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China has experienced rapid urbanization since 1978, and the dramatic change in land cover is expected to have significant impacts
on the climate change. Some models have been used to simulate the relationship between land use and land cover change and
climate change; however, there is still no sufficient evidence for the impacts of urbanization on the regional climate. This study
aims to identify the impact of urban land use change on regional temperature and precipitation in summer in the Beijing-TianjinTangshan Metropolitan area during 2030–2040 based on the analysis of the simulation results of WRF model. Firstly, we analyzed
the land use change and climate change during 1995–2005 in the study area. The impacts of future urbanization on regional climate
change were then simulated. The results indicate that urbanization in this area has affected the regional climate and has the potential
to increase temperature and precipitation in the summer of 2030–2040. These research results can offer decision-making support
information related to future planning strategies in urban environments in consideration of regional climate change.

1. Introduction
More than 50% of the world’s people live in cities, and the
urban population is growing at a much faster rate than the
Earth’s population as a whole and by larger annual increments
than ever before [1]. It is expected that 61% of the world’s
population will reside in urban settlements in 2030 [2], and
China’s current plan is to make the proportion of urban
population reach 67% in 2030, shifting 280 million people to
cities within two decades [3]. Some studies have shown that
the population size of China will reach the peak around 2030–
2040 and thereafter decline gradually, shifting from the low
growth phase to a negative growth phase. The climate system
involves the land surface, atmosphere, oceans and other water
bodies, the cryosphere and the biosphere, and urbanization
which is one of the most important human activities that

