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ABSTRACT

Together with economic development and accelerated urbanization, the urban population in China has

been increasing rapidly, and anthropogenic heat released by large-scale energy consumption in cities is

expected to be a vital factor affecting the climate. In this paper, the Weather Research and Forecasting

(WRF) model coupled with the Urban Canopy Model (UCM) is employed to simulate the regional impacts

on climate under the two scenarios: the underlying surface changes due to urbanization (USCU) and an-

thropogenic heat release (AHR). Three experiments were performed from December 2006 to December

2008. With respect to the USCU, the surface albedo and the available surface soil water decrease markedly.

With the inclusion of AHR, the two scenarios give rise to increased surface temperatures over most areas of

China. Especially in the urban agglomeration area of the Yangtze River delta, the combination of USCU and

AHR could result in an increase of 28C in the surface air temperature. The influence of AHR on surface air

temperature in winter is greater than the influence of USCU without considering any extra sources of heat,

but the opposite is found in summer. The combination of USCU and AHR leads to changes in the surface

energy budget. They both increase sensible heat flux, but USCU decreases latent heat flux significantly, and

AHR increases latent heat flux slightly. Nevertheless, under the influence of these two scenarios, the pre-

cipitation increases in some areas, especially in the Beijing–Tianjin–Hebei region, while it decreases in other

areas, most notably the Yangtze River delta.

1. Introduction

Greenhouse gas emissions are considered to be the

main cause of climate warming (Core Writing Team

2007). However, large-scale urbanization has developed

rapidly in recent decades. The underlying surface changes

due to urbanization (USCU) thereby change the thermal

and dynamical properties of land surfaces. Meanwhile,

massive urban energy consumption directly releases heat

into atmosphere. The USCU and the anthropogenic heat

release (AHR) associated with human social and eco-

nomic activities have been recognized as important fac-

tors that have serious impacts on climate and environment

at local and regional scales.

The world’s population has become increasingly ur-

banized. In the year 2000, 45% of the world’s population

lived in urban areas, with an even greater fraction of

75% inmore developed countries. According to the data
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provided by the Population Reference Bureau (2010),

half of the earth’s population is composed of city

dwellers; most of this additional urbanization occurs in

developing countries. The expansion of urban areas and

increased urban activities have serious impacts on urban

environments. These impacts are mainly represented by

anthropogenic heat emission and massive changes of

land cover (Ichinose et al. 1999). There are many pre-

vious works referring to the impact of urban activities

(Oke 1995; Li et al. 2004; Roth 2007).

Previous modeling studies of the urban heat island

(UHI) effect mainly focus on the city scale. Based on

a modified version of the fifth-generation Pennsylvania

State University–National Center for Atmospheric Re-

search Mesoscale Model (MM5), numerical simula-

tions were performed for an extended area of Greece.

A strengthening of the nocturnal urban heat island and

a decrease in turbulence and fluxes during the daytime

appeared in the urban areas (Dandou et al. 2005). The

amplitude of the urban heat island at Barrow, Alaska,

was most pronounced in winter months, with temper-

atures in urban areas averaging 28C warmer than in

the surrounding tundra and occasionally exceeding

68C (Hinkel and Nelson 2007). The Community Land

Model, in which an urban parameterization is designed

to represent the urban energy balance, was employed

to simulate the UHI effect in Mexico City, Mexico, and

Vancouver, British Columbia, Canada. The results in-

dicated that the daily minimum temperatures increased

more than daily maximum temperatures in urban areas

(Oleson et al. 2008). The expansion of urban areas caused

a series of changes, including increases in the sensible

heat fluxes and urban temperatures, a decrease in evap-

oration, and even time-specific variations in regional at-

mospheric stratification stability (Jiang et al. 2009; Zhang

et al. 2009).

Waste heat produced by human activities is one con-

tributor to urban heat islands, and it is likely that an-

thropogenic heat sources will play an important role in

achieving an urban surface energy balance in the future

(Allen et al. 2010). The anthropogenic heat flux varies

spatially and temporally. Under certain conditions, it

can exceed the energy receipt from net all-wave radia-

tion (Lee et al. 2009). As suggested by Sailor (2011),

energy consumption in the urban environment impacts

the urban surface energy budget and leads to the emis-

sion of anthropogenic sensible heat and moisture into

the atmosphere. Meanwhile, the author provides a his-

torical perspective on the development of models of

energy consumption in the urban environment and the

associated anthropogenic impacts on the urban energy

balance. In many urban areas, a positive feedback cycle

has developed, whereby higher temperatures result from

greater amounts of energy used for air cooling. This in

turn adds to the total heat emissions into the atmosphere,

and air temperature is further increased (Crutzen 2004).

The results of an investigation into the influence of AHR

on atmospheric temperature in a Japanese megacity

(Keihanshin district) indicated that the quantity of heat

released was lower at night than during the day, but the

extent of the nocturnal temperature increase was nearly

threefold greater (Narumi et al. 2009).

Some reports describe AHR and its climate effect on the

regional scale and the urban agglomeration scale. Pigeon

et al. (2007) investigated the AHR in the European ag-

glomeration of Toulouse in France. They found that ve-

hicle traffic was the major source of the AHR during

summer. During winter, the AHR reached 100 W m22

in the densest areas, whereas it ranged between 5 and

25 W m22 in suburban areas. Block et al. (2004) inves-

tigated the principal effect of AHR on regional climate

conditions in central Europe. The results revealed that

temperature effects not only depended on the amount of

added heat but also on orographic factors.

