as a whole between U80 and U10 (color bar indicates changes. �Indicates passing 95% confidence level significance F
tests (F�) or t tests (T�), and F�þ and F�� denote enhanced and weakened variability respectively, units: %). Subregions showing
significant changes in the variability (intensity) only are marked using F� (T�), and subregions expressing significant changes in both
variability and intensity are marked using F� and T�.
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rain days remained similar over the urban areas of China
as a whole. The urban-induced changes in total rainfall in
terms of both variability and intensity between areas
defined as urban surfaces under both U80 and U10
(U2U) and U10 only (N2U) exhibited marked sub-
regional characteristics for VRAIN and DRAIN (Fig. S3,
see Supplemental Online Material: text S1).

3.2. Urban-induced changes in rainfall at various
intensity levels

The urban-induced relative changes in rainfall of various
intensity levels over Beijing revealed significantly

enhanced variability in DRAIN and VRAIN for heavy
storm rain only (Fig. 2a and Supplemental Online
Material Table S1). Both the variability in DRAIN and
VRAIN tended to increase over urban areas, whereas
only the variability of VRAIN increased over nonurban
areas (although VRAIN intensity decreased) and the
entirety of Beijing. The increased VRAIN over urban
areas (42.8%F�) and slightly decreased VRAIN over non-
urban areas (–4.5%F�) resulted in increased VRAIN over
the whole of Beijing (14.2%F�). The increased VRAIN
over urban areas (42.8%F�) could be attributed to
increased DRAIN (19.0%F�) and greater cumulative rain
areas (29.3%) due to increased mean rain areas (22.5%)

Fig. 2. The urban-induced relative changes in rainfall of various intensity levels at different spatial scales. Changes in VRAIN,
DRAIN, cumulative rain areas, mean rain areas, and numbers of rain days for various intensity levels of rainfall over nonurban areas
(non), urban areas, and subregions as a whole (a: Beijing, b: Shanghai, c: Guangzhou, d: BTH, e: YRD, f: PRD, g: China) due to urban
surface expansion between 1980 and 2010 (units: %).
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and number of rain days (8.8%). However, over nonur-
ban areas, increased DRAIN (6.0%) and decreased cumu-
lative rain areas (–11.1%) due to decreased mean rain
areas (–5.5%) and number of rain days (–5.4%) contrib-
uted to reduced VRAIN (�4.5%F�), showing that the
contributions to VRAIN changes from the decreased
mean rain areas and number of rain days were larger
than those from the increased DRAIN. Overall, increased
DRAIN (10.3%) and greater cumulative rain areas
(4.4%), due to the increased mean rain areas only, con-
tributed to increased VRAIN (14.2%F�) over Beijing as
a whole.

The urban-induced changes in rainfall over Shanghai
revealed significantly weakened DRAIN variability and
intensity only for storm and heavy storm rain (Fig. 2b
and Supplemental Online Material Table S1). For heavy
storm rain, DRAIN variability decreased over urban
areas, for which changes in both DRAIN (–7.7%F�) and
cumulative rain areas (–46.8%) contributed to decreased
VRAIN (–58.1%). The changes in mean rain areas
(19.0%) and number of rain days (–81.3%) were opposite,
and the change in the number of rain days made a
greater contribution to VRAIN change than did the
change in mean rain areas. For storm rain, DRAIN vari-
ability and intensity both decreased over urban areas,
whereas only DRAIN intensity decreased over Shanghai
as a whole. Changes in both DRAIN (–2.5%F�T� and
–2.3%T�) and cumulative rain areas (–12.1% and –11.7%)
contributed to the weakened VRAIN (–14.8% and
–14.2%) over the urban and entire areas of Shanghai. The
decreased cumulative rain areas could be attributed to
decreased mean rain areas (–12.1%) only over urban
areas, whereas the changes in mean rain areas (–13.7%)
and number of rain days (1.8%) were opposite over the
entirety of Shanghai, showing that the influence of the
mean rain areas on VRAIN and cumulative rain areas
was larger than that of the number of rain days.

The urban-induced changes in rainfall over Guangzhou
indicated significant DRAIN and VRAIN variability for
heavy and heavy storm rain and DRAIN and VRAIN
intensity for light rain (Fig. 2c and Supplemental Online
Material Table S1). For heavy storm rain, DRAIN and
VRAIN variability decreased over nonurban areas and
the entirety of Guangzhou. Changes in both DRAIN
(–12.5%F� and –7.5%F�) and cumulative rain areas
(–10.5% and –1.9%) contributed to decreased VRAIN
(–24.3%F� and –9.5%F�). Changes in cumulative rain
areas could be attributed to changes in mean rain areas
(–10.5%) only over nonurban areas, whereas the changes
in mean rain areas (�17.7%) and number of rain days
(13.4%) were opposite over the entirety of Guangzhou,
showing that the influence of the mean rain areas on
VRAIN was larger than that of the number of rain days.

For heavy rain, DRAIN variability decreased over urban
areas, whereas DRAIN intensity increased. Changes in
both mean rain areas (9.0%) and number of rain days
(16.8%) contributed to increased cumulative rain areas
(24.2%), and DRAIN (0.6%F�) induced an increase in
VRAIN (24.7%) over urban areas. For light rain,
DRAIN/VRAIN intensity increased over urban areas and
only DRAIN intensity increased over the entirety of
Guangzhou. Changes in both mean rain areas (–1.4% and
–1.7%) and number of rain days (–1.2% and –2.3%) con-
tributed to the decreased cumulative rain areas (–2.6%
and –4.0%) over the urban and entire areas of
Guangzhou. The intensified DRAIN (11.5%T�/9.3%T�)
induced an increase in VRAIN (9.2%T� and 5.6%), show-
ing that the higher DRAIN made a greater contribution
to VRAIN changes than did the cumulative rain areas.