influence the climate system [4]. Urban climates are warmer
and more polluted than their rural counterparts [5]. These
differences are partly due to the urban expansion, which
usually removes and replaces crops and natural vegetation
with nonevaporating and nontranspiring surfaces such as
metal, asphalt and concrete [6]. There is generally low land
surface albedo, vegetative cover, and moisture availability
in urban areas. These factors, along with the presence of
high levels of anthropogenic heating, are associated with the
phenomenon known as the urban heat island (UHI), which
describes the difference in ambient air temperature between
an urban area and its surrounding rural area [5]. UHI often
occurs when a large fraction of the natural land cover in an
area is replaced by the built surfaces that absorb the incoming
solar radiation during the day and then reradiate it at night
[7, 8]. UHI has been the most intensively studied climatic
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feature of cities and has been quantified by calculating air or
surface temperature differences between urban and nearby
rural areas [9–12].
A number of studies have indicated that there is some
relationship between urbanization and climate change. For
example, Bornstein found that there is less intense and
less frequent urban surface temperature inversion in New
York City than in the surrounding nonurban regions [13].
The research of Kalnay and Cai suggested that half of the
observed decrease in the diurnal temperature was due to
urban expansion and other land use changes [14]. Sertel
et al. indicated that urbanization increased the average
temperature in Turkey according to the results of simulation
with the Weather Research and Forecasting (WRF) regional
climate model [15]. In fact, the WRF model has been widely
used in previous researches that focus on the impacts of
future urbanization on climate change [16, 17]. What is more,
urbanization can also influence the regional precipitation
[18]. For instance, Huff and Vogel and Vogel and Huff found
that the urban surface was the main factor affecting the spatial
and temporal pattern and the intensity of short-term rainfall
in St. Louis, MO, USA [19, 20]. Shepherd et al. showed that the
rainfall was modified by major urban areas according to the
observation data from space-borne rain radar on the TRMMsatellite [21]. Many modeling studies have also indicated that
the urbanization increased the surface convergence on the
leeward side of the urban region and consequently led to
increased precipitation [22–24]. For example, Rozoff et al.
and Heever et al. showed that urban-enhanced aerosols could
exert significant influence on the dynamics, microphysics,
and precipitation once convection was initiated, and the
impacts of urban aerosols on the downwind storms decrease
with the background aerosol concentration [24, 25].
Previous researches have analyzed the effects of the urban
land surface change at the microscale; however, it is also
necessary to study how both the past and future urbanizations
might affect the weather and climate. In particular, it is very
necessary to analyze how these effects can extend beyond the
city, affecting the climate at the regional scale [26]. It is urgent
to develop a metric to quantify how urbanization affects the
regional climate since the neglection of these effects will lead
to inaccurate analysis results of climate change [4]. Besides,
the metropolitan cities in China have shown the “spreading”
and “aggressive” expansion accompanied by regional urban
development and megalopolis formation since the reform
and opening up [27–29], resulting in increasing effects on climate change [30–33]. Beijing-Tianjin-Tangshan Metropolitan
area is the economic center of northern China, and it plays
a strategically important role in the political and economic
development of China as a whole [34]. Therefore, the primary
objectives of this study are (1) to analyze the relationship
between urbanization and climate in the Beijing-TianjinTangshan Metropolitan area during 1995–2005 and (2) to
identify the impact of urbanization on temperature and
precipitation in summer based on the difference between two
scenario simulations during 2030–2040. Section 2 introduces
the study area and the simulation process, which also includes
the data resource. The results and discussions are shown in
Section 3 and Section 4 concludes.
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2. Data and Methodology
2.1. Study Area. The Beijing-Tianjin-Tangshan Metropolitan
area is located in northeast North China Plain between
38∘ 25 –41∘ 5 N and 115∘ 25 –119∘ 25 E. It covers Beijing Municipality, Tianjin Municipality and the cities of Tangshan,
Langfang, and Qinhuangdao (TLQ) of Hebei Province, with
a total area of 55,000 km2 and a resident population of
29,368,600. This region is mainly mountain and plain, and
the hilly area is 1.98 km2 . The area belongs to the continental
monsoon climate. The average annual temperature is between
10∘ C and 12∘ C, with the mean temperature of −1.9∘ C in
January and 26.4∘ C in July. The average annual precipitation
is between 75 and 500 mm with an uneven time distribution,
which mainly occurs during summer with 72% of the total
annual rainfall.
Owing to the superior natural condition and critical
strategic location of the Beijing-Tianjin-Tangshan Metropolitan area, it is defined as the political, cultural, and economic center of China. The National Eleventh Five-Year
Plan concluded the development of this region. The BeijingTianjin-Tangshan Metropolitan area developed quickly with
high land use intensity, especially in large-scale science and
technology parks, economic zones, industrial parks, and
other new development zones. Thus, the conflict between
rapid city growth and water and soil resources has become
increasingly pronounced [35], and currently it is one of the
most stressed areas for such problems in China.
2.2. Simulation Scheme. The Weather Research and Forecasting (WRF) model based on the Eulerian mass solver was used
in this study to investigate the temperature and precipitation
change driven by the future urban expansion in the study
area. This mesoscale model is a state-of-the-art atmospheric
simulation system based on the Fifth-Generation Penn
State/NCAR Mesoscale Model (MM5) [34], and it has been
widely used in global climate and regional climate research,
and it has achieved good results [36–40].
This study simulated the climate change in the BeijingTianjin-Tangshan Metropolitan area during 2030–2040 based
on two tests with the WRF model. Two simulation tests were
conducted for the summer (June–August) during 2030–2040
(Table 1) with the WRF model under the same condition
except the underlying surface in order to indicate the impact
of urbanization on temperature and precipitation. First, the
underlying surface data of 1992-1993 in the WRF model
was replaced since it cannot exactly reflect the land surface
condition after 2000. The land cover data in 2010 were used
as the underlying surface data for the control test, and the
land cover data in 2030 predicted on the basis of the trend
of social-economic simulation were used for the sensitivity
test. Then, the simulation results of the control test and
sensitivity test were compared, and the effects of urbanization
on the summer temperature and precipitation were finally
examined. The effects of the future urban expansion on the
climate can be explained with 𝐸𝑖 . Consider the following:
𝐸𝑖 = 𝑅𝑖 − 𝑟𝑖 ,

(1)
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Table 1: Schemes of the simulation test.
Test time
Test
Control
2030.01.01–2040.12.31
test
Sensitivity 2030.01.01–2040.12.31
test

Land cover data used in WRF
Land cover data of 2010
Land cover data of 2030

Table 2: Configuration of the physical parameterization schemes in
WRF.
Physical processes
Microphysics scheme
Cumulus scheme
Land surface process
Planetary boundary layer process
Short-wave radiation
Long-wave radiation

Scheme option
Lin et al. [16]
Grell-Devenyi ensemble
Noah land surface model
YSU scheme
CAM scheme
CAM scheme

Model output of the RCP 6.0 such as air temperature, specific
humidity, sea level pressure, eastward wind, northward wind,
and geopotential height from 2010 to 2040 was used as the
atmospheric forcing dataset of the WRF model.
Urban land use data, which were extracted from Landsat
TM images in 1995 and Landsat ETM images from the ChinaBrazil Earth Resources satellite (CBERS) in 2005 [42, 43], was
acquired from the data center of the Chinese Academy of
Sciences. The land use change during 1995 to 2005 has been
described in Table 3. The predicted land use and land cover
data in 2030 were derived from the database of Representative
Concentration Pathway (RCP 6.0). The new urban area pixels
during 2010–2030 derived from RCP 6.0 were overlaid to
the map of baseline underlying surface; then the underlying
surface data in 2030 was transformed to grid data of 30 km ∗
30 km of USGS data by resampling.