Recently, several correlated works also focused on the

global scale. Judging from the model simulations of

the large-scale urban consumption of energy (LUCY),

the global mean urban AHR had a diurnal range of 0.7–

3.6 W m22 and was greater on weekdays than during

weekends. The heat released from buildings was the

largest contributor (89%–96%) to heat emissions glob-

ally (Allen et al. 2010). Equilibrium climate experiments

by GCMs using developed present and future global

inventories of anthropogenic heat flux and parameteri-

zations derived for seasonal and diurnal flux cycles show

statistically significant continental-scale surface warm-

ing (0.48–0.98C) produced by one 2100 AHR scenario

(Flanner 2009).

All of these reports point to the importance of an-

thropogenic heat emissions in the urban environment.

At present, the numerical simulations of the effects of

AHR and USCU on temperature or other meteoro-

logical factors mainly focus on a single city or smaller

spatial scales, and their time scales aremostly restricted

to seasonal changes or even diurnal changes. There are

few simulation studies that address the effect of AHR

on climate on a regional scale. Therefore, in this paper,

the WRF model coupled with UCM is employed to

study the climate effects of the underlying surface

changes due to urbanization and the anthropogenic heat

release in China on regional and urban agglomeration

scales. A description of the model and the details of the

experiments are presented in section 2. The results from

the climate simulation experiments are presented in

section 3. Discussions and conclusions are provided in

section 4.

7188 JOURNAL OF CL IMATE VOLUME 25



2. Model details and designs of the experiments

The regional meteorological model used in this study

is the Weather Research and Forecasting (WRF) model

with Advanced Research WRF (ARW) dynamic core

version 3.1 (Skamarock et al. 2008). In terms of physical

options, we use the WRF single-moment three-class

scheme (WSM3)microphysical parameterization (Hong

et al. 2004), the new Kain–Fritsch convective parame-

terization (Kain 2004), the Dudhia shortwave radiation

(Dudhia 1989) and Rapid Radiative Transfer Model

(RRTM) longwave radiation (Mlawer et al. 1997), the

Yonsei University (YSU) planetary boundary layer

(PBL) scheme (Hong et al. 2006), and the Noah land

surface model (Chen and Dudhia 2001; Ek et al. 2003)

with the Urban Canopy Model (UCM) (Kusaka et al.

2001; Kusaka and Kimura 2004).

Initial and boundary conditions (ICBCs) for the large-

scale atmospheric fields, sea surface temperature (SST),

and initial soil parameters (i.e., soil water, moisture, and

temperature) are given by the 18 3 18 NCEP Global

Final Analysis (FNL) 6-h data. The model domain is

centered at 378N, 102.58E, with 175 3 151 horizontal

grid points and a resolution of 30 km. The Lambert

conformal conic projection is used for the model hori-

zontal coordinates, with the standard parallel at 1058E.
With respect to the vertical coordinates, 28 terrain-

following eta levels from the surface to 50 mb are used.

The simulation period is from 1 December 2006 to

31 December 2008. The model outputs results every 6 h.

These results are averaged into daily data, which are then

used to obtain the monthly averages for analyses.

Experimental design schemes are shown in Table 1,

and three experiments are included. The first experi-

ment is the control run (Ctr); it uses U.S. Geological

Survey (USGS) 24-category data, but all of the urban

types are replaced by nearby vegetation types according

to the nearest-neighbor interpolation method, and no

AHR is included. The second and third experiments are

the sensitivity runs carried out by WRF coupled with

UCM using the USGS 33-category dataset, where the

urban category is divided into industrial/commercial,

high-intensity residential, and low-intensity residential

categories. The first sensitivity experiment (S1) treats

three different urban types without considering AHR.

The second sensitivity experiment (S2) is based on the

S1 with AHR added. For each experiment, the corre-

sponding model parameters and settings are selected

based on its respective urban categories.

Generally, simulations for high-resolution urban

areas require more accurate urban classifications based

on actual internal urban layouts. However, in this study,

because of the large simulation region, the horizontal

resolution of 30 km is not adequate to describe many

cities. Meanwhile, in the Noah land surface model

(LSM), the method that calculates the physical param-

eters of land surfaces according to the percentage of

land cover over each grid cell is not supported. Rather,

a semivirtualization method is adopted, such that if the

urban area in a grid cell reaches a certain threshold, the

grid is then assigned an urban type. In this study, to

demonstrate the urban effect on climate and include

more cities as much as possible, the threshold value is set

to 36 km2 (i.e., an urban fraction of 4% in a grid cell).

This threshold value may appear loose compared to the

area of one grid cell, but it is still valuable for simulating

the relative effects of USCU and AHR on the climate at

a regional scale.

The population and energy data for the cities used in

the experiments are taken from the annual total statis-

tics included in the 2008 versions of the China Energy

Statistical Yearbook and China City Statistical Yearbook

(China Statistics Press 2008a,b). The data for the pop-

ulations and areas of the cities used in this paper include

more than 600 cities in China. The data on energy con-

sumption focus on various energy sources, including

coal, oil, and natural gas. These data are also obtained

for more than 600 cities in 2008. According to the cal-

orific values and utilization efficiency of each kind of

energy, the annual mean anthropogenic heat release of

each city is calculated, and then combined with the

number for the urban population. Cities are then di-

vided into three types: industrial/commercial and high-

and low-density residential. Cities with populations

larger than 1.5 million and AHRs larger than 40 W m22

would be treated as industrial/commercial, and cities

with populations smaller than 0.5 million and AHRs

smaller than 15 W m22 are treated as low-density resi-

dential. The rest of the cities are treated as high-density

residential (Fig. 1a).

