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ABSTRACT

The Yangtze River Delta (YRD) has experienced significant urban expansion in recent years, while
the Meiyu belt of China has demonstrated a decadal northward shifting trend. Thus, it is of interest to
assess how urban expansion affects Meiyu precipitation and hopefully to reveal the underlying physical
mechanisms involved. In this study, the urban extents over the YRD in 2001 and 2010 are derived based
on land use/land cover (LULC) category data and nighttime light image data. Two parallel groups of
10-summer (2001–2010) numerical simulations are carried out with the urban extents over the YRD in
2001 and 2010, respectively. The results show that the urban expansion in the YRD tends to result in
increased (decreased) Meiyu precipitation over the Huaihe River (Yangtze River) basin with intensities of
0.2–1.2 mm day−1. Further analysis indicates that the spatiotemporal pattern of the Meiyu precipitation
change induced by the urban expansion resembles the third empirical orthogonal function (EOF) mode of the
observed Meiyu precipitation. Analyses of the possible underlying physical mechanisms reveal that urban
expansion in the YRD leads to changes in the surface energy balance and warming (cooling) of tropospheric
(stratospheric) air temperature over eastern China. Anomalous upward (downward) motion and moisture
convergence (divergence) over the Huaihe River (Yangtze River) basin occur, corresponding to the increases
(decreases) of the Meiyu precipitation over the Huaihe River (Yangtze River) basin.
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1. Introduction

Urbanization, as an extreme case in terms of land
use/land cover (LULC) change, modifies albedo, emis-
sivity, and thermal conductivity of the land surface.
Urban regions have a larger heat-storage capacity,
Bowen ratio, and an increased surface roughness in
comparison with rural regions (Oke, 1982). These dif-
ferences lead to changes in the exchange of energy,
momentum, and moisture, ultimately affecting the re-
gional climate (Charney et al., 1977; Chase et al.,
1996; Stohlgren et al., 1998; Eastman et al., 2001;
Foley et al., 2005; Lin et al., 2007; Feng et al., 2012).
Therefore, urbanization and climate change are be-
coming increasingly interconnected (Seto and Shep-
herd, 2009).

The variation in precipitation is an important in-
dicator for climate change, so proper assessments of
the urban environmental impacts on precipitation are
becoming increasingly important (Shepherd, 2005). In
recent years, some researchers have used observational
data and numerical models to study the local im-
pacts of urbanization on precipitation. For instance,
Shepherd et al. (2002) found that the monthly mean
rainfall could increase by 28% over the region 30–60
km downwind of a metropolis. Similarly, Mote et al.
(2007) pointed out that areas to western Atlanta re-
ceive 30% less rainfall than eastern Atlanta as a result
of urbanization effects. Also, Chen et al. (2007) found
that urbanization in Taipei could be a contributor to
the 67% increase in the frequency of afternoon thun-
derstorms and the 77% increase in rainfall. Zhang et
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al. (2009) suggested that the rapid urban expansion
that has taken place in Beijing since 1981 is statisti-
cally correlated to a summer rainfall reduction in the
northeastern areas of the city from 1981 to 2005. By
analyzing model results, Shepherd et al. (2010) found
that simulations that included a representation of ur-
ban areas, in comparison to those without, produced
more cumulative rainfall over the region to the west-
northwest of Houston. Based on the results from 10-
summer and 1-km resolution WRF (Weather Research
and Forecasting) nested model simulations for the pe-
riod 2000–2009, Yang et al. (2012) found a larger
precipitation frequency over urban areas in Nanjing
(eastern China) and a significant enhancement of pre-
cipitation in the downwind region of the city in the
afternoon.

However, all of the above-mentioned studies fo-
cused on the urbanization effects on local precipita-
tion, while the impacts of urbanization on precipita-
tion on regional or larger scales have received far less
attention. In fact, the urbanization effects on precipi-
tation depend on the climate regime and geographical
locations of cities (Zhang et al., 2009). Some studies
have suggested that urbanization has significant effects
on atmospheric circulation, convection, and regional
precipitation amounts and patterns. For example,
Kishtawal et al. (2010) found that the frequency of
heavy rainfall has been increasing in urban regions of
India during the monsoon season. Meanwhile, by em-
ploying nested high-resolution WRF modeling, Wang
et al. (2012) found that urbanization reduces the rain-
fall amount over urban areas, mainly in summer, and
changes the regional precipitation pattern to a certain
extent. Also, by simulating a summertime rainstorm
process with/without the presence of urban areas in
the Yangtze River Delta (YRD), Wan et al. (2013)
found that the increases in precipitation mainly occur
downwind of the city belt, and that the increases and
decreases in precipitation are represented as adjacent
belts to the main precipitation belt.

The YRD economic belt is one of the most ur-
banized and developed areas in China. Several studies
have found that urbanization over the YRD has led
to increases in local and regional surface air tempera-

ture (Du et al., 2007; Yang et al., 2011; Wu and Yang,
2013) and modifications to regional-scale precipitation
(Zhang et al., 2010; Sang et al., 2013). In recent years,
the YRD has maintained its rapid urban expansion
(Zhang et al., 2010). However, few studies have been
carried out looking at the impacts of the urban expan-
sion of this region on regional-scale precipitation.