The urban-induced changes in rainfall over BTH
revealed significantly weakened DRAIN intensity and
VRAIN variability over nonurban areas for heavy storm
rain, as well as decreased DRAIN intensity over urban
areas for storm rain (Fig. 2d and Supplemental Online
Material Table S1). For heavy storm rain, changes in
both mean rain areas (–33.8%) and number of rain days
(–4.1%) contributed to decreased cumulative rain areas
(–39.2%), and the weakened DRAIN (–0.7%T�) led to a
weakened VRAIN (–40.2%F�) over nonurban areas. For
storm rain, the decreased DRAIN (–1.7%T�) and
increased cumulative rain areas (3.5%), due to greater
mean rain areas (4.2%) and reduced number of rain days
(–0.7%), resulted in an increased VRAIN (1.9%) over
urban areas, showing that the mean rain areas made a
greater contribution to VRAIN changes than did the
decreased DRAIN and number of rain days.

The urban-induced changes in rainfall over the YRD
revealed significant changes for heavy storm rain only,
showing increased DRAIN variability over urban areas
(although DRAIN intensity decreased) and decreased
VRAIN variability over nonurban areas (although
VRAIN intensity increased), urban areas, and the entirety
of YRD (Fig. 2e and Supplemental Online Material
Table S1). DRAIN decreased over urban areas only,
although the decreased VRAIN over urban areas
(–16.7%F�) combined with the slightly increased VRAIN
over nonurban areas (1.1%F�) resulted in a decreased
VRAIN over the entirety of YRD (–1.4%F�). Changes in
both DRAIN (–0.7%F�) and cumulative rain areas
(–15.9%) contributed to the decreased VRAIN
(–16.7%F�) over urban areas. The changes in mean rain
areas (–22.2%) and number of rain days (5.1%) were
opposite, showing that the mean rain areas had a greater
impact on the cumulative rain areas than did the number
of rain days. However, the increased cumulative rain
areas (3.3%) and weakened DRAIN (–2.2%) led to an
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increased VRAIN over nonurban areas (1.1%F�). The
changes in mean rain areas (3.8%) and number of rain
days (–0.5%) were opposite, showing that (i) the change
in cumulative rain areas had a greater impact on the
VRAIN and cumulative rain areas than did the change in
DRAIN and (ii) the mean rain areas had a larger influ-
ence on the cumulative rain areas than did the number of
rain days. Overall, the increased cumulative rain areas
(0.5%) but decreased DRAIN (–1.9%) led to a decreased
VRAIN (–1.4%F�) over the entire YRD. The changes in
mean rain areas (–0.7%) and number of rain days (1.2%)
were opposite, showing that (i) DRAIN had a greater
impact on VRAIN than did the change in cumulative
rain areas and (ii) the number of rain days had a larger
influence on the cumulative rain areas than did the mean
rain areas.

The urban-induced changes in rainfall over the PRD
indicated significant changes in DRAIN only, showing
decreased DRAIN intensity over nonurban areas and the
entirety of the PRD for heavy storm rain and increased
DRAIN intensity over nonurban areas and the entirety
of the PRD for moderate rain and over urban areas for
light rain (Fig. 2f and Supplemental Online Material
Table S1). For heavy storm rain, the decreased DRAIN
(–2.9%T� and –2.6%T�) and increased cumulative rain
areas (13.8% and 14.7%) led to increased VRAIN (11.3%
and 12.4%) over the nonurban and entire areas of the
PRD. Changes in both the mean rain areas (10.2% and
9.9%) and number of rain days (4.1% and 5.3%) contrib-
uted to increased cumulative rain areas, showing that the
changes in the cumulative rain areas had a greater impact
on VRAIN cumulative rain areas than did the changes in
DRAIN. For moderate rain, changes in mean rain areas
(4.9% and 5.9%) and number of rain days (1.5% and
1.5%) both contributed to increased cumulative rain areas
(6.3% and 7.2%) over the nonurban and entire areas of
the PRD, with which the intensified DRAIN (0.3%T�
and 0.3%T�) resulted in increased VRAIN (6.5% and
7.5%). For light rain, the increased DRAIN (7.4%T�) and
decreased cumulative rain areas (–2.7%) led to increased
VRAIN (4.9%) over urban areas. Changes in mean rain
areas (–2.1%) and number of rain days (–0.6%) both con-
tributed to the decreased cumulative rain areas, showing
that the increased DRAIN had a greater impact on
VRAIN than did the decreased cumulative rain areas.

The urban-induced changes in rainfall over China as a
whole revealed significant changes over urban areas only,
showing increased DRAIN variability and decreased
VRAIN variability for heavy storm rain and increased
DRAIN intensity only for light rain (Fig. 2g and
Supplemental Online Material Table S1). For heavy
storm rain, changes in DRAIN (1.6%F�) and cumulative
rain areas (6.0%) both contributed to the increased

VRAIN (7.5%F�). The changes in the mean rain areas
(–8.0%) and number of rain days (13.0%) were opposite,
indicating that the increased number of rain days had a
larger impact on the cumulative rain areas than did the
decreased mean rain areas. For light rain, the increased
DRAIN (3.2%T�) and decreased cumulative rain areas
(–3.4%) resulted in a decrease in VRAIN (–0.2%).
Changes in the mean rain areas (–3.4%) were responsible
for the changes in cumulative rain areas with the number
of rain days unchanged.

