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Abstract The Weather Research and Forecasting (WRF) model is used to simulate the long-
term effect of urbanization on regional climate, especially the East Asian monsoon. Besides
land use change from urbanization, anthropogenic heat release is an important factor for the
urban climate and environment, so these two factors are included in the simulation. Two
experiments were designed and executed for the 10-year period. Urbanization is not
considered in one experiment, and in the other, urban land use and anthropogenic heat
release are comprehensively investigated. Comparison of the two runs shows that urbaniza-
tion mainly decreases low-cloud cover across most of East China, and nearly all surface
energy fluxes increase except those of latent heat and upward shortwave. Based on a
multiyear average, the urbanization reduced summer precipitation in urban agglomerations,
but the interannual variability is very large. Local upwelling airflow is strengthened by
urbanization; however, additional precipitation was not produced because of a decline of
surface moisture in urban agglomeration areas. From 850 hPa circulation change and the
East Asian monsoon index, the summer monsoon is strengthened slightly and the winter
monsoon is always weakened by large-scale urbanization.

1 Introduction

Evidence of impacts of anthropogenic climate change in all aspects of the natural world and
on human activity is steadily increasing, and has become an issue of pressing political and
social concern. The Intergovernmental Panel on Climate Change (IPCC 2007) noted that
global temperature increased 0.74 °C over the past 100 years. This indicates that greenhouse
gas emissions are the main cause of global warming and that climate effects of urbanization
may be negligible on the global scale. However, the expansion of urban areas has caused a
series of changes, including increases of sensible heat flux and urban temperature, decreases
of evaporation, and even time-specific variations of regional atmospheric stratification
stability (Jiang et al. 2009). Therefore, while climate effects of urbanization may be
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negligible on the global scale, regional and local effects of urbanization cannot always be
neglected.

With the rapid development of cities, there has been growing interest in studying the
urban heat island (UHI). Urban warming and its impact on regional and local climate have
been well documented in several mature cities in Europe, North America and Asia, including
Beijing and cities in Japan, the Yangtze River Delta region, and Taiwan. Emmanuel and
Krüger (2012) found that within the period around 1985–1995, minimum temperatures in
Glasgow maintained warmer values than in regional trends. Jones et al. (2008) used sea
surface temperature (SST) datasets to assess potential urban influences on the East China
mainland. They showed that urban-related warming across China was approximately 0.1 °C
per decade during 1951–2004, with overall climatic warming at 0.81 °C.

In addition to this land use change from urbanization, it is likely that anthropogenic heat
sources will be important in reaching an urban surface energy balance in the future (Allen
et al. 2010). Anthropogenic heat flux varies spatially and temporally and, under certain
conditions, can exceed energy receipt from net all-wave radiation (Lee et al. 2009). A
comparison between absorbed shortwave solar radiation and anthropogenic heat emissions
of London buildings indicated that total heat emission from buildings during a winter day
was between 3 and 25 times greater than incident solar radiation; during a summer day it was
between 0.04 and 0.4 times, depending on built form density (Hamilton et al. 2009). Zhang
et al. (2013) used a heat balance model and satellite images from 1989 to 2001 together with
meteorological station data to study the urban thermal environment in the city of Fuzhou,
China. The results suggest that anthropogenic heat release is likely significant in the UHI
effect, and must be considered in urban climate change adaptation strategies.

At present, UHI intensity is often estimated by using the difference between urban and rural
temperatures from individual observing locations. Some researchers have used numerical models
to study the impact of urbanization on climate change at global and regional scales, and even in
large individual cities. However, there are few simulation studies of long-term effects of urban-
ization on climate at regional scale. One example was statistically significant continental-scale
surface warming (0.4 –0.9 °C) in one 2100 anthropogenic heat release (AHR) scenario, simulated
by a general circulation model (GCM) using future AHR global inventories (Flanner 2009).
Zhang et al. (2010) suggested that mean surface air temperature in urbanized areas increased in
winter and summer across the Yangtze River Delta. Lin et al. (2011) found that the UHI effect
significantly perturbs thermal and dynamic processes. Shem and Shepherd (2009) found in-
creased rainfall downwind of Atlanta, via Weather Research and Forecasting (WRF) model
simulation. Zhang et al. (2009) indicated that effects of expanding urban surfaces are responsible
for reducing precipitation over the Beijing area during summer and winter.