Meiyu is a unique rainy season over East Asia
that takes place during the northward progression of
the East Asian summer monsoon (EASM) from late
spring to mid summer (Si et al., 2009). In China,
Meiyu is a dominant climate phenomenon over the
Yangtze-Huaihe River basin between mid June and
mid July, and has been intensively studied (Gong and
Ho, 2002; Wei and Xie, 2005; Zong et al., 2006; Ding
et al., 2007; Bueh et al., 2008; Huang et al., 2011; Wu
and Zhang, 2012). Recent studies show an increasing
trend of Meiyu precipitation over the Huaihe River
basin and a relative decreasing trend over the Yangtze
River basin since the late 1990s. For instance, severe
floods occurred over the Huaihe River basin in 2003,
2005, and 2007 (Zhao et al., 2007; Zhang et al., 2008),
suggesting that the great east-west thermal gradient
associated with vegetation biophysical processes may
contribute to the abrupt northward jump of the Meiyu
belt (Xue et al., 2004). Also, Si et al. (2009) found
that the Meiyu belt of China experienced a decadal
northward shift in the late 1990s, as a result of a dis-
tinctive tropospheric warming and stratospheric cool-
ing trend in the midlatitudes over East Asia. In ad-
dition, Liu et al. (2012) suggested that a strengthen-
ing of the EASM since the 1990s, linked to the inter-
decadal change of land-sea thermal contrast, has led to
the northward-moving rainbands and excessive rainfall
over the Huaihe River basin.

Against this background of climate change, ur-
ban expansion in the YRD, which is located in the
Yangtze-Huaihe River basin, may also contribute to
changes in precipitation during the Meiyu season.
Therefore, the primary goal of the present reported
research was to identify and quantify the impacts of
urban expansion in the YRD on precipitation and at-
mospheric circulation during the Meiyu period, and in-
vestigate the possible underlying physical mechanisms.
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The remainder of the paper is organized as fol-
lows. A description of the data and methods used in
the study is given in Section 2. In Section 3, the model
and numerical experiment designs are described. A
validation of the model results and analyses of the im-
pacts of urban expansion on Meiyu precipitation, sur-
face energy balance, and circulation are presented in
Section 4. Concluding remarks are provided in Section
5.

2. Data and methods

2.1 Data

There are five kinds of datasets used in this
study (Table 1): (1) observed precipitation data;
(2) MODIS (Moderate-resolution Imaging Spectro-
radiometer) LULC category data; (3) DMSP-OLS
(the U.S. Air Force Defense Meteorological Satellite
Program’s Operational Linescan System) nighttime
light image; (4) NCEP operational global final (FNL)
analysis data; and (5) NCEP RTG−SST (real-time,
global, sea surface temperature) data. A more de-
tailed description of these data is provided as follows.

(1) The observed precipitation data used for vali-
dation of the simulated Meiyu precipitation and EOF
(empirical orthogonal function) analysis in this study
are the daily rainfall amounts from 756 stations in
China. The measurement method for these precipi-
tation data remained unchanged from 1979 to 2010.
The data are of good quality and evenly distributed
spatially (Ren et al., 2008).

(2) The MODIS LULC category data (http://
duckwater.bu.edu/lc/mod12q1.html) are created us-
ing information collected by the Earth Observation
System (EOS) for 2001 (hereafter MODIS-2001) and
on a 30 arc-seconds resolution grid, covering the global
surface. It should be noted that the MODIS-2001 data
contain the urban extents in 2001. In this study, the

MODIS-2001 data serve as the LULC category data
for the WRF model.

(3) The nighttime light images (http://ngdc.noaa.
gov/eog/dmsp/downloadV4composites.html) are a
group of urban remote sensing products derived from
DMSP-OLS with specialized low-light imaging capa-
bilities. The DMSP nighttime light images have pro-
vided a continuous time series of urban remote sensing
products every year since 1992 and are mapped onto
30 arc-seconds resolution grid, spanning from 65◦S to
75◦N and 0 to 180◦. In this work, the nighttime light
images for 2010 are used to derive the urban extents
over the YRD in 2010.

(4) The NCEP FNL analysis data (http://rda.
ucar.edu/datasets/ds083.2/) are created by the Global
Data Assimilation System (GDAS), which continu-
ously collects observational data and other analysis
data. The FNL data are on a 1.0◦×1.0◦ resolution
grid, and available at the surface and 26 pressure lev-
els from 1000 to 10 hPa every 6 h from July 1999.
The FNL data provide the initial and lateral bound-
ary conditions for the large-scale atmospheric fields
and initial soil parameters (i.e., soil water, moisture,
and temperature) in the WRF simulations.

(5) The NCEP RTG−SST data (http://polar.ncep.
noaa.gov/sst/rtg−low−res/), provided by the NCEP/
MMAB (Marine Modeling and Analysis Branch), are
created using the most recent 24-h buoy and ship data,
satellite-retrieved SST data, and satellite-observed
sea-ice coverage SST data. The RTG−SST data are
on a 0.5◦×0.5◦ resolution grid, and are prepared daily
from January 2001. In this research, the RTG−SST
data provide the sea surface temperature for the WRF
model.