In current version of the WRF/UCM ensemble, each

urban type can only accept one AHR value, but the

AHR can have a prescribed diurnal change for three

urban categories. The diurnal AHR profiles in summer

and winter are likely different. However, in the study,

only annual mean energy consumption data were col-

lected; thus the calculation of the AHR is based on the

annual average data, so the AHR profiles for summer

TABLE 1. Experimental design.

Cases Urban canopy Land use categories

Anthropogenic

heat release

Ctr No 24 No

S1 Yes 33 No

S2 Yes 33 Yes
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periods and winter periods in the experiments are from

the same data, and the diurnal variation of the AHR is

based on the default diurnal coefficient of the AHR in

the WRF/UCM. Because of the lack of detailed daily

and diurnal energy data, the daily maximal AHR data

are calculated using the annual mean data and the de-

fault diurnal coefficient.

According to the calculated annual meanAHRof each

city, based on the above urban classification method, the

mean AHR values for the three urban types are com-

puted as approximately 50, 28, and 11 W m22. The di-

urnal values at different times are determined by the

coefficients that have peak values at 0800 and 1700 local

time. The values at other times are relatively minor. The

average coefficient is 0.56, and the daily maximal AHR

values for three urban types are 90, 50, and 20 W m22.

At present, there is a lack of parameters suitable for the

urban class of China, so for each urban class, the pa-

rameters stored in the predefined urban table of theWRF

model are used in the experiments. In the WRF/UCM

model, the anthropogenic heat is added in the form of

sensible heat. However, the net radiation and the AHR

can be partitioned to sensible heat and latent heat.

The static data, including the various spatial resolu-

tion terrestrial and USGS land-use data, are provided in

the WRF model. These static data essentially describe

the real terrestrial and land cover characteristics of the

regions of interest. This paper mainly focuses on a com-

parative analysis of the regional climates in two urban

agglomeration regions: Beijing–Tianjin–Hebei and the

Yangtze River delta area.

3. Subregional division and climatic background

The climatic characteristics of different regions are

very diverse, and there are different levels of urban

density in China. Therefore, to research the effects

of climate change caused by USCU and AHR in dif-

ferent areas with different local climates, the cities in

China are divided into five regions based on the den-

sities of the cities (Fig. 1b): Beijing–Tianjin–Hebei, the

Yangtze River delta area, and southern, northwestern,

and northeastern China. Most of the subregions are

located in the plains. However, the northwest is mainly

located in the Loess Plateau and an arid region. The

Yangtze River delta is influenced by strong East Asian

monsoons, which bring rich rainfall and high temper-

atures in the summer. The Beijing–Tianjin–Hebei area

lies in the north of China, which is also influenced by

the monsoon but is drier than the Yangtze River delta.

Both the above-mentioned regions include numerous

developed cities, and they represent two large urban

agglomerations.

In this study, the simulation duration comprises 2007

and 2008. Here, temperature and precipitation data

from the University of East Anglia’s Climatic Research

Unit (CRU) are used to demonstrate the climate during

2007–08 relative to historical averages. Figure 2 shows

the interannual variations of the anomaly of annual

average temperature and precipitation from 1990 to

2009 over the whole of China and the Beijing–Tianjin–

Hebei and Yangtze River delta regions. Figure 2 in-

dicates that the temperature has a high positive anomaly

value in 2007 and an approached historical value in 2008

over all regions. The precipitation has a negative anomaly

value in 2007 and 2008 over the whole of China, but it is

less anomalous in 2007 than in 2008. It approached the

historical value in 2007 over both the Beijing–Tianjin–

Hebei region and the Yangtze River delta region, but it

has a positive anomaly in the Beijing–Tianjin–Hebei re-

gion and a negative anomaly in the Yangtze River delta

region in 2008.

FIG. 1. (a) City classifications (LC is industrial/commercial,MC is high-intensity residential, and SC is low-intensity

residential) and (b) regional divisions (1, northeast China; 2, northwestern China; 3, Beijing–Tianjin–Hebei region;

4, Yangtze River delta region; and 5, southern China).
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4. Results

a. Validation of temperature and precipitation

A comparison was made between the observed data

and the WRF simulation data in the average annual

temperature and average summer precipitation. The

observed temperature is mainly taken from the station

data in China, and the observed precipitation is based on

Tropical Rainfall Measuring Mission (TRMM) data.

The simulation results come from the control run.

The spatial patterns of the observed and simulated

annual average temperatures are shown in Figs. 3a and 3b.

The temperature figures show that the reproduced

temperature distributions are essentially consistent with

the observed distributions, though there are low tem-

perature areas in the Yangtze River delta region. East

China is one of the world’s most highly populated agri-

cultural regions, and it is dominated by the well-known

EastAsianmonsoon.Oneof themost prominent features

of the precipitation is that it is concentrated in summer.