Feng et al. (2012) used the WRF/Urban Canopy Model (UCM) to simulate regional climate
impacts of urbanization and anthropogenic heat release in China. Their period of integration
was only 2 years (2007–2008), andAHR processingwas relatively simplistic. Only three values
of annual-mean AHR were assigned to urban types (industrial/commercial, high and low-
density residential), and the annual AHR cycle was not included. Wang et al. (2012) performed
nested, high-resolution modeling of three vast urban agglomerations in China, but only focused
on effects of urban land use change, with a simulation period of only three years. Because of
such short periods and simplified designs, there are likely substantial uncertainties in the
aforementioned simulation results.

In this work, WRF was used to simulate the long-term effect of urbanization on regional
climate, especially the East Asian monsoon. A more reasonable parameterization of AHR
was evaluated, and a more appropriate configuration of physical schemes was used for long-
term simulation.
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2 Model details and experimental design

Simulation was done using of WRF version 3.3 with the Advanced Research WRF (ARW)
dynamic core (Skamarock et al. 2008). The Noah land surface model (Chen and Dudhia
2001) with UCM (Chen et al. 2010) was also used. Forcing fields, such as large-scale
atmospheric fields, sea surface temperature (SST) and initial soil parameters, including soil
moisture and temperature, were from the 1°×1° NCEP Global Final Analysis (FNL) 6-hour
data (Research Data Archive at the National Center for Atmospheric Research et al. 1999;
http://rda.ucar.edu/datasets/ds083.2/). The model domain (Fig. 1a) has a horizontal resolu-
tion of 30 km. The simulation period was from 1 January 2000 to 28 February 2010. Deep
soil temperature was updated during the simulations.

Two experiments were designed and carried out. In the control run (Ctr), International
Geosphere Biosphere Programme—Moderate Resolution Imaging Spectroradiometer
(IGBP-MODIS) 20-category (Friedl et al. 2002) land-use data were used, and urban type
was replaced by vegetation type of the nearest-neighbor grid. In the sensitivity run (Sen),
MODIS 33-category data (Chen et al. 2010), including three urban categories, were used,
and gridded AHR was added to the corresponding urban grid. Based on population and the
energy use, urban area was divided into three types: industrial/commercial, and high-and
low-density residential. Except for AHR values, we used the default urban parameters for
these three urban types of WRF/UCM. Table 1 in Wang et al. (2012) shows the urban
parameters of high-density residential type. Based on the China City Statistical Yearbook
(2009a) and China Energy Statistical Yearbook (2009b), urban land-use and AHR data were
constructed. However, not all of the urban has the energy use data. Therefore, for grids
where the land-use type is urban but the AHR is missing, the average AHR of all the other
urban grids with AHR values is adopted. The spatial distribution of AHR in China is shown
in Fig. 1b.

In WRF/UCM, each urban type can only have one AHR value, and AHR has a prescribed
diurnal change for three urban categories, without a seasonal cycle. In fact, AHR has a
seasonal cycle and spatial distribution in the real world. Because of the lack of seasonal
energy-consumption data, the AHR seasonal cycle is parameterized in the simulation
(Flanner 2009). In this approach, the seasonal weighting function depends on fractional
time of year (ty). The higher the latitude, the greater the amplitude of the seasonal cycle, and
this cycle is not applied to regions equatorward of 33°. The AHR magnitude in winter is
larger than that in summer. The detailed formula is

Wy ty
� � ¼ 1þ A2 θð Þsin 2π ty þ 0:25

� �� �
;where θ is latitude in degrees:

The latitudinally-dependent amplitude is

A2 θð Þ ¼ 1−e −θ−33ð Þ=25 for θ > 33
A2 θð Þ ¼ 1 for−33≤θ≤33
A2 θð Þ ¼ − 1−e θþ33ð Þ=25

� �
for θ < −33

The above AHR parameterization was introduced into the model. As in the original
version, AHR was added to the calculation of surface energy budget as sensible heat.
However, through the adjustment of surface energy fluxes, the net radiation and the AHR
can be re-partitioned to sensible heat and latent heat.