2.2 EOF analysis

To investigate the actual precipitation variation

Table 1. The datasets used in this study

Dataset Time span Temporal resolution Spatial coverage Spatial resolution

Observed precipitation From 1979 Daily China 756 stations

MODIS LULC data 2001 Annual Global 30′′×30′′

Nighttime light images From 1992 Annual (65◦S–75◦N, 0◦–180◦) 30′′×30′′

NCEP FNL data From 1999 6 h Global 1.0◦×1.0◦

NCEP RTG−SST data From 2001 Daily Global ocean 0.5◦×0.5◦
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during the Meiyu period, an EOF analysis for observed
precipitation over eastern China was performed. In
the current research, a total of 173 out of 756 stations
over eastern China (23.5◦–38.5◦N, 113◦–123◦E) were
used. The observed daily precipitation data were con-
ducted to the pentad anomaly data before the EOF
analysis was carried out. In order to compare the
Meiyu precipitation variation during 2001–2010 with
the year before 2001, and also considering the notable
decadal transition of the EASM and corresponding
precipitation change over eastern China at the end of
the 1970s (Wang, 2001; Yu et al., 2004; Jiang and
Wang, 2005; Chen and Xue, 2013), the period for the
EOF analysis was selected as 1979 to 2010.

2.3 Mapping the MODIS-2010 data

In order to investigate the impacts of urban ex-
pansion on precipitation during the Meiyu season,
MODIS LULC category data providing a realistic
impression of urban expansion are required. The
MODIS-2001 data, which contain the urban extents in
2001, serve as the underlying surface LULC category
data in the WRF model. However, MODIS LULC
data that include the urban extents for 2010 are ab-
sent. Therefore, we had to derive the urban distri-
bution for 2010 from another data source. Nighttime
light images have been widely used as a proxy for vari-
ables that are difficult to measure directly (Elvidge et
al., 2013), such as population (Doll, 2008), economic
activity (Ghosh et al., 2010), and urban extent (Small
et al., 2005; He et al., 2006; Yang et al., 2011). Gener-
ally speaking, regions with large nighttime light values
are most likely representative of an urban area. He et
al. (2006) developed a technique for efficiently and
quickly deriving urban land information from DMSP-
OLS nighttime light images. One of the most impor-
tant foundations of the approach is that the area of ur-
ban extents (i.e., the regions where the nighttime light
value is larger than the urban nighttime light thresh-
old) derived from the nighttime light image should be
closer or equal to the “true” urban area from statistical
data, such as the China Land and Resources Statisti-
cal Yearbook (He et al., 2006). Therefore, this method
can largely reflect the quantitative characteristics of
urban areas. Table 2 shows the urban nighttime light

Table 2. Urban nighttime light thresholds for deriv-

ing urban extents in 2010

Shanghai Jiangsu Zhejiang

MODIS-2010 57 54 54

thresholds for deriving the urban extents in 2010 over
Shanghai, Jiangsu, and Zhejiang.

The urban land information was firstly removed
over the YRD within the MODIS-2001 LULC data,
and then the urban distribution for 2010 derived from
the nighttime light image was mapped to the same re-
gion of MODIS-2001, ultimately deriving the MODIS
LULC category for 2010 (hereafter MODIS-2010).
Figure 1 shows the distribution of the MODIS-2001
and MODIS-2010 LULC categories over the YRD. Ta-
ble 3 indicates that the urban area in the YRD in 2001
was 9537 km2 and accounted for 15.9% of the total
land area, while the urban area was 14051 km2 and
accounted for 23.4% of the total land area in 2010.
The urban expansion over the YRD during 2001–2010
is clear.

3. Model and numerical experiments

3.1 Model configuration

The regional meteorological model used in this
study is the WRF version 3.3.1 with the Advanced
Research WRF (ARW) dynamics solver (Skamarock
et al., 2008). WRF is a fully compressible and Euler
nonhydrostatic model with multiple options for phys-
ical parameterization, which can be applied for simu-
lations across scales ranging from large-eddy to global
(Zhang et al., 2011). Table 4 shows the parameteriza-
tion schemes selected for the model physical processes
in the simulation. A more detailed presentation of this
information is provided as follows.

The WRF single-moment six-class (WSM6) mi-
crophysics scheme (Hong and Lim, 2006) and
new Kain-Fritsch convective parameterization scheme
(Kain, 2004) were selected for simulating the precip-
itation process in current study. The WSM6 scheme
contains six prognostic water substance variables, i.e.,
the mixing ratios of water vapor, rain, snow, grau-
pel, cloud ice, and cloud water. The new Kain-Fritsch
scheme utilizes a cloud model which contains the ef-
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Fig. 1. Distribution of MODIS LULC categories in (a) 2001 and (b) 2010 for the YRD.

Table 3. 2001 and 2010 urban areas and urbanized

ratios (urban area divided by total land area) in the

YRD

Year Urban area (km2) Urbanized ratio (%)

2001 9537 15.9

2010 14051 23.4

fects of detrainment, entrainment, and relatively sim-
ple microphysics.

The unified Noah land surface model (LSM)
(Chen and Dudhia, 2001) was selected for the land
surface process. The Noah LSM consists of one canopy
layer and four soil layers with depths of 10, 30, 60, and
100 cm. It can predict skin temperature and moisture,
which is important in regional climate simulation, as
moisture feedback plays an important role in air-land
surface interaction (Bukovsky and Karoly, 2009).