Figures 3c and 3d show the spatial patterns of the ob-

served and simulated summer precipitation over the

modeling domain. In general, the model reproduces well

the spatial distribution of precipitation. The observed

precipitation pattern for June–August (JJA; see Fig. 3c)

is characterized by less precipitation in northern

China and more precipitation in the southern China and

Yangtze River delta regions. For the most part, the re-

produced precipitation data capture the main patterns

and magnitudes (Fig. 3d), though they overestimate the

precipitation in southwestern China.

b. Influence on temperature and surface energy
balance

The surface air temperature and its variations in a

given region are influenced by several factors, such as

incoming shortwave radiation, sensible and latent heat

fluxes at the surface, and advection (Block et al. 2004).

The calculations of the surface air temperatures, as well

as the humidity and near-surface wind speed, are based

on the Monin–Obukhov theory of the atmospheric

boundary layer in the WRF/UCM simulations.

Figure 4 shows the spatial distribution of the surface

air temperatures of the control run and the differences

between the sensitivity run and the control run during

the summer and winter. Figs. 4d and 4h show the spatial

distribution of the control runs in summer and winter,

including the distribution characteristics of the surface

air temperature. Figures 4a and 4e show the differences

between the S1 sensitivity run and the control run, and

they represent the surface temperature changes caused

by USCU throughout China. Figures 4b and 4f show the

temperature differences between the results from the

two sensitivity runs (S2 and S1), revealing the influence

FIG. 2. Interannual variation of (left) annual average temperature (8C) and (right) precipitation (%) for (a),(d) China; (b),(e) Beijing–

Tianjin–Hebei; and (c),(f) Yangtze River delta region.
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of AHR. Figures 3c and 3g show the simulation differ-

ences between the S2 sensitivity run and the control run,

which reflect the total effect of both theUSCUandAHR.

As shown in Fig. 4, after considering the combination of

USCU and AHR, the surface temperature in most re-

gions of China increases during the summer, with an

amplitude of 18C appearing in northern China and the

YangtzeRiver delta. In particular, the temperature in the

Yangtze River delta region increases by 28C. The areas

with added temperature amplitudes above 18C during

winter have somewhat expanded, while no area has an

amplitude greater than 28C. Overall, the effect of USCU

on summer temperatures is quite obvious, while the

contribution of AHR to winter warming is significant.

Judging from the annual average simulation results

(not shown), after considering both the factors, the

temperature increases in most areas of China, especially

in the Yangtze River delta region, where the amplitude

attains 28C.
The regional average temperatures for annual, sum-

mer, and winter changes in China are shown in Table 2.

The results show that the summer temperature is most

affected by USCU, particularly in the Yangtze River

delta region, with an increase of 1.448C; southern China

shows the second-highest impact, and the lowest impact

is in northwestern China. AHR has the greatest impact

on winter temperatures; the most striking change occurs

again in the Yangtze River delta region, with an increase

in amplitude of 1.258C, followed by southern China and

the Beijing–Tianjin–Hebei region. AHR produces the

lowest impact on summer temperature in northeastern

China. After considering the combined effect of USCU

andAHR, the temperature change in the Yangtze River

delta region is the most significant, with an increase in

amplitude of 2.108C during the summer and winter tem-

perature increasing by 1.558C. Summer temperatures in

the Beijing–Tianjin–Hebei region increase by 0.228C,
while winter temperatures increase by 0.638C.
Regarding the regional average effect over thewhole of

China, USCU increases the annual average temperature

by 0.138C. This change is more obvious during summer

than winter. However, the magnitude of the change in

the annual average temperature due to AHR is 0.158C,
and this change ismore evident in winter than in summer.

Overall, the amplitudes of the average annual tempera-

ture change due to USCU and AHR are roughly equal.

The Yangtze River delta has experienced rapid ur-

banization in the last 30 yr and is the largest urban

FIG. 3. Comparison of annual mean temperature (8C) and summer precipitation (mm day21) between observa-

tions and simulations for (a) observed temperature, (b) simulated temperature, (c) observed precipitation, and

(d) simulated precipitation.
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FIG. 4. Temperature of the control run and the temperature differences between the control run and sensitivity

runs for (a)–(d) summer and (e)–(h) winter (8C): (a) S1-Ctr, (b) S2-S1, (c) S2-Ctr, (d) Ctr, (e) S1-Ctr, (f) S2-S1, (g) S2-
Ctr, and (h) Ctr.
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agglomeration in China. In addition, there are large

areas of irrigated cropland in the Yangtze River delta

area. This region is influenced by strong East Asian

monsoon with warm and wet climate characteristics.

The Beijing–Tianjin–Hebei region is located at a higher

latitude and is drier than the Yangtze River delta. It

represents another urban agglomeration in China, but

the density of its cities is lower. For cities with higher

levels of urbanization and more intensive energy use,

the change in regional temperature is significant. The

comprehensive effects of USCU and AHR on the re-

gional temperatures are different for different parts of

China. For example, the increased amplitude of the

temperatures in the Yangtze River delta is higher in

summer than in winter, while the increase in amplitude

in the Beijing–Tianjin–Hebei region is more obvious in

winter than in summer. However, for regions with a low

level of urbanization, such as northwestern China, there

is little change in the temperature.

The monthly changes in temperature due to USCU

and AHR in each region are shown in Fig. 5. As ob-

served from the graph, in China, USCU plays a leading

role in determining the temperatures during spring and

summer; however, in the fall and winter, AHR has the

dominant impact. The temperature curves for theYangtze

River delta region and northeastern and southern China

show a pattern of change similar to that for the regional

average across all of China. In northwesternChina and the

TABLE 2. The regional average temperature change (8C).