The urban-induced changes in rainfall of various inten-
sity levels in terms of both variability and intensity
between U2U and N2U also exhibited marked sub-
regional characteristics for VRAIN and DRAIN (see
Supplemental Online Material Fig. S4: text S2).

In sum, the risk of heavy storm rain increased owing
to an increase in the variability in DRAIN and VRAIN
over urban areas, nonurban areas, the entirety of Beijing,
and over urban areas of the YRD and all of China. Both
the variability in DRAIN and VRAIN increased over
urban areas of Beijing, for which the mean rain areas and
number of rain days increased. By contrast, only the vari-
ability in VRAIN increased over nonurban areas
(although its intensity decreased) and the entirety of
Beijing, for which both the mean rain areas and number
of rain days decreased over the nonurban areas of Beijing
and only the mean rain areas increased over Beijing as a
whole. The variability in DRAIN increased while that in
VRAIN decreased over the urban areas of the YRD
(although the intensity of DRAIN decreased) and China
as a whole (although the intensity of VRAIN increased).
The reduced mean rain areas and increased number of
rain days resulted in reduced cumulative rain areas over
the urban areas of the YRD, but increased over urban
areas of China as a whole.

The risk of heavy storm rain decreased owing to
reduced variability in DRAIN and VRAIN, and a reduc-
tion in the intensities of DRAIN over urban areas of
Shanghai, nonurban areas of BTH, and nonurban and all
areas of Guangzhou, the YRD, and the PRD. Only the
variability in DRAIN decreased over the urban areas of
Shanghai, for which the increase in the mean rain areas
and decrease in the number of rain days led to decreased
variability in VRAIN (but not significant). The variability
in DRAIN and VRAIN decreased over nonurban areas
and the entirety of Guangzhou owing to decreased cumu-
lative rain areas. In these subregions, the mean rain areas
decreased and number of rain days increased over
Guangzhou as a whole, whereas only the mean rain areas
decreased over nonurban areas of Guangzhou. Both vari-
ability in VRAIN and intensity in DRAIN decreased
over the nonurban areas of BTH, for which both the
mean rain areas and number of rain days decreased.
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Although changes in DRAIN were not significant, the
variability in VRAIN decreased over nonurban areas
(although rainfall intensity in VRAIN increased) and the
entirety of the YRD. For these subregions, the mean rain
areas increased and the number of rain days decreased
over nonurban areas, whereas the mean rain areas
decreased and the number of rain days increased over the
entire YRD. Only the intensity of DRAIN decreased
over the nonurban areas and the entire PRD, for which
the increased mean rain areas and number of rain days
led to an increase in VRAIN (but not significant).

3.3. Changes in probability of VRAIN and DRAIN
for heavy storm rain

The probability distributions of different DRAIN and
VRAIN (the natural logarithms of VRAIN were used to
more clearly present the results, owing to the wide range
of VRAIN) over urban areas, nonurban areas, and the
entirety of Beijing for urban surface expansion from 1980
to 2010 are shown in Fig. 3.

The probability of DRAIN generally increased for
smaller and larger values, especially for values exceeding
150mm day�1 over urban areas of Beijing, which led to a
wider variability in DRAIN and an increase in the inten-
sity in DRAIN by 19.0%. The computed FU10/U80 values
(the values under U10 divided by that under U80) were
1.1 and 5.4 over nonurban areas and urban areas, which
resulted in 1.3 for FU10/U80 value over entirety of Beijing.
FU10/U80 values were detected to be larger over urban
areas, showing enhanced DRAIN variability over urban
areas only. The corresponding probability of VRAIN
also displayed marked differences between U80 and U10
over not only urban areas but also over nonurban areas
and the entirety of Beijing, which led to increased
VRAIN variability, showing an increase in VRAIN of
42.8% over urban areas while a decrease of –4.5% over
nonurban areas, which resulted in an increase of VRAIN
by 14.2% over the entirety of Beijing. The FU10/U80 values
were 1.8 and 2.7 over nonurban areas and urban areas,
and resulted in a FU10/U80 value of 2.7 over entirety of
Beijing, showing enhanced VRAIN variability over differ-
ent subregions with the larger value over urban areas
than that over nonurban areas.

3.4. Changes in percentages and absolute values of
VRAIN at various intensity levels

The percentages and absolute values of VRAIN for vari-
ous intensity levels of rainfall over different subregions
under U80 and U10 are presented in Figs. 4 and 5. The
percentage differences in VRAIN between U80 and U10
(Fig. 4) were generally consistent with the changes shown

in Fig. 2, with the exception of some subregions, which
can be attributed to urban-induced changes in the
VRAIN for rainfalls at various levels of intensity and the
accumulated VRAIN (Fig. 5).

The values of VRAIN for heavy storm rain and the
corresponding percentage relative to the total amount of
rainfall were small and generally less than 5% over
Beijing, Shanghai, BTH, the YRD, and China as a whole
and less than 10% over Guangzhou and the PRD, which
can be attributed to smaller mean rain areas and fewer
numbers of rain days for heavy storm rain, compared
with rainfall at other levels of intensity. Taking Beijing as
an example, the annual mean number of rain days for
heavy storm rain might have been several days, whereas
the corresponding number for moderate rain were 20
times higher. However, heavy storm rain had a severe
impact on daily life (Meng et al., 2013). Therefore, the
influence of heavy storm rain on hydrological applica-
tions and management warrants substantial attention,
despite the fact that the absolute values of VRAIN and
their percentages relative to the total amount of rainfall
were small.