The Beijing–Tianjin–Hebei, the Yangtze River Delta and the Pearl River Delta regions
are the most important urban agglomerations in China. Since the mid-1980s, mass labor
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migration from the countryside to urban areas has been one of the most dramatic and noticeable
changes in the country, particularly in those agglomerations. These have also had the greatest
increases in urban development nationwide. Some other regions may have had significant
increases, but areal extents of these were smaller. Thus, the following analyses mainly focus on
the three sub-regions (Fig. 1b).

3 Results

3.1 Comparison between simulation and observation

Relevant research has demonstrated that the WRF model performs well in simulating the
mean climate of China (Feng et al. 2012). Here, we compare the observed and WRF-
simulated annual average 2-m air temperature and precipitation. Climatological mean
monthly surface air temperature data are from 740 stations in China (Zhao and Fu 2006)
and precipitation is based on Tropical Rainfall Measuring Mission (TRMM) data (Huffman
et al. 2007).

The simulation results indicate that the spatial distribution of model temperature is basically
consistent with observation, with a low-temperature area in the Yangtze River Delta. The
observed precipitation pattern is characterized by less precipitation in North China and more
precipitation in the south. Overall, model precipitation captures the patterns and magnitudes
well over most of the country. Precipitation in the south is overestimated (not shown).

The 10-year simulation permits comparison of its interannual variation and that of
observation. Anomalies of observed and simulated annual average temperatures across
China and the three sub-regions during 2000–2009 are shown in Fig. 2. The correlation
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Fig. 1 a Model domain and elevations (m). b Spatial distribution of anthropogenic heat flux (W/m2) and
regional divisions (1, Beijing–Tianjin–Hebei region; 2, Yangtze River Delta region; and 3, Pearl River Delta
region)

Table 1 Temporal correlation coefficients between control run and observation across different regions

China Beijing-Tianjin-Hebei Yangtze River Delta Pearl River Delta

Temperature 0.84 0.75 0.82 0.89

Precipitation 0.65 0.36 0.45 0.57
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coefficients of yearly temperature and precipitation between the simulation and observation
are shown in Table 1.

Across the entire country on average, the reproduced interannual temperature variation is
consistent with the observation, except for small deviations in 2000 and 2006. The corre-
lation coefficient of yearly temperature in the country between simulation and observation is
0.84. Among the three urban agglomerations, the Beijing–Tianjin–Hebei region has a
relatively large simulation bias. In the Yangtze and Pearl River Deltas, the simulation
basically agreed with observation, except for 2004 and 2008. The simulated temperature
in the Pearl River Delta has a high correlation coefficient of 0.89 with observation.

In comparison with observational data, simulated precipitation fluctuations are large.
Considering all of China, the absolute value of the simulated precipitation anomaly is less
than 0.2 mm/day, and the correlation coefficient is 0.65 between simulation and observation.
The Yangtze and Pearl River Delta regions have similar changes, but with relatively large
fluctuations. Correlation coefficients between simulated and observed precipitation are 0.36,
0.45, and 0.57 in the three urban agglomerations, respectively.

Compared with temperature, simulation of interannual precipitation variation is very
difficult, especially in the East Asian monsoon region. Bias has two main sources; one
is the large-scale forcing field, and the other is the complexity of physical processes in
the regional model. In light of the comparison between simulation and observation, the
WRF model can show the major characteristics of multiyear regional and East Asian
monsoon climate.
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Fig. 2 Interannual variation of anomalies of observed and simulated annual average temperatures (left: °C)
and precipitation (right: mm/day) across different regions during 2000–2009. a, b: China; c, d: Beijing–
Tianjin–Hebei; e, f: Yangtze River Delta and g, h: Pearl River Delta
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3.2 Changes of temperature and precipitation from urbanization

Temperature and water conditions on the Earth’s surface, including surface air temperature,
precipitation, soil temperature and moisture, are closely related to human life. Urbanization
can clearly affect temperature and moisture on regional and local scales.