Scheme Time period China

Northeastern

China

Northwestern

China Beijing–Tianjin–Hebei

Yangtze River

delta

Southern

China

S1-Ctr Annual 0.13 0.14 0.04 0.10 0.84 0.43

Summer 0.17 0.18 20.05 20.13 1.44 0.55

Winter 0.09 0.09 0.06 0.16 0.30 0.34

S2-S1 Annual 0.15 0.18 0.12 0.36 0.89 0.40

Summer 0.10 20.05 0.21 0.35 0.66 0.19

Winter 0.22 0.34 0.10 0.47 1.25 0.62

S2-Ctr Annual 0.29 0.32 0.16 0.46 1.74 0.83

Summer 0.27 0.13 0.16 0.22 2.10 0.74

Winter 0.30 0.43 0.16 0.63 1.55 0.95

FIG. 5. The monthly temperature change in the 2-yr average under the USCU and AHR scenarios over each region (8C): (a) China, (b)
northeastern China, (c) northwestern China, (d) Beijing–Tianjin–Hebei region, (e) Yangtze River delta region, and (f) southern China.
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Beijing–Tianjin–Hebei region, AHR plays a key role

during most of the year.

As suggested by Arnfield (2003) and Oke (1995), sev-

eral interrelated causes can be invoked to explain the

warmer temperatures observed in urban settings. For

example, the complex three-dimensional urban geometry

exhibits a much rougher surface, disrupting wind patterns

and trapping energy within the urban canopy.

The above results regarding the temperature changes

imply that AHR plays a vital role in urban area heating.

In theWRF/UCMmodel, the AHR is added in the form

of a sensible heat flux. However, from the view of energy

balance, in the urban environment, the equation of

surface energy balance can be expressed as follows:

RN 1QF 5QH 1QE 1DQS .

Unlike in the traditional equation, a term for an-

thropogenic heat QF is included in the left-hand part of

the equation. In the equation,RN is the net radiation flux

at the surface, including solar radiation and longwave

radiation. In addition,QH is the sensible heat flux,QE is

the latent heat flux, and DQS is the net heat storage flux

in the surface layer of the soil and conducted into the soil

layer. In the urban environment, the net heat storage

includes the energy storage within the buildings, the

roads, and the underlying soil. TheAHRcan directly heat

the atmosphere and then increase the surface tempera-

ture and low-level air temperature. When the AHR is

added to the model, as with net radiation, the anthropo-

genic heat QF could be reallocated to the sensible heat,

latent heat, and soil heat.

As is known, the surface albedo is defined as the ratio

of the reflected solar radiation to the total incoming solar

radiation. The surface albedo directly controls the net

solar radiation absorbed at the surface and thus the sur-

face energy balance. In the process of exchanging the flux

within the earth’s land–atmosphere system, the surface

albedo has an impact on the surface radiation and the

energy balance. Figure 6a shows the differences in the

annual average surface albedo for the control run and

the sensitivity runs. Figure 6b, which depicts the control

run, shows that the surface albedo is small in eastern and

southeastern China, but the values are high in northern

and northwestern China. In addition, the figure shows

that USCU reduces the surface albedo value in most

areas; the values decrease markedly in eastern China,

where the distribution of cities is concentrated. Because

the AHR does not directly change the surface properties,

the annual average change of albedo due to AHR is far

smaller than that attributed to USCU (not shown).

Under the USCU, the latent heat flux decreases in

most areas, especially in the Yangtze River delta region,

where the amplitude is 10 W m22. In contrast, the AHR

increases the latent heat flux in most areas, but the

magnitude is small (Fig. 7). Both USCU and AHR in-

crease the sensible heat flux prominently, especially in

the Beijing–Tianjin–Hebei and Yangtze River delta

regions, where the magnitude reaches approximately

20 W m22 (Fig. 8). The sensible heat flux is much more

strongly affected by AHR than by USCU.

The net radiation could be dissipated as sensible heat,

latent heat, and soil heat fluxes. Generally, evaporation is

mainly affected by surface water, wind speed, tempera-

ture, and so on. If considering only the USCU, in the

urbanization processes, the underlying surface changes

from that of a nonurban area to a waterproof surface

mostly made up of cement. USCU decreases the surface

albedo, leading to increased incoming solar radiation at

the urban surface. The impervious and hard urban sur-

face reduces the available surface moisture significantly,

and the increased building height leads to increased sur-

face roughness and a decrease in the near-surface wind,

so the latent heat flux decreases accordingly. Urban

FIG. 6. Annual mean surface albedo of the control run and the differences between the control run and the sensitivity

run: (a) S1-Ctr and (b) Ctr.
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buildings and urban surfaces have higher heat storage

capacities and greater heat transport to deep soil or

building interiors. This heat storage can be released at

night, heating the surface atmosphere.All of these factors

impact the heat flux partitions in urbanized areas, with an

increase in the sensible heat flux and a decrease in the

latent heat flux. Thus, the sensible heat flux is markedly

larger than the latent heat flux over urban areas.

TheAHR is added to theUCM in the form of sensible

heat, but the AHR can also be partitioned to sensible

heat and latent heat through the adjustment of the sur-

face energy balance. Although AHR mainly increases

the sensible heat, because the moisture at the surface is

essentially invariant in the AHR scenario, the increase

in the temperature may cause an increase in the latent

heat flux, though the magnitude is very small relative to

the increase in the sensible heat.