The Yonsei University (YSU) planetary bound-
ary layer (PBL) scheme (Hong et al., 2006) was used
to represent the boundary layer and sub-grid scale pro-
cesses. The YSU scheme uses countergradient terms

to represent fluxes due to both local and nonlocal gra-
dients. It consists of an enhanced stable boundary
layer diffusion algorithm that allows deeper mixing in
windier conditions.

In addition, the atmospheric long- and short-
wave radiation was calculated every 30 minutes us-
ing the NCAR Community Atmosphere Model (CAM
3.0) spectral band longwave and shortwave radiation
scheme (Collins et al., 2006).

3.2 Numerical experiment design

Two groups of long-term simulations using
MODIS-2001 and MODIS-2010 LULC category data
were performed (hereafter referred to as experiment
M01 and M10, respectively). Each group covered 10
summers from 2001 to 2010, and each summer was ini-
tialized on 26 May. The first 6 days (26–31 May) of
each simulation were used as the model spin-up period
to minimize the initialization effects of soil moisture
and soil temperature. As shown in Table 5, both

Table 4. Choices of the primary physical parameterization schemes of WRF

Physical process Parameterization scheme

Microphysics WSM 6-class scheme (Hong and Lim, 2006)

Cumulus parameterization New Kain-Fritsch convective scheme (Kain, 2004)

Land surface process Noah land surface model (Chen and Dudhia, 2001)

Planetary boundary layer process YSU scheme (Hong et al., 2006)

Longwave and shortwave radiation CAM3 longwave and shortwave radiation scheme (Collins et al., 2006)
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groups used the 30-km horizontal grid resolution and
28 terrain-following vertical layers. The model domain
consisted of 161 (west–east)×161 (south–north) grid
points and was centered at 30.5◦N, 115◦E, covering
East Asia and its adjacent oceans. The FNL data
provided initial and lateral boundary conditions for
the simulation and RTG−SST data served as the sea
surface temperature because updating SST is impor-
tant for improving precipitation simulations as a result
of more realistic depiction of wind and moisture flux
(Bukovsky and Karoly, 2009).

Table 5. Setup of the numerical experiments
Group M01 M10

Grid resolution 30 km 30 km

Horizontal grids 161×161 161×161

Vertical layers 28 28

Initial date May 26 May 26

Years 2001–2010 2001–2010

Initial and lateral conditions FNL FNL

SST RTG−SST RTG−SST

LULC category data MODIS-2001 MODIS-2010

4. Results

4.1 Validation of the WRF model

The capability of the WRF model in simulating

the climate over eastern China in the Meiyu season
is first evaluated by comparing the precipitation, air
temperature, and pseudo-equivalent temperature pro-
duced by experiment M10 with the observed and anal-
ysis data. The observed precipitation and 2-m air
temperature are obtained from 756 meteorological sta-
tions in China, and the isobaric surface temperature
and pseudo-equivalent temperature are provided by
the NCEP FNL data. In the current study, the Meiyu
season is from the third pentad in June to the fourth
pentad in July.

Figure 2 presents the observed and WRF-
simulated 10-yr climatic precipitation during the
Meiyu period. As shown in Fig. 2a, the observed pre-
cipitation exhibits a spatial distribution pattern with
more precipitation in the southeast of eastern China
(> 8 mm day−1) and less precipitation over regions to
the north of 36◦N (< 3.5 mm day−1). We find that the
WRF model captures well both the magnitude and ge-
ographical distribution of observed precipitation over
most parts of eastern China (Fig. 2b). A major differ-
ence between the WRF-simulated and observed pre-
cipitation (Fig. 2c) is that the WRF model tends to
simulate more (less) rainfall than is actually the case

Fig. 2. (a) Observed and (b) WRF-simulated climatological precipitation during the 2001–2010 Meiyu seasons, and

(c) the difference between the two. Black grids denote regions where the difference is statistically significant at the 99%

confidence level.
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over the southeast (northwest) parts of eastern China.
In addition, we also find that this difference between
the WRF-simulated and observed precipitation is not
significant over most parts of eastern China, except
over western Shandong and regions to the south of
Jiangxi, Fujian, and Zhejiang provinces.

Figure 3 presents the standard deviation of ob-
served and WRF-simulated precipitation during the
2001–2010 Meiyu seasons. We can see that the spatial
pattern of the standard deviation of observed precip-
itation (Fig. 3a) is similar to the pattern of climatic
precipitation (Fig. 2a). A major difference in the
pattern between the standard deviation and climatic
precipitation is that there are two large-value centers
located over the Yangtze-Huaihe River basin and re-
gions between Jiangxi and Fujian. As shown in Fig.
3b, the WRF model is able to reproduce the dominant
features of the standard deviation of precipitation dur-
ing the Meiyu period. However, the standard devia-
tion of the simulated precipitation is smaller than that
of the observation over southern Shandong, northern
Jiangsu, and southern Jiangxi, but larger over other
regions of eastern China (Fig. 3c). It is also noted
that the difference in the standard deviation between

the WRF-simulated and observed precipitation is not
significant over eastern China.

Figure 4a shows the time series of the observed
and WRF-simulated 10-yr (2001–2010) climatologi-
cal pentad precipitation regionally averaged over the
Yangtze-Huaihe River basin (28◦–35◦N, 110◦–120◦E;
Huang et al., 2011). We can see that the observed
precipitation increases from June to July and there
are two precipitation peaks in the second (8.4 mm
day−1) and fifth (7.4 mm day−1) pentads in July, after
which the precipitation decreases. It is clear that the
WRF model is able to simulate well the dominant fea-
tures of the temporal variation of precipitation in the
Meiyu season. The correlation coefficient between the
observed and simulated precipitation is 0.85, which is
statistically significant at the 99% confidence level.