Figure 3 shows monthly surface air temperature and precipitation change due to urban-
ization as 10-year averages over each region. Error bars represent the 95 % confidence
interval of estimated 10-year average change. They also indicate the relative magnitude of
interannual variability of 10-year temperature and precipitation change caused by urbaniza-
tion. The magenta diamonds show that the difference of the simulated results between Sen
run and Ctr run is statistically significant at alpha=0.05, i.e. exceed 95 % confidence level.
Over the entire country, maximum temperature change is in August, and interannual
variability is large from July through September. Only the temperature change in June
exceeds the 95 % confidence level. In the Beijing–Tianjin–Hebei region, the peak temper-
ature change and its maximum interannual variability are in August and the changes are
statistically significant from May through September except June. In the Yangtze River
Delta, temperature change from May through September is large. The changes from March
to October exceed the 95 % confidence level, but interannual variability in February is the
greatest. However, there is no apparent difference between winter and summer in the Pearl
River Delta with the changes from April through September exceeding the 95 % confidence
level. The seasonal difference of temperature change due to urbanization is larger in high
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Fig. 3 Monthly temperature (left: °C) and precipitation (right: mm/day) change as ten-year averages across
each region caused by urbanization. Error bars represent the 95 % confidence interval of estimated 10-year
average change. Magenta diamonds denote the months through significance test at alpha=0.05. a, b: China; c,
d: Beijing–Tianjin–Hebei region; e, f: Yangtze River Delta region; g, h: Pearl River Delta region

516 Climatic Change (2015) 129:511–523



latitude areas than that in the low latitude. On one hand, the higher the latitude, the larger the
seasonal cycle of regional climate, especially water vapor condition which is the most
important factor for urbanization resulting in urban heat island, and the larger the seasonal
difference of temperature change due to the urban underlying surface change. On the other
hand, the ratio of AHR and incident solar radiation in winter is larger than that in summer,
but the lower the latitude, the smaller the seasonal difference of this ratio.

From the figure of precipitation change, the confidence intervals and the interannual
variabilities are very large from June to September. Across all China and the Beijing–
Tianjin–Hebei region there is reduced precipitation from urbanization in July and August,
and the interannual variability in August is very large. This indicates that the amplitude of
August precipitation change greatly varies, and precipitation in this month does increase in
certain years. In the Yangtze River Delta, precipitation increases except in August and
September. In the Pearl River Delta, precipitation decreases from June to August and
increases in most other months, especially during spring and September. The interannual
variability is large in the Yangtze and Pearl River Delta from June through September. In all
sub-regions, August precipitation change from urbanization has a large interannual variabil-
ity. There is no change exceeding the 95 % confidence level in the regions.

3.3 Low cloud cover and surface energy budget

Clouds affect temperature by reflecting solar shortwave radiation and enhancing downward
longwave radiation. Low cloud is important in the surface energy balance. However the
output of WRF includes a 3-dimensional cloud cover on every sigma layer, and low cloud
cover is not a variable in WRF. Referring to the definition of low cloud cover in ERA-
Interim, the fractions of cloud cover on the layer with sigma >0.8 are used to calculate the
low cloud cover. The maximum fractional cloud cover on these layers is defined as the low
cloud cover. Observed low-cloud cover is from European Centre for Medium-Range
Weather Forecasts Reanalysis (ECWMF) Interim (ERA-Interim) data (Dee et al. 2011).
From the spatial distribution of low cloud cover in ERA-Interim data (Fig. 4a and d), low
cloud cover is slight in North China, but substantial in the south, especially in Sichuan and
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Fig. 4 Comparison and change of low cloud cover in summer (top, Unit: fraction) and winter (bottom, Unit:
fraction); a, d: ERA-Interim; b, e: Ctr; c, f: Sen-Ctr
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Yunnan provinces. In contrast to summer, winter has greater cover. The model can reproduce
the basic pattern of low cloud cover, but compared with ERA-Interim data, the simulation is
underestimated in summer in most areas (Fig. 4b and e). From the change of low cloud cover
(Fig. 4c and f), urbanization reduced summer and winter low cloud cover over most of East
China, where most cities are located. However, in West China, with fewer cities, there was
increased cover, which may be caused by perturbation of atmospheric circulations.