Although the percentage of VRAIN for heavy storm
rain decreased, the magnitude increased. As an example,
for a heavy storm rain over Guangzhou, the percentages
of VRAIN consistently decreased over nonurban areas,
urban areas, and the entirety of Guangzhou; however,
the corresponding absolute values of VRAIN increased
over urban areas, but decreased over nonurban areas and
the entirety of Guangzhou. These differences can be inter-
preted by the differences of changes in the VRAIN
between U80 and U10 for heavy storm rain and the accu-
mulated. The accumulated VRAIN increased by 4.0%,
15.4%, and 9.2% over nonurban areas, urban areas, and
the entirety of Guangzhou, respectively, larger than those
for the heavy storm rain (–24.3%, 7.7%, and –9.5%).

3.5. Physical mechanism of changes in rainfall

Rainfall is controlled mainly by the development of verti-
cal motions of the air and the water vapour supply.
Changes in DRAIN and VRAIN for total rainfall and
rainfall at various intensity levels could be interpreted by
urban-induced changes in the vertical velocity and mois-
ture flux. Changes in the water vapour supply could be
divided into two aspects, namely (i) the local moisture
flux from the surface evaporation and (ii) the moisture
flux connected with large-scale circulation transport,
namely water vapour transport related to the East Asian
summer monsoon (EASM).

With the urban surface expansion between U80 and
U10, especially for surfaces converted from nonurban to
urban ones, the annual mean vertical motions were
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strengthened over three cities [Beijing (39.9�N, 116.3�E),
Shanghai (31.14�N, 121.29�E), and Guangzhou (23.08�N,
113.14�E)] and three city clusters (the BTH, YRD, and

PRD) because of the urban heat island effect (Fig. 6).
However, changes in total rainfall and rainfall at various
intensity levels expressed marked subregional

Fig. 3. Probability distributions of different (a, c, e, units: mm day�1) DRAIN and (b, d, f, units: m3) lnVRAIN for heavy storm rain
over (c, d) nonurban areas, (e, f) urban areas, and (a, b) the entirety of Beijing due to urban surface expansion between 1980 and 2010.
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characteristics, which can be explained by changes in the
moisture flux due to urban surface expansion.

The increased use of impervious surfaces in urban
areas affected the sensible and latent heat fluxes, resulting
in changes in energy and water exchanges between the
land and the atmosphere (Zhao and Wu, 2017). However,
changes in sensible and latent heat fluxes over nonurban
areas were generally opposite to those over urban areas.
In total, changes in the sensible and latent heat fluxes
over the entire areas of the three cities and three city clus-
ters were generally consistent with those over urban
areas. The local upward moisture generally decreased
over the entirety of the three cities and three city clusters,
especially over the urban areas.

The rainfall in the EAM region is primarily concen-
trated during summer time because of a typical monsoon
characteristic over the studied domain. Meanwhile, sig-
nificant changes in DRAIN and VRAIN for rainfall at
various intensity levels were detected mainly for storm
rainfall and heavy storm rainfall, which mostly occurred
in the EASM periods. Therefore, urban-induced changes
in EASM-related moisture flux are to be explored. With
the urban surface expansion between U80 and U10, the
southwesterly currents from the Bay of Bengal and south-
easterly currents from the subtropical high in the north-
western Pacific weakened, whereas the southerly currents
from the South China Sea and the westerly currents at
middle–high latitudes strengthened (Zhao and Wu, 2017,

Fig. 4. Percentages of VRAIN for various intensity levels of rainfall over different subregions (a: Beijing, b: Shanghai, c: Guangzhou,
d: BTH, e: YRD, f: PRD, g: China) under U80 and U10.
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see Supplemental Online Material Fig. S5: text S3).
Furthermore, the influenced EASM-related currents
affected the subregional water vapour supply over the
three cities and three city clusters.

3.5.1. Causes of changes in total rainfall. At city-cluster
scales, the annual precipitable water decreased over the
BTH, but increased over the YRD and PRD (Fig. 7a–c
and Supplemental Online Material Table S2). Changes in
the values of DRAIN for total rainfall were consistent
with those of precipitable water, whereas significant
changes in total rainfall passing 95% t tests were detected
only over urban areas of the PRD (Fig. 1), showing the
aforementioned an increase in the intensity. The
decreased rainfall frequency and increased mean rain

areas contributed to the increased intensity of VRAIN
over urban areas of the PRD.