The temperature change results show that the influence

of USCU is greater in summer than in winter in most

urban agglomeration areas, especially in the Yangtze

River delta. Zhang et al. (2010) also suggested a stronger

UHI effect in summer in the Yangtze River delta. This

result could be explained by the following mechanism. In

the surface energy budget, the solar radiation is the main

energy source. The incoming solar radiation has a pro-

nounced seasonal variation. The albedo of most non-

urban surfaces also has a seasonal variation in the WRF/

Noah LSM, but the urban surface albedo is largely in-

variant. The incoming solar radiation is the largest in

summer and the smallest in winter. For the underlying

vegetative surface, the albedo is smaller in summer than

in winter. Based on these factors, the urban surface ab-

sorbs the stronger solar radiation in summermore so than

in winter. Meanwhile, the urban heat storage is greater in

summer than in winter. For vegetative surfaces, the soil is

wet and evapotranspiration is active, making the surface

latent heat flux greater than the sensible heat flux. With

USCU, the available soilmoisture becomes very low. Thus,

the sensible heat flux and ground heat flux increase, and

the surface temperature increases accordingly. In win-

ter, the vegetative cover is lower and the soil is drier than

in summer. The available soil water is sparse, and evapo-

transpiration is weak, such that the sensible heat flux is

greater than the latent heat flux in the surface energy

balance. AlthoughUSCUalso increases the sensible heat

flux and decreases the latent heat flux, the magnitude of

the heat flux change from nonurban to urban areas is

smaller in winter than in summer.

FIG. 7. Annual mean latent heat flux of the control run and the differences between the control run and the sensitivity

runs (W m22): (a) S1-Ctr, (b) S2-S1, (c) S2-Ctr, and (d) Ctr.
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In our study, if only considering the USCU, the sum-

mer temperature over the Beijing–Tianjin–Hebei area

shows only a slight decrease. That is, the urban heat island

effect is not observed if the AHR is not considered in

summer. This is likely associated with the drier nonurban

surface in the Beijing–Tianjin–Hebei area. In addition,

the coarse resolution in the simulations and sparse urban

point in this area might also contribute to a weak UHI

effect.

Compared with the seasonal change in the solar ra-

diation, the AHR is assumed to be stable. In summer,

the shortwave radiation is strong, and thus the influence

of AHR is relatively small. In winter, the shortwave

radiation is weak, and thus the influence of anthropo-

genic heat is relatively large. This is the main reason that

the effect of theAHR is larger in winter than in summer.

c. Influence on precipitation

The spatial distributions of summer precipitation dif-

ferences across different experiments in China are shown

in Fig. 9. When USCU and AHR are taken into consid-

eration, the summer precipitation increases in some areas

and decreases in others, with the most obvious decrease

in the Yangtze River delta region. The change in the

winter precipitation is much smaller than that observed

for the summer precipitation, and it increases slightly in

most regions of China (not shown). Because monsoonal

precipitation inmuch of China is predominant in summer,

the spatial distribution of the annual average precipitation

(not shown) shows that, after accounting for USCU and

AHR, the changes in the annual average precipitation

follow a similar spatial pattern as the changes observed

during the summer. The increase in precipitation in the

Beijing–Tianjin–Hebei region and the decrease in pre-

cipitation in the Yangtze River delta region are both

noteworthy.

Table 3 shows the regional average percentage change

in annual, winter, and summer precipitation in China.

According to the average across China, USCU reduces

precipitation, but there is an opposite effect attributed to

AHR. At the regional level, USCU has the greatest im-

pact on the summer precipitation in the Beijing–Tianjin–

Hebei region, which has an amplitude value of 15.5%,

while it has the least impact on winter precipitation in

northwestern China. AHR increases the annual pre-

cipitation in the Beijing–Tianjin–Hebei region by 6.6%,

while it reduces precipitation in the Yangtze River delta

region by 2.7%. If USCU and AHR are both taken into

account, the summer precipitation in theBeijing–Tianjin–

Hebei region shows the largest percentage change, with

FIG. 8. Annual mean sensible heat flux of the control run and the differences between the control run and the

sensitivity runs (W m22): (a) S1-Ctr, (b) S2-S1, (c) S2-Ctr, and (d) Ctr.
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an amplitude of 26.9%, while the smallest percentage

change is observed in the southern regions.

Figure 10 is similar to Fig. 5, but it includes data for

precipitation. This graph shows that AHR increases

precipitation over China, while USCU reduces preci-

pitation. Similar regional average results are observed in

northeastern and southern China. In the Yangtze River

delta and northwestern China, the combined influence of

both factors plays a leading role during late spring and

summer, but it has little impact on precipitation during

other seasons. In addition, AHR in northwestern China

and the Yangtze River delta region almost has an oppo-

site impact on precipitation. Precipitation in the Beijing–

Tianjin–Hebei region is affected by USCU during

summer and autumn, but in spring,AHR is dominant. So,

in urban areas, such as the densely populated Yangtze

River delta and Beijing–Tianjin–Hebei regions, USCU

has a much greater influence than AHR; meanwhile, in

relatively sparse urban areas,AHRplays the leading role.