The reduced low cloud cover increases incident solar shortwave radiation at the surface,
enhancing urban warming. The increase of incident solar radiation can be seen in Fig. 5.
The balance of energy and radiation is vital in the climate system. Urbanization mainly acts
to change the surface energy balance to influence regional and local climates and envi-
ronment. Figure 5 shows the changes of annual regional average surface energy fluxes
caused by urbanization. Error bars represent the 95 % confidence interval of estimated 10-
year average flux change. Surface latent heat flux and upwelling shortwave radiation
decrease, and almost all other energy fluxes increase. With urbanization, city buildings
trap more solar radiation because of multiple reflections, absorbed solar radiation increases
and surface albedo declines. Because the surface changes from that of a nonurban area to a
waterproof one mostly made of cement, available moisture decreases greatly and latent
heat flux diminishes. Meanwhile, AHR is added to the surface as sensible heat. With such
a sensible heat increase, surface temperature increases and other energy components adjust
correspondingly, to reach a new energy balance. With the increased temperature, upward
and downward longwave radiation increase. Although a decrease in low warmer clouds
would decreases downward longwave radiation, but the simulated downward longwave
radiation increases, this should be caused by the increase of lower atmospheric tempera-
tures. Compared to the temperature and precipitation, the confidence intervals of the flux
changes are small, and it also means the interannual variabilities are small. The interannual
variability of surface downward solar radiation change is relatively larger than the other
surface flux changes.

3.4 Circulation and East Asian monsoon index

In metropolitan areas, the urban canopy increases surface roughness, which strengthens
vertical dynamic and thermal turbulence exchange while reducing wind speed. Urban
warming intensifies vertical motion and convective activity, and generates local circulations.
Therefore, large-scale urbanization may affect regional circulations to some extent.
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bars represent the 95 % confidence interval of estimated 10-year average flux change. DS: downward shortwave,
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518 Climatic Change (2015) 129:511–523



Asian summer monsoon circulations, characterized by upper-air northeasterly and low-level
southwesterly winds, are closely related to an atmospheric heat source induced by differential
heating between land and ocean (Kim and Wang 2011). Southwesterly winds prevail at
850 hPa during the East Asian summer monsoon, and northwesterly winds prevail in winter
(Fig. 6a and b). Urbanization increased the summer wind in South China, but this wind
decreased from 28°N to 40°N in East China (Fig. 6c). This may result in reduced northward
water vapor transport. The combined effect of this reduction and decreased local available
moisture is the main reason for the precipitation decline in northern city agglomerations.
From Fig. 6d, we see that urbanization weakens winter wind in most of East China. This can
diminish southward cold airflow, thereby strengthening urban warming to some degree.

Along longitude 115°E, upwellingmovement is dominant in south of 35°N in summer (Fig. 7a).
At low levels (below 600 hPa), airflow is southerly, opposite to that at high levels (above 300 hPa).
After urbanization, updrafts near 26°N, 30°N, and 38°N are clearly invigorated (Fig. 7c). These
locations basically correspond to the three urban agglomeration areas. Meanwhile, surrounding
these areas, updrafts are weakened. Although upward motion is intensified by urbanization over the
urban areas, no more precipitation is generated because of the lack of water vapor supply.

(a) (b)

(c) (d)

Fig. 6 850 hPa circulation of control run in summer (a) and winter (b), plus its summer (c) and winter (d)
change caused by urbanization. Shading represents wind speed and its change (Unit: m/s)
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In winter, downdrafts are dominant in most areas (Fig. 7b). There is only weak updraft
below 900 hPa in most areas. After urbanization, downdrafts are weakened or updrafts
strengthened in most areas, especially near 30°N and 38°N (Fig. 7d).

Although the urbanization mainly influences the climate and environment on local and
regional scales, it is likely that large-scale urbanization will have a certain impact on the East
Asian monsoon. To quantitatively investigate this impact, we analyze an East Asian monsoon
index. Investigators have defined numerous indices for East Asian Summer Monsoon (EASM)
strength, using circulation parameters instead of rainfall. This is due in part to complex rainfall
structures and a preference toward using large-scale winds to define the broad-scale monsoon.
In this study, according to present spatial patterns of East Asian monsoon configuration and
limitations of the simulation domain, we used regionally averaged 850 hPa mean meridional
wind speeds in winter and summer within 20°–40°N and 105°–125°E to measure large-scale
intensity of the East Asian winter and summer monsoons (Wang 2002).

Figure 8 shows interannual variation of the East Asian summer and winter monsoon index
during 2000–2009, including a comparison among the control run, NCEP-FNL and ERA-
Interim, and change of monsoon index from urbanization. Because of forcing from the NCEP-
FNL large-scale circulation, the model can better simulate the interannual variation of East
Asian summer and winter monsoon index relative to NCEP-FNL and ERA-Interim. However,
the simulated amplitude of index variation is larger than that observed (Fig. 8a and b). The
correlation coeffecient of summermonsoon index between simulation and ERA-Interim is 0.80,
and correlation of the winter index reached 0.91.