Figure 4b shows the time series of the observed
and WRF-simulated 10-yr climatological pentad 2-m
air temperature regionally averaged over the Yangtze-
Huaihe River basin. We can see that the observed 2-m
air temperature increases rapidly from the first pen-
tad in June to the first pentad in July, after which it
increases slowly to the sixth pentad in July. We can
also see that the 2-m temperature possesses a decreas-

Fig. 3. Distributions of standard deviation of (a) observed and (b) WRF-simulated precipitation during the 2001–2010

Meiyu seasons, and (c) the difference between the two.
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Fig. 4. Time series of (a) observed and WRF-simulated

10-yr (2001–2010) climatological pentad precipitation and

(b) 2-m air temperature regionally averaged over the

Yangtze-Huaihe River basin (28◦–35◦N, 110◦–120◦E) (std:

standard deviation; r: correlation coefficient; α: correla-

tion coefficient at the 99% confidence level).

ing trend in the second and fifth pentads in July, as
a result of more precipitation in these two pentads.
The WRF model reproduces well the characteristics
of the temporal variation of the 2-m air temperature

in the Meiyu season. The correlation coefficient be-
tween the observed and simulated 2-m temperature is
0.96, which is statistically significant at the 99% con-
fidence level.

Since the gradient of the pseudo-equivalent tem-
perature can indicate the position of the Meiyu front
and heavy precipitation belt, it is important to evalu-
ate the capability of the WRF model in simulating the
distribution and magnitude of the pseudo-equivalent
temperature. Figure 5 shows the height-latitude cross-
section of the FNL analysis and WRF-simulated air
temperature and pseudo-equivalent temperature aver-
aged along 105◦–125◦E. As shown in Fig. 5a, the large
pseudo-equivalent temperature gradient belt extends
from the surface to 700 hPa over the regions between
28◦ and 36◦N and a warm air column is located to
the south of the large pseudo-equivalent temperature
gradient belt. It is clearly shown in Fig. 5b that the
WRF model simulates well the air temperature and
pseudo-equivalent temperature distribution with close
magnitudes. Moreover, the WRF model can reproduce
the large pseudo-equivalent temperature gradient belt
and the warm air column.

Overall, the WRF model exhibits good ability in
reproducing the major features of the climate over
eastern China during the Meiyu period. This gives

Fig. 5. Height-latitude cross-sections of the 10-yr (2001–2010) climatological air temperature (℃; thin line) and pseudo-

equivalent temperature (K; thick line) averaged along 105◦–125◦E in the Meiyu season from (a) FNL analysis data and

(b) WRF-simulated data. The black shading indicates the terrain.
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us confidence to use the model’s output to study the
impacts of urban expansion on the precipitation in the
Meiyu season.

4.2 Impacts of urban expansion on Meiyu pre-

cipitation

A previous study indicated that the enhanced
convergence due to increased surface roughness and
destabilization due to the urban heat island (UHI)
perturbation of the planetary boundary layer in ur-
ban areas lead to regional precipitation change (Wang
et al., 2012). It is therefore reasonable to hypothe-
size that urban expansion modifies the roughness and
thermal conductivity of the original land surface, and
may also cause regional precipitation change. Figure
6 shows the changes in total, cumulus, and grid-scale
precipitation (difference between M10 and M01) dur-
ing the Meiyu period induced by urban expansion in
the YRD averaged over 2001–2010. It is clear that the
urban expansion results in a decrease (increase) of to-
tal precipitation over the regions to the north of 35◦N
and the Yangtze River basin (Huaihe River basin and

the south of 28◦N) with an intensity of 0.2–1.2 mm
day−1 (Fig. 6a). As shown in Fig. 6b, the pattern
of cumulus precipitation change induced by urban ex-
pansion is similar to that of total precipitation change
over most parts of eastern China except the YRD and
western Shandong, which indicates that the change of
cumulus precipitation contributes to the total precip-
itation change. In addition, it is found that the grid-
scale precipitation change also contributes to the total
precipitation change (Fig. 6c).

To investigate the relationship between the im-
pacts of urban expansion and the actual precipitation
change during the Meiyu period, an EOF analysis for
observed precipitation over eastern China was per-
formed. Figure 7 shows the first three leading EOF
modes and the corresponding time series of the prin-
cipal components (PCs) of the observed pentad pre-
cipitation over eastern China during the 1979–2010
Meiyu seasons. The first three leading EOF modes ex-
plain 19.06%, 17.79%, and 8.17% of the total variance,
respectively. Figure 7a shows that the spatial distri-
bution of EOF-1 is characterized by a “+, –” pattern,