At city scales, changes in DRAIN for the total rainfall
over subregions of Guangzhou and Shanghai were similar
to those over the PRD and YRD, respectively. However,
changes in DRAIN over urban areas and the entirety of
Beijing were different with those over the corresponding
subregions of the BTH (Fig. 1). Changes in annual aver-
aged precipitable water at city scales were quite similar to
those at city-cluster scales (Supplemental Online Material
Table S2). The inconsistency between changes in DRAIN
and those of the precipitable water between the cities and
city clusters might be interpreted as changes in annual
water vapour mixing ratio. Pressure longitudinal and lati-
tudinal cross-sections displaying changes in the annual

Fig. 5. VRAIN for various intensity levels of rainfall over different subregions (a: Beijing, b: Shanghai, c: Guangzhou, d: BTH, e:
YRD, f: PRD, g: China) under U80 and U10.
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Fig. 6. Pressure (a–c) longitudinal and (d–f) latitudinal cross-sections along the (a) 39.9�N, (b) 31.14�N, (c) 23.08�N and (d) 116.3�E,
(e) 121.29�E, (f) 113.14�E axes (black areas for topography) showing changes in the vertical velocity (shaded) in annual from U10 to
U80 over the three city clusters of the (a, d) BTH, (b, e) YRD and (c, f) PRD at 3.3-km resolution [units: 10�1 m s�1, slashes (／) and
backslashes (\) denote areas that are significant at the 95% confidence level t tests and F tests].

Fig. 7. Changes in (a–c) annual and (d–f) summer precipitable water from U10 to U80 over the three city clusters of the (a, d) BTH,
(b, e) YRD, and (c, f) PRD at a 3.3km resolution (units: mm, white curves for geographic boundaries).
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water vapour mixing ratio from U10 to U80 over the
three city clusters of the BTH, YRD, and PRD are
shown in Fig. 8. There was drying tendency for the water
vapour mixing ratio in the lower troposphere but a wet-
ting tendency in the low–middle troposphere due to
urban surface expansion over the BTH, YRD, and PRD
with the exception of the decreasing water vapour mixing
ratio over the BTH. However, high centres for changes in
the water vapour mixing ratio were found over the
three cities.

Consequently, although the water vapour mixing
ratio turned to dry in the lower troposphere over the
three cities, the enhanced water vapour mixing ratio in
the low–middle troposphere and the enhanced vertical
velocity resulted in the increased DRAIN for the total
rainfall, which was significant over urban areas of
Beijing and Guangzhou, showing enhanced variability
for the former and increased intensity for the latter.
The decreased rainfall frequency and mean rain areas
contributed to the enhanced variability for VRAIN over
urban areas of Beijing, whereas, the decreased rainfall
frequency and increased mean rain areas contributed to
the increased intensity for VRAIN over urban areas
of Guangzhou.

Overall, changes in both DRAIN and VRAIN dis-
played increased intensity over the entirety of China.
However, only the changes in DRAIN were significant.

3.5.2. Causes of changes in rainfall at various intensity
levels. Changes in DRAIN and VRAIN were found to be
more pronounced for storm and heavy storm rain, which
occurred mainly in summer. To concentrate our analysis
more directly on storm rain and heavy storm rain, we
explore in detail the changes in DRAIN and VRAIN in
summer alone.

3.5.2.1. Over the BTH and Beijing. Urban-induced
changes in rainfall at various intensity levels in the sum-
mer displayed significant changes in DRAIN and
VRAIN for both storm rain and heavy storm rain only
over the BTH, but for heavy storm rain only
over Beijing.

Over the BTH, the EASM-related moisture flux
expressed the westerly or southwesterly currents, which
were larger in the eastern part and smaller in the western
part (Fig. 9a). Urban-induced changes in moisture flux
displayed the weakened southwesterly currents in the
eastern part but the enhanced westerly currents in the

Fig. 8. Pressure (a–c) longitudinal and (d–f) latitudinal cross-sections along the (a) 39.9�N, (b) 31.14�N, (c) 23.08�N and (d) 116.3�E,
(e) 121.29�E, (f) 113.14�E axes (black areas for topography) showing changes in the water vapour mixing ratio (shaded) in annual from
U10 to U80 over the three city clusters of the (a, d) BTH, (b, e) YRD, and (c, f) PRD at 3.3-km resolution (units: 10�3kg kg�1).
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western part (Fig. 9d), which induced the increased pre-
cipitable water in the northwestern part but decreased in
the southeastern part (Fig. 7d). Overall, the decreased
local moisture flux and the generally weakened EASM-
related water vapour transport resulted in a decrease in
the precipitable water over the BTH, which resulted in a
decrease in DRAIN over urban areas for storm rain and
nonurban areas for heavy storm rain, although the verti-
cal motions strengthened (Fig. 10a and d). Meanwhile,
the decreased DRAIN intensity, accompanied by the
decreased rainfall frequency and mean areas, resulted in
the weakened VRAIN variability for heavy storm rain
over nonurban areas.

Over Beijing, changes in the EASM-related water
vapour transport were positive (Fig. 9d), showing the
enhanced westerly currents, which resulted in increased
precipitable water (Fig. 7d). The moisture flux over
Beijing decreased in the lower troposphere but increased
in the low–middle troposphere (Fig. 11a and d), which
could be attributed to the changes in the wind speeds
(Fig. 12a and d) and water vapour mixing ratio (Fig. 13a
and d). Therefore, the enhanced vertical motions (Fig.
10a and d), the decreased latent heat flux (Supplemental
Online Material Table S2), and the enhanced EASM-

related moisture flux helped to increase the rainfall at
various intensity levels over Beijing. However, the
enhanced vertical motions and the wetting tendency in
the low–middle troposphere and the drying tendency in
the lower troposphere helped in the development of a
deep convective system, resulting in significant changes in
DRAIN for heavy storm rain only over urban areas.
Changes in VRAIN for heavy storm rain were all signifi-
cant over urban and nonurban areas and the entirety of
Beijing because of the corresponding changes in rainfall
frequency and mean rain areas, showing the intensified
VRAIN variability.