The land surface models use atmospheric information

from the surface-layer scheme, radiative forcing from

the radiation scheme, and precipitation forcing from the

microphysics and convective schemes, together with in-

ternal information on the land’s state variables and land

surface properties, to provide heat and moisture fluxes

over land points. Urbanization may influence precipi-

tation by changing the surface albedo, roughness, energy

budgets, and water flows to the local atmosphere. Be-

cause the low-level moisture is one of the most important

factors for UHI-induced precipitation, urbanization leads

to reduced surface evaporation and a deficit of moisture

available for convective precipitation formation. On the

other hand, UHI can strengthen the vertical movement

and convective activity, produce local circulation, and

increase the convective available potential energy. In

addition, changes in precipitation due to UHIs may be

related to the interaction between the seasonal pre-

vailing wind and the temperature gradient. The UCSU

and AHR can change the partition of sensible heat and

latent heat, and the heat impacts the precipitation.

Therefore, it is difficult to give a clear mechanism for

the impact of urbanization on precipitation because of

the complexity of the system. Kaufmann et al. (2007)

suggested there is no causal relationship between ur-

banization and precipitation during the summer. Summer

coincides with the rainy season, when the East Asian

monsoon has a dominant effect at spatial scales far be-

yond urban areas. As such, the magnitude of this effect

FIG. 9. Summer precipitation of the control run and the differences between the control run and sensitivity runs

(mm day21): (a) S1-Ctr, (b) S2-S1, (c) S2-Ctr, and (d) Ctr.
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may overwhelm local urban impacts. The relationship

between urbanization and precipitation may vary by

location.

The turbulent activity in the boundary layer and

the convection are weaker in winter than in summer.

Although the magnitude of temperature increase attrib-

uted to AHR in winter is larger than in summer, the im-

pacts of AHR andUSCUon temperature and wind speed

are mainly limited below 800 hPa in winter (Fig. 11). In

the USCU scenario, the decreases in near-surface wind

speeds are clear in both winter and summer. However, in

summer, temperature effects and wind speed effects can

attain higher levels. Based on these points, the precipitation

effects of USCU and AHR are weaker in winter than

summer.

d. Comparison of the results from 2007 and 2008

In the above analysis, the results from both years

averaged together are analyzed. In fact, the climatic

background is different between 2007 and 2008, so further

comparison of the temperature and precipitation changes

due to USCU and AHR in each year is necessary.

Tables 4 and 5 show the regional average annual tem-

perature and precipitation changes due to USCU and

AHR in 2007 and 2008, respectively. In 2007 and 2008,

the USCU and AHR increase the temperature in all

TABLE 3. The regional average precipitation change (%).

Schemes Time period China

Northeastern

China

Northwestern

China Beijing-Tianjin-Hebei

Yangtze River

delta

Southern

China

S1-Ctr Annual 21.1 23.5 1.7 9.4 1.1 22.1

Summer 21.5 20.7 3.7 15.5 21.1 22.5

Winter 20.6 25.1 0.5 21.6 2.3 20.9

S2-S1 Annual 1.8 11.8 2.4 6.6 22.7 4.1

Summer 1.3 23.5 1.1 9.9 24.6 3.1

Winter 1.6 22.2 5.6 2.2 2.9 0.1

S2-Ctr Annual 0.7 7.9 4.0 16.7 21.7 1.9

Summer 20.2 22.7 4.8 26.9 25.7 0.5

Winter 1.0 27.2 6.1 0.6 5.2 20.8

FIG. 10. The monthly precipitation change in the 2-yr average under the USCU and AHR scenario over each region (mm day21):

(a) China, (b) northeastern China, (c) northwestern China, (d) Beijing–Tianjin–Hebei region, (e) Yangtze River delta region, and

(f) southern China.
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regions. The USCU and AHR increase the precipitation

in 2007 and 2008 in theBeijing–Tianjin–Hebei region, but

the situation is more complicated in the Yangtze River

delta region. In the Yangtze River delta region, USCU

decreases the precipitation in 2007 and increases it in

2008, while AHR increases precipitation in 2007 and

decreases it in 2008. For the average of 2007 and 2008, the

combined impact of USCU andAHR is a decrease in the

precipitation in the Yangtze River delta region.

Figures 12 and 13 show the monthly temperature and

precipitation changes during 2007 and 2008, respectively.

In total, the patterns ofmonthly temperature changes due

to USCU and AHR are similar between 2007 and 2008.

Both USCU and AHR increase the temperature in all

months over the whole of China and in theYangtzeRiver

delta region. However, USCU shows more influence in

the decreasing temperatures during late summer in 2008

than that in 2007 in the Beijing–Tianjin–Hebei region.

The agreement for the monthly precipitation change

between 2007 and 2008 is weaker than that for the tem-

perature. Over the whole of China, the USCU has little

impact on the precipitation in 2007, but it decreased the

precipitation in 2008, especially in the summer. In the

Beijing–Tianjin–Hebei region, the USCU and AHR al-

most increased the precipitation in 2007 and 2008. In the

Yangtze River delta region, there is a clear difference

in the monthly precipitation change due to USCU and

AHR between 2007 and 2008, and the magnitude of the

precipitation change is larger in 2008 than in 2007. In

a year with a strong monsoon, due to the control of large-

scale circulation, the climate effect due to urbanization

may be relatively weak. Contrarily, in a year with a weak

monsoon, the climate effect due to urbanization may

be relatively strong. The Yangtze River delta region is

strongly controlled by the East Asianmonsoon, and from

the observed interannual variation of precipitation, 2008

is a yearwith aweakmonsoon. Thismay be amain reason

for the large differences observed in the precipitation

changes due to USCU andAHR between 2007 and 2008.