Fig. 6. Changes in (a) total, (b) cumulus, and (c) grid-scale precipitation (difference between M10 and M01) induced

by urban expansion in the YRD and averaged during the 2001–2010 Meiyu periods. Black grids denote those regions

where the change of precipitation is statistically significant at the 90% confidence level.
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with the latitude of 30◦N as the division. Meanwhile,
PC-1 (Fig. 7d) indicates that the Meiyu precipitation
increases (decreases) over the regions to the north of
30◦N but decreases (increases) over the regions to the
south of 30◦N from the end of the 1970s to the early
1990s and from the early 1990s to the early 2000s.
The spatial distribution of EOF-2 (Fig. 7b) is char-
acterized by a “–, +, –” pattern over eastern China,
and PC-2 (Fig. 7e) implies that the Meiyu precip-
itation over the regions between 26◦ and 34◦N (re-
gions to the north of 34◦N and to the south of 26◦N)
increases (decreases) from the end of the 1970s to
the end of the 1990s but decreases (increases) in the
2000s. Different from the first two leading modes, the
EOF-3 (Fig. 7c) and PC-3 (Fig. 7f) indicate that
the Meiyu precipitation increases (decreases) over the
Huaihe River basin (30◦–34◦N ) and the south of 27◦N

(Yangtze River basin (27◦–30◦N) and north of 34◦N)
since the mid 1990s. It can be seen that the Meiyu
belt has a decadal northward-moving trend after the
early 2000s. Previous studies have suggested that the
possible mechanisms underlying the Meiyu belt north-
ward movement are: (1) a tropospheric warming and
stratospheric cooling trend in the midlatitudes of East
Asia (Si et al., 2009), and (2) the interdecadal change
of land-sea thermal contrast in East Asia (Liu et al.,
2012).

In addition, it is noted that both the spatial distri-
bution and magnitude of EOF-3 (Fig. 7c) are consis-
tent with the total precipitation change (Fig. 6a). To
further investigate the relationship between the EOF-3
and simulated precipitation change induced by urban
expansion, the simulated pentad total, cumulus, and
grid-scale precipitation changes (M10 minus M01)

Fig. 7. (a, b, c) The first three leading EOF modes and (d, e, f) corresponding time series of the anomaly principal

components (PCs) of the observed pentad precipitation at 173 stations over eastern China during the 1979–2010 Meiyu

seasons.
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during the 2001–2010 Meiyu seasons are projected
onto the spatial pattern of the EOF-3, deriving three
groups of time series (Figs. 8a–c). We can see that
the time series of the projection of the simulated
pentad total, cumulus, and grid-scale precipitation
changes are consistent with the PC-3 since 2005, be-
cause the actual urban expansion over the YRD re-
vealed by MODIS-2001 and MODIS-2010 occurs after
2005. Moreover, the simulated pentad total, cumu-
lus, and grid-scale precipitation changes during the
2001–2010 Meiyu seasons are projected onto the spa-
tial patterns of the first six leading EOF modes, and
the correlation coefficients between the time series of
the projection and observed PCs during 2005–2010 are
calculated for each mode (Figs. 8d–f). We find that
the correlation coefficient between the projection series

of total precipitation change and the PC-3 is positive
and the magnitude (0.33; statistically significant at the
95% confidence level) is the largest (Fig. 8d). Similar
results are found for the cumulus and grid-scale pre-
cipitation changes (Figs. 8e and 8f). Overall, it can
be concluded that the spatiotemporal pattern of the
EOF-3 mode of observed precipitation is related to the
urban expansion in the YRD.

4.3 Impacts of urban expansion on humidity,

evaporation, and circulation

To investigate the reason for the Meiyu precipi-
tation change, the impacts of urban expansion on air
humidity, surface evaporation, and atmospheric circu-
lation are examined. Figure 9a shows that the 10-
yr (2001–2010) climatological tropospheric (950–400

Fig. 8. Time series of the observed PC-3 and projection of the pentad-simulated (a) total, (b) cumulus, and (c)

grid-scale precipitation changes (M10 minus M01) onto the EOF-3. The correlation coefficients calculated between the

projection time series of the pentad-simulated (d) total, (e) cumulus, and (f) grid-scale precipitation changes onto the

EOFs and observed PCs during 2005–2010 for the first six leading EOF modes are also presented. The black column in

(d) denotes correlation statistically significant at the 95% confidence level.
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hPa) air humidity increases from north to south over
eastern China. This pattern leads to more precipita-
tion in the southeast of eastern China and less pre-
cipitation over regions to the north of 36◦N (Fig. 2).
Further analysis indicates that the spatial pattern of
the tropospheric air humidity change induced by urban
expansion (Fig. 9b) with the intensity increased (de-
creased) over the regions of 31◦–36◦N and to the south
of 27◦N (north of 36◦N and (27◦–31◦N, 114◦–119◦E)),
corresponds well to that of cumulus (Fig. 6b) and grid-
scale (Fig. 6c) precipitation changes during the Meiyu
period over most parts of eastern China. Therefore,
the implication, is that the changed tropospheric air
humidity is a major reason for the Meiyu precipitation
change, which is induced by urban expansion. How-
ever, we also find that the tropospheric air humidity
increases over the YRD while the grid-scale precipita-
tion decreases over the same region, which indicates
that the grid-scale precipitation over the YRD is af-
fected by other factors.