Heavy storm rain over Beijing was highly affected by
the EASM-related circulation and moisture flux. Previous
studies have demonstrated the importance of enhanced
vertical velocity and adequate moisture flux, as well as
stable synoptic systems, such as the development and
maintenance of the Hetao cyclone, Huanghuai cyclone,
etc., whose restrained eastward or northward movements
helped in the occurrence and duration of heavy storm
rain (Meng et al., 2013). The decreased water vapour
mixing ratio in the lower troposphere, the increased
VRAIN and DRAIN variability over Beijing could be
interpreted as the convergence of the enhanced westerly-

Fig. 9. Spatial distributions of (a–c) mean moisture flux (shaded) and vectors for U80, and (d–f) the corresponding changes from
U10 to U80 across the whole troposphere in the summer over the three city clusters of the (a, d) BTH, (b, e) YRD, and (c, f) PRD at
3.3-km resolution (units: 10�3kg m�1 s�1, white curves for geographic boundaries].
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related cold air mass and decreased northward monsoon
circulation-related warm air mass over the northern part
of China, which helped in the development and mainten-
ance of severe weather systems while restraining the
northward or eastward movement of these systems, under
the combined influence of urban-induced strengthened
vertical velocity.

3.5.2.2. Over the YRD and Shanghai. Urban-induced
changes in rainfall at various intensity levels in the sum-
mer displayed significant changes for heavy storm rain
only over the YRD and for storm rain and heavy storm
rain over Shanghai.

The EASM-related moisture flux expressed the south-
westerly currents across the whole troposphere (Fig. 9b),
for which urban-induced changes displayed the weakened
southwesterly currents (Fig. 9e). However, the precipit-
able water in the summer increased across the entire areas
(Fig. 7e). The differences between the weakened EASM-
related moisture flux and the increased precipitable water
could be interpreted by the decreased wind speeds from
the lower to middle troposphere (Fig. 12b and e), and by
the drying tendency in the lower troposphere and wetting
tendency in the low–middle troposphere for the water
vapour mixing ratio (Fig. 13b and e). The decreased
moisture flux could be attributed mainly to the decreased
wind speeds, whereas the increased precipitable water

could be attributed mainly to the increased water vapour
mixing ratio, which resulted in a large decrease in
EASM-related moisture flux in the lower troposphere but
a much smaller increase in the low–middle troposphere
(Fig. 11b and e).

Over the YRD, the enhanced vertical motions and
increased precipitable water resulted in an increase in the
rainfall at weaker intensity levels, although both the
EASM-related moisture flux and local water vapour sup-
ply decreased. However, the development of deep con-
vective activities was prohibited by a strong drying
tendency in the lower troposphere. Consequently, signifi-
cant changes were only detected for heavy storm rain,
which resulted in the weakened DRAIN variability over
urban areas of the YRD. However, changes in VRAIN
for heavy storm rain were all significant over urban and
nonurban areas and the entirety of YRD because of the
corresponding changes in rainfall frequency and mean
rain areas, showing the weakened VRAIN variability.

Over Shanghai, the increased moisture flux in the
low–middle troposphere was similar to that over the
YRD, whereas the decreased moisture flux in the lower
troposphere was much stronger than the averaged values
over the YRD. Therefore, the distributions for the
changes in the moisture flux in the vertical direction
accompanied by the decreased latent heat flux prohibited
the development of deep convective systems, although the

Fig. 10. Same as Fig. 6, bit for the results in the summer.
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vertical motions were also enhanced. Consequently, the
intensity of storm rain and heavy storm rain decreased,
showing significant weakened DRAIN variability for
storm rain and heavy storm rain over urban areas, and
significant decreased DRAIN intensity for storm rain
over urban and nonurban areas. The corresponding
DRAIN for the weaker rainfall intensity levels generally
increased but not significant. However, the corresponding
changes in VRAIN were not significant.

3.5.2.3. Over the PRD and Guangzhou. Urban-
induced changes in rainfall at various intensity levels in
the summer displayed significant changes in DRAIN and
VRAIN for the rainfall with both strong and weak inten-
sities over the PRD and Guangzhou.

The EASM-related moisture flux expressed the south-
erly and southeasterly currents in the southern part but
the southwesterly currents in the northern part, which
was larger in the western but smaller in the eastern part
(Fig. 9c). Urban-induced changes in moisture flux dis-
played the intensified currents across the entirety of PRD
(Fig. 9f). The strengthened EASM-related moisture flux
in the low–middle troposphere (Fig. 11c and f) could be
interpreted by the increased wind speeds (Fig. 12c and f)

and water vapour mixing ratio (Fig. 13c and f). However,
the weakened EASM-related moisture flux in the lower
troposphere could be interpreted by the decreased wind
speeds and water vapour mixing ratio. Overall, the pre-
cipitable water increased, especially over the northwestern
part (Fig. 7f).

The enhanced vertical velocity, the decreased latent
heat flux, and the generally increased moisture flux
helped in the occurrences of the rainfall due to the abun-
dant water vapour supply. However, the intense weak-
ened moisture flux in the lower troposphere across both
the PRD and Guangzhou prohibited the development of
a deep convective system, hence the decreasing heavy
storm rain. Consequently, significant changes in DRAIN
over the PRD displayed the decreased DRAIN intensity
for heavy storm rain but the increased DRAIN intensity
for weaker rainfall. The corresponding changes in
VRAIN were not significant. Meanwhile, significant
changes in DRAIN over Guangzhou detected the weak-
ened DRAIN variability for heavy storm rain and heavy
rain but the increased DRAIN intensity for light rain.
The corresponding significant changes in VRAIN showed
the weakened VRAIN variability for heavy storm rain
and increased VRAIN intensity for light rain.