5. Discussions and conclusions

This paper has assessed the impact of USCU and

AHR on regional climate in China while employing the

WRFmodel coupled with the UCM. Based on this study,

integrating previous reports, we recognize that urbanization

FIG. 11. Vertical profiles of (a)–(d) temperature and (e)–(h) wind speed for (top) summer and (bottom) winter over Beijing–Tianjin–

Hebei and Yangtze River delta: (a),(c),(e),(g) Beijing–Tianjin–Hebei and (b),(d),(f),(h) Yangtze River delta.

TABLE 4. The regional average annual temperature change (8C).

Year Scheme China Beijing–Tianjin–Hebei

Yangtze River

delta

2007 S1-Ctr 0.13 0.15 0.85

S2-S1 0.16 0.39 0.79

S2-Ctr 0.29 0.54 1.64

2008 S1-Ctr 0.14 0.06 0.84

S2-S1 0.15 0.32 0.99

S2-Ctr 0.29 0.38 1.83
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and AHR can influence the exchange of turbulent mo-

mentum, turbulent heat, and water vapor between the

land surface and the atmosphere and therefore change

the fields of temperature and the local circulation. They

lead to increases in temperature and turbulence energy,

and this impact will be transported to the upper atmo-

sphere due to the strong turbulence.

In this study, USCU decreases the surface albedo and

the latent heat flux, but AHR increases the latent heat

slightly. BothUSCUandAHR lead to significant increases

in the sensible heat flux, and the surface temperature

generally increases. Considering the combined effects

of USCU and AHR, the temperature increases in most

areas, especially in the Yangtze River delta region,

which shows an amplitude of more than 28C. The in-

creases in the regional average summer temperature

affected by USCU and AHR attain 1.448 and 0.668C in

the Yangtze River delta region, respectively. USCU in-

creases summer temperatures more effectively, while

AHR has a more apparent impact on winter tempera-

tures. In theYangtzeRiver delta and theBeijing–Tianjin–

Hebei region, USCUandAHR increase the sensible heat

flux with an amplitude of up to 20 W m22, while the in-

fluence on sensible heat flux attributed to AHR is more

striking than that for USCU. In the Yangtze River delta

region, USCU decreases the latent heat flux with an am-

plitude of 10 W m22.

Considering the combined effects of USCU and AHR,

the precipitation increases in certain areas, especially in

the Beijing–Tianjin–Hebei region, while it decreases in

other areas, most notably the Yangtze River delta region.

Overall, USCU reduces precipitation on average, while

AHR increases precipitation, especially in the Beijing–

Tianjin–Hebei region, with an increase of 6.6%. How-

ever, precipitation in the Yangtze River delta region is

reduced by 2.7%.

In fact, there are still many uncertainties that may

affect the simulation results, such as the selection of

physical process, the configuration of the resolution, the

urban classification, the use of urban energy data, and

the complexities of monsoon climates.

The Core Writing Team (2007) noted that the global

temperature increased 0.748C in the past of 100 yr. It

TABLE 5. The regional average annual precipitation change (%).

Time Scheme China Beijing–Tianjin–Hebei

Yangtze River

delta

2007 S1-Ctr 20.07 16.64 22.09

S2-S1 1.51 7.60 2.55

S2-Ctr 1.44 25.50 0.40

2008 S1-Ctr 22.09 3.35 4.55

S2-S1 2.17 5.73 28.22

S2-Ctr 0.03 9.27 24.03

FIG. 12. The monthly temperature changes in (left) 2007 and (right) 2008 under the USCU and AHR scenarios over each region (8C):
(a),(d) China; (b),(e) Beijing–Tianjin–Hebei region; and (c),(f) Yangtze River delta region.
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also indicates that greenhouse gas emissions are the

main cause of global warming and that the climate effect

of urbanization may be negligible on the global scale. In

this study, we focus on the regional and local scales to

evaluate the effects of urbanization on climate. Mean-

while, based on the semivirtualization design described,

the urban area is exaggerated to some extent as compared

with reality. Under these circumstances, the average

temperature change over the whole of China is 0.298C.
Jones et al. (2008) assessed possible urban influences

over the eastern China mainland using sea surface tem-

perature (SST) datasets. The results showed that urban-

related warming over China is approximately 0.18C
decade21 over the period 1951–2004, with true climatic

warming accounting for 0.818C during the same period.

Urbanization is but a single special case of land-use

change. There have been many studies of climate effects

of land use and land cover change (LUCC), but it is

difficult to obtain a specific quantitative temperature

effect because of the complexity and uncertainty of

LUCC impact on climate. Large areas of Amazonian

deforestation resulted in a 28–58C increase of tempera-

ture, and a 30% decrease in precipitation (Nobre et al.

1991; Henderson-Sellers et al. 1993).Douglas et al. (2006)

suggested that agricultural irrigation resulted in a re-

gional precipitation increase and a temperature decrease.

Over some areas such as California in the United States,

northwestern India, and northeastern China, the cooling

effect of agricultural irrigation is as significant as the

warming effect of greenhouse gases. Findell et al. (2007)

showed that although the anthropogenic land-use change

produced an obvious impact on local and regional cli-

mates, the effect was very small on the global scale.

Therefore, in conclusion, as suggested by the Core

Writing Team (2007), the climate effect of urbaniza-

tion may be negligible on the global scale, but regional

and local effects caused by some underlying surface

changes and anthropogenic heat release cannot always

be neglected.
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