3. Results and Discussion
where 𝑖 refers to the precipitation and temperature, 𝐸𝑖 is the
effect of the future urbanization on the climate, 𝑅𝑖 is the result
of the simulation with the predicted underlying surface, and
𝑟𝑖 is the result of the simulation with the baseline underlying
surface.
The parameterization schemes in this study are listed in
Table 2. The Grell-Devenyi ensemble scheme was adopted
in the cumulus parameterization scheme, with YSU being
the boundary layer process scheme, and the CAM scheme
being both long-wave radiation and short-wave radiation
schemes, while the land surface process scheme was the
Noah land surface model. The boundary buffer was set to
be 4 layers of grid points, and the relaxation scheme was
adopted in the boundary conditions. The time interval of the
model integration was set to be 5 minutes and that of the
radiation process and cumulus convection was 30 minutes
and 5 minutes, respectively. There were 27 layers in the
vertical direction, and the atmospheric pressure at the top
layer was 50 hPa.
The lateral boundary forcing data was from the National
Centers for Environmental Predictions (NCEP) operational
Global Final (FNL) Analyses (NCEP/FNL) and was updated
every 6 hours. The dataset was established on the basis of
the assimilation of almost all kinds of observational data
(e.g., remote sensing data and ground-based observation
data) with a spatial resolution of 1∘ × 1∘ gird and a vertical
height of 27 layers, and it has been updated to the present
time since July, 1999. Compared with the dataset of NCEP
I, NCEP II, and EAR40, the NCEP/FNL not only has the
higher accuracy and spatial resolution but also involves
more kinds of environmental variables. The data of future
force filed were from the fifth phase of the Coupled Model
Intercomparison Project (CMIP5) which produces a state-ofthe-art multimodel dataset. The model output analyzed by
researches forms the basis for the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [41], and
two time scales of projections of future climate change are
provided. The first one is the near term (out to about 2035),
and the other one is the long term (out to 2100 and beyond).

3.1. Spatiotemporal Pattern of Urban Expansion since 1995.
The urban expansion is one of the key characteristics of land
use change in the Beijing-Tianjin-Tangshan Metropolitan
area from 1995 to 2005, the spatiotemporal pattern of which
was analyzed according to the remote sensing data (Table 3).
During 1995 and 2005, the total area of cultivated land and
forests decreased by 0.98% and 2.15%, respectively, while
the urban land area increased by 3.34%, with an average
annual rate of 0.33%. Urban expansion is the main driving
factor of the shrinkage of cultivated land and forests. The
center of urban expansion has shifted from Beijing megacity to the periphery cities such as Tianjin and Tangshan
due to the regional development strategies and populationresource-environment pressures [34]. The socioeconomic
development and geographical factors, such as the population
growth, policy, and economic development, all affect the
urban expansion and subsequent landscape changes.
3.2. Spatiotemporal Change of the Temperature and Precipitation in the Beijing-Tianjin-Tangshan Metropolitan Area
during 1995–2005. There was slight temperature change in
the Beijing-Tianjin-Tangshan Metropolitan area from 1995
to 2005 (Figure 1). Overall, the temperature showed an
increasing trend in most parts of the study area, especially
around metropolitan Beijing and in the costal metropolitan
area of Tianjin and Tangshan, with an average increasing
rate of 0.023∘ C/year. However, the temperature has decreased
to some degree in the northeast and northwest part of the
study area. The regions that converted from other land use
types into cities have shown relatively higher temperature
rise, indicating that the urbanization has some influence on
temperature in the Beijing-Tianjin-Tangshan Metropolitan
area. At the same time, the precipitation showed a rising trend
in metropolitan Tangshan and northeast parts of Beijing
Metropolitan, while it showed a downward trend in the west
and south part of Beijing. According to the results mentioned
above, it can be concluded that the process of urbanization in this region has affected the regional temperature
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Table 3: Land use changes in Beijing-Tianjin-Tangshan Metropolitan area, 1995–2005.