Urban expansion can change the level of evapora-
tion by modifying surface physical properties. Figure
10 shows the 10-yr climatological surface evaporation
and its change induced by urban expansion. As shown
in Fig. 10a, surface evaporation also increases from
north to south over eastern China and a high-value
center is located at 27◦N over land. We find that ur-
ban expansion over the YRD results in an increase
(decrease) of surface evaporation over the regions be-
tween 32◦ and 36◦N, as well as in Zhejiang and Fujian
provinces (regions between 30◦ and 32◦N, as well as
Jiangxi and Shandong provinces) over eastern China
(Fig. 10b). Moreover, it is noted that surface evapora-
tion over the YRD is significantly reduced at the 90%
confidence level, which leads to decreased grid-scale
precipitation during the Meiyu period over the YRD
(Fig. 6c), ultimately causing the decreasing trend of
total precipitation (Fig. 6a).

Because vertical motion is one of the most im-
portant factors affecting precipitation, the impact of

Fig. 9. Distributions of the 10-yr (2001–2010) (a) climatological (M01) tropospheric (950–400 hPa) specific humidity

and (b) change of tropospheric specific humidity induced by urban expansion (M10 minus M01) over eastern China

during the Meiyu season.
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Fig. 10. As in Fig. 9, but for surface evaporation. Black grids denote those regions where the change is statistically

significant at the 90% confidence level.

urban expansion on atmospheric vertical velocity is
also analyzed. Figure 11 shows the spatial distribution
of climatological tropospheric vertical velocity and the
change of tropospheric vertical velocity induced by ur-
ban expansion. We find that the climatological up-
ward motion (Fig. 11a; negative values) over the re-
gions to the south of 35◦N causes more precipitation
during the Meiyu period (Fig. 2). As shown in Fig.
11b, the change in tropospheric vertical velocity in-
duced by urban expansion reveals a pattern with an in-
creased (decreased) trend over the Yangtze River basin
and the region north of 35◦N (Huaihe River basin and
the region south of 28◦N), indicating that anomalous
downward (upward) motion occurs over corresponding
regions and leads to decreased (increased) simulated
precipitation change over the Yangtze River basin and
the region north of 35◦N (Huaihe River basin and the
region south of 28◦N).

To study the reason for the changes in tropo-
spheric air humidity and vertical motion, the impacts

of urban expansion on atmospheric circulation and
moisture transport should also be analyzed. Figure 12
shows distributions of climatological moisture trans-
port and its divergence, and their changes induced by
urban expansion. As shown in Fig. 12a, southwest
(northwest) wind and moisture transport can be found
over eastern China and its adjacent sea to the south
(north) of 32◦N. The implication is that the conver-
gence (divergence) of circulation and moisture trans-
port located between 28◦ and 33◦N (regions to the
north of 34◦N) lead to more (less) air humidity (Fig.
9a) and upward (downward) vertical motion (Fig. 11a)
over the corresponding regions. Moreover, the urban
expansion over the YRD causes the horizontal circu-
lation and moisture transport to change, as shown in
Fig. 12b. It is noted that an anomalous anticyclone
locates over the East China Sea, while an anomalous
cyclone locates to the east of Taiwan. This anoma-
lous circulation pattern leads to the convergence (di-
vergence) of horizontal circulation and moisture trans-



250 JOURNAL OF METEOROLOGICAL RESEARCH VOL.29

Fig. 11. As in Fig. 9, but for tropospheric (950–400 hPa) vertical velocity. Negative values denote upward motion and

positive values downward motion.

Fig. 12. As in Fig. 9, but for tropospheric (950–400 hPa) moisture transport (vectors) and divergence of moisture

(shading). Negative values denote convergence of moisture and positive values divergence of moisture.

port over the regions to the north of 32◦N and to the
south of 28◦N (regions between 28◦ and 32◦N), ulti-

mately causing the changes of vertical motion (Fig.
11b) and air humidity (Fig. 9b).
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4.4 Impacts of urban expansion on surface en-

ergy balance and temperature

To further investigate the reason for the change of
atmospheric circulation, the changes of surface energy
balance and temperature are studied. As described by
Su (2002), the surface energy balance can be written
as

Rn = G0 + H + λE, (1)

where Rn and G0 are surface net radiation and soil
heat flux, respectively, defined as positive in the down-
wards direction; H and λE are the surface sensible and
latent heat fluxes, respectively; λ is the latent heat of
vaporization and E is the actual evapotranspiration.
H and λE are defined as positive in the upwards di-
rection. The equation to calculate the surface net ra-
diation is

Rn = (1 − α)Rswd + εRlwd − εσT 4
skin, (2)

where α is the surface albedo, Rswd is the downward
solar radiation, Rlwd is the downward longwave ra-
diation, ε is the emissivity of the surface, σ is the
Stenfan-Bolzmann constant, and Tskin is the surface
skin temperature. Rswd and Rlwd are both defined as
positive in the downwards direction. It can be derived
from Eqs. (1) and (2) by

Ein = (1 − α)Rswd + εRlwd − G0 − H − λE, (3)

Rup = εσT 4
skin, (4)

Ein = Rup, (5)

where Ein denotes the surface net incoming energy and
Rup denotes the surface upward longwave radiation.
In long-term simulations, the surface net incoming en-
ergy Ein should equal the surface upward longwave
radiation Rup.