Fig. 11. Pressure (a–c) longitudinal and (d–f) latitudinal cross-sections along the (a) 39.9�N, (b) 31.14�N, (c) 23.08�N and (d)
116.3�E, (e) 121.29�E, (f) 113.14�E axes (black areas for topography) showing changes in the moisture flux (shaded) and vectors in the
summer from U10 to U80 over the three city clusters of the (a, d) BTH, (b, e) YRD, and (c, f) PRD at 3.3-km resolution (units:
10�3kg hPa�1 m�1 s�1).
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Fig. 12. Pressure (a–c) longitudinal and (d–f) latitudinal cross-sections along the (a) 39.9�N, (b) 31.14�N, (c) 23.08�N and (d) 116.3�E,
(e) 121.29�E, (f) 113.14�E axes (black areas for topography) showing changes in the wind speeds (shaded) and vectors in the summer
from U10 to U80 over the three city clusters of the (a, d) BTH, (b, e) YRD, and (c, f) PRD at 3.3-km resolution (units: m s�1).

Fig. 13. Same as Fig. 8, but for the results in the summer.
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Overall, significant changes were observed in DRAIN
and VRAIN for heavy storm rain, showing enhanced
variability. Meanwhile, changes in DRAIN for light rain
exhibited increased intensity.

4. Discussion

The present findings regarding urban-induced changes in
rainfall are consistent with some previous conclusions
based on both observed data and modelling result. With
the data obtained from gauge stations or satellite obser-
vations, Zhang et al. (2014) found that the rainfall fre-
quency decreased and the rainfall intensity increased over
the urban areas of Beijing between 2000 and 2009, com-
pared to its surrounding region. Contributions to total
rainfall from strong rain increased after 2004 over Beijing
(Yuan et al., 2017). The local rainfall increased because
of the rapid development of urbanisation over the YRD
between 1960 and 2005 (Lin and Sun, 2014) and
Shanghai from 1979 and 2014 (Jin et al., 2017). Based on
satellite data, Jiang and Tang (2011) found that rainfall
increased over and downwind of the cities in the YRD
from 2003 to 2009. Li et al. (2009) found that urban-
induced changes in the rainfall were more likely to
increase over urban areas of the PRD between 1998 and
2007. Urban-induced changes in total rainfall and the
number of rain days for stronger rain have increased over
Guangzhou since 1991 (Liao et al., 2011). Modelling
results showed that the occurrences for the extreme pre-
cipitation increased in the urban area of Beijing during
2008 and 2012 (Yang et al., 2014). Urban-induced rainfall
increased over the YRD from 2003 to 2007 (Zhang
et al., 2010).

However, based on the observed data, Liang et al.
(2011) found that both total rainfall and heavy storm
rain increased over Shanghai between 1994 and 2007,
while total rainfall decreased over the suburbs. Lin and
Sun (2014) pointed out that the increase in total rainfall
was due mainly to the increased strong rainfall over the
YRD between 1960 and 2005. Simulations from Zhou
et al. (2015) showed the decreasing tendency of the rain-
fall due to urbanisation over the BTH, YRD, and PRD
between 1989 and 2009. Tan et al. (2018) showed that
heavy storm rain and rain days decreased over the BTH
but increased over the YRD and PRD between 1961 and
2014. Based on a case of storm rain, Wu and Tang
(2011) found that the rainfall increased within and
upwind of Shanghai while decreased over down-
wind areas.

Differences in changes in the daily and cumulative
rainfalls at various levels of intensity between the obser-
vation and the simulation might have resulted from the
sparse and short-period observations by station networks

(Jia et al., 2019). The spatial and temporal scales were
key issues for both urban land–use changes as well as the
climatic effects, which need to be considered when analy-
sing the impacts of land–use changes on the climate.

At the spatial scale, studies on climatic effects at the
city level revealed decreased albedo and increased surface
roughness owing to urban surface expansion. Changes in
the energy and water cycles at the local scale resulted in
an increased average and strong rainfall over and down-
wind of the cities (Dou et al., 2014; McLeod et al., 2017;
Liang and Ding, 2017). The risk of urban flooding was
likely to increase (Shade and Kremer, 2019). Urban
warming induced enriched water vapour in the atmos-
phere by influencing the hydrological cycle as well as
strengthened or weakened dynamical characteristics.
These induced further changes in the strong rainfall at
the regional scales (Wu et al., 2013; Pfahl et al., 2017)
through impacts on the energy and water cycles of the
EAM climate system. The estimated contribution to cen-
tennial global warming due to urban land–use was less
than 10%, whereas the impacts at the regional and local
scales might have been much larger (IPCC, 2013), com-
parable to the impact of increasing greenhouse gases
(Pitman et al., 2012). Therefore, urban studies should be
performed not only at the individual city or city cluster
level, but also over EAM regions, for which the impact
on monsoon climate system is included.

At the temporal scale, urban changes in rainfall at
various intensity levels depended on the periods of urban
surface expansion (Jiang et al., 2011; Lin and Sun, 2014).
Urban surface expansion in China mainly occurred from
the 1980s, especially with the intense urbanisation after
2000s (Zhao and Wu, 2017). The calculated climatic
effects from urban surface expansion might have varied
with study period.