Year/period
Cultivated land (%)
1995
48.48%
2005
47.50%
−0.10%
Change 2005–1996∗

Forestry area (%)
24.59%
22.45%
−0.21%

Grassland (%)
6.32%
6.74%
0.04%

Water area (%)
5.54%
5.08%
−0.05%

Built-up area (%)
14.14%
17.48%
0.33%

Unused land (%)
0.92%
0.76%
−0.02%

Note: ∗ represents the change rate calculated with the following equation: (𝐴2005
− 𝐴1995
)/(10), where 𝐴2005
means the area proportion of land use type 𝑖 in
𝑖
𝑖
𝑖
1995
2005 and 𝐴 𝑖 means the area proportion of land use type 𝑖 in 1995.
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Figure 1: Simulated changes of temperature (a) and precipitation (b) in Beijing-Tianjin-Tangshan Metropolitan area during 1995–2005.

and precipitation to a certain extent in the Beijing-TianjinTangshan Metropolitan area.
3.3. Urban Area Change from 2010 to 2030. There will be
obvious conversion from other land use types to urban area
in Beijing-Tianjin-Tangshan Metropolitan area during 2010–
2030 (Figure 2). The urban area in the study area would continue to increase during 2010–2030, and the newly increased
urban land will mainly be concentrated in the regions around
the downtown of Beijing and Tianjin City. The land use
conversion mainly results from the joint effects of both the
internal factors and external factors such as the terrain, traffic,
and economic factors, behaviors of the government, and
cultural tradition [44]. The land cover data in 2010 and 2030
were put into the WRF model and two separate numerical
tests were carried out, the simulation results of which were
compared, and thereafter the urbanization impacts of urban
expansion on the climate were examined.
3.4. Results of the Numerical Simulation. Figure 3 depicted
the simulated impact of future urban expansion on the average annual temperature in the study area during 2030–2040.

There will be significant warming effects in the summer,
mainly occurring in the downtown and eastern part of Beijing
Metropolitan. The transformation of vegetated land to urban
land results in significant differences of near-surface temperature. As a result, the temperature would increase obviously
in the regions with urban expansion, mainly owning to the
urban heat island effect, which is consistent with the results
of previous researches [16, 45, 46].
The surface temperature is determined with the surface
energy balance equation. Consider the following:
−𝜌𝐿 V (𝑤 𝑞 )sfc + 𝑅𝑛 − 𝑆 − 𝜌𝑐𝑝 𝐶ℎ 𝑢 (𝑇sfc − 𝑇) = 0,

(2)

where the first item refers to the latent heat flux, the second
item refers to the net radiation flux, the third item refers to
the soil heat flux, and the forth item refers to the sensible heat
flux.
Part of the net radiation flux is absorbed by the Earth’s
surface, which further influences the latent heat flux and
sensible heat flux, with the rest being transformed into the soil
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and soil heat flux. The heat transfer in soil complies with the
thermal diffusion equation. Consider the following:
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Figure 3: Projected summer temperature difference of monthly
average temperature between control test and sensitivity test in
Beijing-Tianjin-Tangshan Metropolitan area, 2030–2040.

Figure 2: Conversion from other land use types to urban area in
Beijing-Tianjin-Tangshan Metropolitan area during 2010 to 2030.

𝐶 (Θ)

100

(3)

where 𝑇 is the soil layer temperature, Θ refers to the soil
water content, 𝐶 means the specific heat of soil layer, 𝐾𝑡 is
the thermal conduction system.
There will be many more populations in the new cities,
which will need and consume a lot of heat/power due to their
activities (transportation, air conditioning, and industries),
thus exerting significant impacts on the balance of surface
energy. It has been reported that the surface temperature is
determined by the radiation flux, sensible heat flux, latent
heat flux, specific heat of soil layer, and thermal conduction
system, while the surface temperature also affects the sensible
heat flux and latent heat flux [47, 48]. In the urbanized area,