As shown in Fig. 13a, the urban expansion over
the YRD results in increased surface incoming energy
over most parts of eastern China, especially in the
YRD and western Shandong where the increased sur-
face incoming energy has an intensity of greater than
2 W m−2. As a result of the increased surface incom-
ing net energy, the skin temperature also increases over

most parts of eastern China, and the increase in inten-
sity is greater than 0.4 in the YRD and western Shan-
dong (Fig. 13c). Because the surface upward longwave
radiation is positively correlated with skin tempera-
ture (Eq. (4)), the spatial pattern of the changed sur-
face upward longwave radiation (Fig. 13b) induced by
urban expansion is closer to that of skin temperature,
and this leads to the surface energy reaching a new bal-
anced status. Affected by the skin temperature, the
2-m air temperature also increases over most parts of
eastern China (Fig. 13d). Therefore, the implication
is that the urban expansion in the YRD strengthens
the land-sea thermal contrast over eastern China and
the adjacent sea, which further causes changes in at-
mospheric circulation and moisture transport.

Further analysis indicates that the urban expan-
sion in the YRD can result in increased air temper-
ature from the surface to 250 hPa over the north of
30◦N, and the warm air column can even extend up-
ward to the 150-hPa level over the south of 27◦N (Fig.
14). It is also noted that there are three high-value
centers of increased air temperature. One center is lo-
cated between 30◦ and 35◦N, extending upward from
650 to 300 hPa with an intensity above 0.16, while the
other two are located between 30◦ and 33◦N and to
the north of 36◦N, extending from the surface to 850
and 700 hPa with an intensity above 0.24 and 0.2, re-
spectively. However, the urban expansion in the YRD
leads to decreased air temperature above 200 hPa (150
hPa) over the north of 34◦N (the south of 27◦N), and
the cool air column can extend downward to 300 hPa
between 28◦ and 30◦N. The implication is that urban
expansion in the YRD could be a cause of the tropo-
spheric warming and stratospheric cooling trend over
eastern China.

5. Conclusions

The precipitation during the Meiyu period has
experienced an increasing trend in the Huaihe River
basin and a decreasing trend in the Yangtze River
basin in recent years, while at the same time, the YRD
has experienced remarkably rapid urban expansion. In
this study, two WRF simulation scenarios (M01 and
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Fig. 13. Changes in (a) surface net incoming energy, (b) upward longwave radiation, (c) skin temperature, and (d) 2-m

air temperature induced by urban expansion in the YRD during the 2001–2010 Meiyu seasons. Black grids denote those

areas in which the change is statistically significant at the 90% confidence level.
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Fig. 14. Height-latitude cross-section of air temperature

change induced by urban expansion averaged along 115◦–

122◦E during the 2001–2010 Meiyu seasons. The black

shading on the bottom indicates the YRD.

M10) were employed to investigate the relationship be-
tween the Meiyu precipitation change and urban ex-
pansion in the YRD. The following conclusions are
drawn.

(1) The WRF model can simulate well the mean
distribution, standard deviation of precipitation, and
latitudinal-vertical cross-sections of air temperature
and pseudo-equivalent temperature during the Meiyu
season. The stage characteristics of Meiyu precipita-
tion and the increasing trend of 2-m air temperature
can also be well reproduced.

(2) As a result of urban expansion in the
YRD, simulated precipitation during the Meiyu pe-
riod presents an increasing trend (0.2–1.2 mm day−1)
in the Huaihe River basin and over the land to the
south of 28◦N, whereas a decreasing trend (0.2–1.2
mm day−1) is presented in the Yangtze River basin
and over the land to the north of 35◦N. Moreover, we
find that the spatiotemporal pattern of impact of ur-
ban expansion on Meiyu precipitation resembles that
of the third EOF mode of the observed precipitation,
and this phenomenon suggests a non-negligible rela-
tionship between the urban expansion in the YRD and
the Meiyu precipitation change in recent years.

(3) Further analyses demonstrate that urban ex-
pansion in the YRD changes the surface energy bal-
ance over eastern China, which leads to a warming
of the 2-m air temperature and tropospheric air tem-
perature, but a cooling of stratospheric air temper-
ature. Furthermore, the increased air temperature
leads to a strengthening of the land-sea thermal con-
trast over eastern China and causes anomalous upward
(downward) vertical motion and moisture convergence
(divergence) over the Huaihe River (Yangtze River)
basin, ultimately leading to the increasing (decreas-
ing) precipitation trend in the Huaihe River (Yangtze
River) basin. Therefore, it can be concluded that
the warming of tropospheric air temperature and cool-
ing of stratospheric air temperature, which cause the
northward shift of the Meiyu belt, can be further
strengthened by urban expansion in the YRD. How-
ever, it is noted that urban expansion in the YRD
causes decreases in surface evaporation, which leads
to decreased Meiyu precipitation over the YRD.

However, the reasons why urban expansion af-
fects tropospheric and stratospheric air temperature
and leads to their different change patterns have not
been investigated. We intend to address this issue
in future work. Additionally, the influence of urban
expansion in the YRD on regional Meiyu precipita-
tion is extremely complex, because many effects are
involved in the process (Zhang et al., 2010). In this
paper, we only focus on the physical impacts of ur-
ban expansion, including the changes in the surface
energy balance, evaporation, air temperature, and re-
gional atmospheric circulation. Previous researchers
have found that air pollution (Qian et al., 2009) and
the release of waste heat (Feng et al., 2012) can also
modify the urban surface energy balance, regional at-
mospheric circulation, and precipitation. These fac-
tors may also need to be considered in future studies
to examine the comprehensive impacts of urban ex-
pansion on Meiyu precipitation.
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