The calculated climatic effect could vary when the spa-
tial and temporal scales of urban land–use differed. These
scales for both urban land–use and the corresponding cli-
matic effects should be addressed when exploring urban
changes in rainfall at various intensity levels.

Changes in the daily and cumulative volumetric rain-
falls at various levels of intensity due to urban surface
expansion were explored using nested numerical experi-
ments here. The second-nested domains covered the three
city clusters (the BTH, YRD, and PRD), on which con-
vection-permitting simulations were performed at the city
scale. The coarse mesh covered the majority of East Asia,
based on which the impacts on the energy and water
cycles of the EAM climate systems were assesed at the
regional scales. Therefore, urban changes in energy and
water exchanges of the monsoon climate systems were
detected at both the city and regional scales (including
subgrid scales), in contrast to most previous studies
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focusing on cities or city clusters (Changnon et al., 1991;
Wu and Tang, 2015). Furthermore, convection-permitting
simulations can help avoid uncertainties owing to differ-
ent cumulus convective parameterisation schemes due to
a coarse resolution. The modelled strong or extreme rain-
fall might be more reliable with convection-permitting
simulations (Chawla et al., 2018).

Uncertainties still arose in several aspects of the
numerical experiments. First, there were uncertainties in
urban land–use and driving data, which varied signifi-
cantly among different sources or methods. Second,
uncertainties were present in certain regional climate
models, such as descriptions of physical processes, phys-
ical parameters, and parameterisation schemes. Marked
differences were observed in different RCMs. Third,
characteristics of the subgrid scale on urban surface dis-
tributions and changes could not be captured by the
second-nested domain grids (Li et al., 2013). The
exchanges of energy and water between the land and
atmosphere could not be adequately represented in the
model grids, and have influenced the energy and water
cycles of EAM climate systems. Finally, the simulation
periods employed in the studies might also have resulted
in uncertainties in changes in rainfall. Therefore, ensem-
ble simulations with different urban land–use data, driv-
ing data, RCMs, parameterisation schemes, and with
subgrid scale processes included might help reduce uncer-
tainties in urban-induced changes in rainfall.

Marked differences were also detected among the
numerical experiments, in which model resolution is an
important issue when exploring the impacts of urban sur-
face expansion. Although urbanisation in China has
occurred rapidly in the past several decades, the urban
areas accounted for only 2% of the total area of the
country in 2017 (Gong et al., 2019). Therefore, the urban
surface distribution and its expansion cannot be repro-
duced at a coarse resolution, such as 30 km (the urban
area occupied by a city is usually less than 900 km2).
Fine-resolution simulations are necessary for studying the
impacts of urbanisation. With the development of high-
performance computing, model resolution has improved
drastically, and can be used to perform studies at finer
resolutions on the impacts of urbanisation, squall lines,
and tornadoes, for instance. Consequently, using convec-
tion-permitting horizontal resolutions of less than 4 km is
a good means of capturing DRAIN and VRAIN, which
can reflect the urban surface expansion and avoid uncer-
tainties due to cumulative convective parameterisation
schemes. The horizontal resolution is adequately deter-
mined by the simulated domain, and studies at the city
scale might be much finer, even at 101–102 m, whereas
those at country-wide scale might be coarser.
Furthermore, with improvement in horizontal resolution

from reanalysis data or general circulation models, finer-
resolution outputs can be made available for statistical
downscaling, which is suitable for studying how urban
surface expansion affects regional climate.

Studies on urban-induced changes in rainfall arrive at
different conclusions when using different methods
(observation data or simulation results), or spatial and
temporal scales of interest. Considerable uncertainty
persists about urban-induced changes in rainfall. More
studies are needed, including ones to (i) obtain more
gauge-based data with dense and long-term observation
station networks or satellite-based data, (ii) describe the
physical process of the numerical models more concisely,
and (iii) use fine-resolution driving data and urban land–-
use data.

5. Conclusions

With the nested regional climate model and satellite-
retrieved urban surface distributions between 1980s and
2010s, urban-induced changes in rainfall at various inten-
sity levels were explored.

Significant urban-induced changes in variability in
DRAIN/VRAIN and their intensities were detected over
different spatial scales for various levels of intensity of
rainfall, for which changes in rainfall variability were
more distinct for stronger rainfall among rainfalls of vari-
ous intensity levels whereas those in rainfall intensity
were more pronounced for weaker rainfall. The changes
in heavy storm rain were more distinct among rainfalls of
various intensity levels, and the risk of the occurrence of
heavy storm rain either increased or decreased with
marked subregional dependence.

Urban-induced changes in DRAIN and VRAIN for
total rainfall and rainfall at different intensity levels
expressed marked subregional characteristics. Urban-
induced changes in the rainfall could not be interpreted
solely by enhanced vertical motions and decreased local
water vapour supply. These changes in the EASM-related
moisture flux in the vertical direction played an import-
ant role in determining subregional changes in the rainfall
at various intensity levels, which were more pronounced
for storm rain and heavy storm rain. The EASM-related
moisture flux increased in the low–middle troposphere
over the three city clusters, with high centres located over
the three cities. However, the EASM-related moisture
flux decreased in the lower troposphere over the three
city clusters, especially over the three cities. Urban-
induced drying tendency in the lower troposphere and the
wetting tendency in the low–middle troposphere, and the
enhanced vertical motions played an important role in
determining changes in DRAIN and VRAIN for storm
rain and heavy storm rain.
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