the surface temperature, which magnifies the sensible heat
flux and the soil heat flux, will rise due to the increase of the
net surface short-wave radiation and decrease of the latent
heat flux. All these changes along with the increase of humaninduced heat emission will lead to the temperature rise [49].
The urban expansion has significant impacts on the
precipitation in the summer during 2030–2040 in the study
area (see Figure 4). In general, there is obvious heterogeneity
of the local precipitation change, and there will be some
precipitation increase in the urban areas, which may be due
to the extended urban boundary and increased secondary
outflow activity. Shepherd also showed that the expansion of
future urban land cover might result in a more expensive area
of rainfall [50]. Urbanization would increase the emission
of atmospheric pollutants, cause the heat island effect, and
lead to the land use change. The volatile air layer can lead
to the thermal convection easily due to the urban heat island
effect, which can increase thermal convection and convective
precipitation. Moreover, buildings of different heights can
not only cause mechanical turbulence but also hinder the
moving slow precipitation system, thus leading to the increase
of precipitation. At the same time, there are intensive human
activities in the urban regions, which lead to the emission
of a large amount of greenhouse gases, aerosol, and other
particulate matters. On the one hand, these materials increase
the condensation nucleus for precipitation; on the other hand,
these materials intensify the urban heat island effect in the
urban regions. Under the condition of sufficient moisture,
there will be more precipitation due to the increased condensation nucleus above the municipal areas and relatively
high underlying surface temperature, which may account for
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Figure 4: Projected summer precipitation difference of monthly
average precipitation between control test and sensitivity test in
Beijing-Tianjin-Tangshan Metropolitan area, 2030–2040.

the increase of precipitation in this region in the summer.
In summary, the hydroclimate will be directly and indirectly
affected by the urban land cover change [51] and the urban
expansion will exert more influence on the local climate as
the urban development continues.

4. Conclusions
The urban climate change results from the interaction
between human activities and local climate change in essence.
The change of underlying surface properties, human-induced
heat emission, and so forth will lead to the difference between
the urban and rural temperature, which will further change
the local climate forcing field and consequently lead to the
redistribution of climate factors such as the wind, cloud,
and precipitation. This study investigated the contribution
of urban land use change to the change of temperature and
precipitation in Beijing-Tianjin-Tangshan Metropolitan area
during 2030–2040 with the WRF model based on the latest
actual urban land cover data from 1995 to 2005.
The impact of urbanization on regional climate change
is a very complex and challenging problem, and it is still
necessary to carry out more in-depth research since there
are still some uncertainties in the results of this study. For
example, more efforts should be made to more comprehensively investigate the contribution of urbanization to the
change in the annual temperature and precipitation, extreme
climate, latent heat flux at the land surface, wave flux at
ground surface, and so forth. Meanwhile, it is necessary to
carry out further research on how to quantitatively measure
the inner link between the urban development and climate

factors and how this inner link will change as the climate
factors change. For instance, this study demonstrates that
the urban expansion was the most significant land use and
land cover change in the study area during 1995–2005, which
influenced the regional temperature and precipitation to
some degree. There was an obvious warming effect in the
urbanized regions and their surrounding regions, where the
precipitation amount also increased to some degree. The
urban area in this region would increase continuously, and
the urban expansion leads to the continual rise of local
temperature and will make the precipitation in summer show
an increasing trend during 2030–2040. These changes were all
due to the complex interactions between the land surface and
urban process.
The results of this study indicate that the anthropogenic
land cover change has significant impacts on the regional
climate of the Beijing-Tianjin-Tangshan Metropolitan area,
which can provide scientific reference for the optimization of
the future land use in consideration of the regional climate
change. The government can take some useful measures
according to the result of this study to mitigate the climate
change. For example, it is necessary for the government to
increase the proportion of the urban green land in the urban
land use planning and Consider the urban forests as an
important component of the ecological infrastructure to promote the ability of cities to adapt to climate change since the
urbanization will continue. Besides, it is urgent to regulate the
balance between supply and demand of water resources and
reinforce the ability of cities to cope with the flood damage
since the future climate change may decrease the stability of
the water supply system and consequently threaten the water
supply safety in the water sources of the Beijing-TianjinTangshan Metropolitan area. For example, the government
should adjust the design standards of infrastructures such
as the water reservoirs, flood control facilities, and drainage
systems and integrate the water drainage function of the
rainwater collection system and natural landscapes in order
to improve the ability of cities to cope with rainstorms. In
addition, it is necessary to implement the retreat plans in
the regions susceptible to floods or set these regions as parks
so as to reduce the loss from floods to the smallest extent.
Meanwhile, it is urgent to improve the ability to monitor,
forecast, and cope with the extreme weather events.
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