P
re

ss
ur

e(
hP

a)

0.5m/s

20N 25N 30N 35N 40N
1000

900

800

700

600

500

400

300

200

100

0.2 0.15 0.1 0.05 0 0.05 0.1 0.15 0.2

P
re

ss
ur

e(
hP

a)

10m/s

20N 25N 30N 35N 40N
1000

900

800

700

600

500

400

300

200

100

2.5 2 1.5 1 0.5 0 0.5 1 1.5 2 2.5

P
re

ss
ur

e(
hP

a)

10m/s

20N 25N 30N 35N 40N
1000

900

800

700

600

500

400

300

200

100

2.5 2 1.5 1 0.5 0 0.5 1 1.5 2 2.5

P
re

ss
ur

e(
hP

a)

1m/s

20N 25N 30N 35N 40N
1000

900

800

700

600

500

400

300

200

100

0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4

(a) (b)

(c) (d)
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The East Asian summer monsoon index increased after urbanization, except in 2002 and
2007 (Fig. 8c). The greatest changes were in 2006. From Fig. 6c, the summer wind
decreased from 28°N to 40°N in East China. For calculating the monsoon index, we used
meridional wind speeds at 850 hPa between 20°–40°N and 105°–125°E. In this region, there
is a large area of increased summer wind to the east of 118°E. In winter, because the
northerly wind prevails in East Asia, the positive value of monsoon index change causes a
weakened winter monsoon. From Fig. 8d, because of urbanization, the East Asian winter
monsoon is always weakened. The peak value appears in 2007.

Therefore, the intensity of East Asian Monsoon is mainly dominated by the large-scale
circulation, but large-scale urbanization can likely affect it to some extent.

4 Discussion and conclusions

The climate effect of urbanization may be negligible on the global scale, but regional and local
effects caused by urbanization cannot be neglected. In this paper, the long-term effect of
urbanization on regional climate in China, especially on the East Asia monsoon, is investigated
using the WRF model. On the basis of the previous study, the new gridded AHR data and the
new parameterization of AHR are introduced to the WRF model to carry out the 10- year
simulation, so the results can better illustrate the effects of urbanization on regional climate over
China. In light of the calculation of inter-annual variability of urbanization effects, the magni-
tudes and ranges of urbanization effects are quantified, and more confident results are obtained.

By comparing with the observation, the WRF model has the capacity to simulate the
interannual variation of regional climate in China.

After urbanization, surface albedo, surface available moisture, latent heat flux, and low
cloud cover decrease. These factors all favor urban warming. The reduced low cloud cover
does so by amplifying incident solar shortwave radiation at the surface. Over the urban
agglomerations, the urbanization mainly results in the reduced precipitation from July to
September, and precipitation change in August has a large interannual variability.

The urbanization weakens the 850 hPa summer wind from 28°N to 40°N in East China.
The combined effect of decreased northward water vapor transport and decreased local
available moisture is the main reason for precipitation reduction in the urban agglomerations.
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Fig. 8 Interannual variation of East Asian monsoon index of ERA-Interim, NCEP-FNL and control run in
summer (a) and winter (b), plus its summer (c) and winter (d) change caused by urbanization during 2000–
2009 (Unit: m/s)
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Although upward motion is strengthened by urbanization, no more precipitation is produced
because of the lack of water vapor supply.

Intensity of the East Asian monsoon is dominated by the large-scale circulation back-
ground, but large-scale urbanization will likely affect it to some degree. The East Asian
summer monsoon index increased slightly with urbanization, but the winter monsoon was
always weakened.

However, because of the complexity of the problem, uncertainties in parameterization of
physical processes and forcing data in the model, uncertainties likely remain in the simula-
tion results. The influence of aerosols on climate was not considered in the paper. Future
work should estimate the effect of pollutant emissions on urban regional climate change. In
view of physically-based sensitivity, ensemble simulations may be an efficient approach to
reduce the uncertainties. In addition, the improvements of forcing data including AHR and
physical process fitting for China are all-important factors for reducing the uncertainties.
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