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Summary

The simulation of direct radiative effect of black carbon
(BC) aerosol over Asia is carried out with application of
Regional Climate Model RegCM3 over the period of 1993–
2003 based on BC emission inventory in 2000. Major find-
ings are as follows. The column burden of BC exceeds
1 mg=m2 in central, eastern, and southern China with the
highest value of 2.5 mg=m2 over Sichuan Basin of China,
and is of 1–2 mg=m2 in India subcontinent. The column
averaged advection field of BC shows an eastward tendency
in north of 20� N, whereas an opposite trend is found in
south of 10� N. Off-line radiative forcing (RF) induced by
BC, which is due to direct absorption or scattering of BC,
is positive at the top of the atmosphere (TOA), while
maximum effect is found over Sichuan Basin. The RF

is of 1–1.5 W=m2 in areas such as the middle and low
reaches of the Yangtze River, East China Sea, South
China Sea, Indo-China Peninsula and most parts of
Indian subcontinent. Surface RF is found to be negative
and its absolute value is larger than that at TOA. Based on
simulation results, BC’s impacts on temperature, stratifica-
tion stability, water vapor, precipitation and evaporation
etc., are primarily characterized by cold-and-wet change
in southern and northwest China, cold-and-dry change
in northern and northeast China, warm-and-wet change of

India subcontinent, as well as warm-and-dry change of
Central Asia.

Introduction

As BC’s single scattering albedo is smaller than
most kinds of aerosols, it absorbs more solar ra-
diation, which in turn decreases solar radiation
absorbed by the surface. By absorbing and emit-
ting infrared radiation, BC also changes the in-
frared radiation characteristic of the atmosphere.
Accordingly, BC can disturb the radiative balance
of the earth-atmosphere system and then affect
the climate change (Hansen et al. 1997; Hansen
and Nazarenko 2004; Roberts and Jones 2004).

In recent years, BC’s radiative effects have
been studied extensively. The global annual aver-
aged RF values of external mixture of 0.20 W=m2

and 0.16 W=m2 were obtained by Haywood et al.
(1997) and Myhre et al. (1998) respectively, and
the internal mixture of BC and sulfate would lead
to stronger RF. Cooke et al. (1999) reported a
global burden of BC of 0.14 mg=m2 and radiative
forcing value of 0.17 W=m2, while Jacobson
(2000) obtained the RF of 0.54 W=m2 and
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normalized direct RF of 1200 W=g by numerical
simulations. The estimate of the global averaged
BC direct RF value was 0.2� 0.15 W=m2 in the
fourth assessment report of Intergovernmental
Panel on Climate Change (IPCC) (Forster et al.
2007). Jacobson (2002) argued that BC aerosol
would make the surface temperature increase
0.35 K in five years based on the original emis-
sion data (Cooke et al. 1999). Jacobson (2004)
updated the surface temperature change caused by
BC and organic carbon (OC) to 0.27 K based on
the up-to-date emission data (Bond et al. 2004).

Menon et al. (2002) simulated direct effects of
BC over China and India with general circulation
model (GCM). They found that the BC over
China, India, and Indian Ocean would cool the
Chinese surface temperature of 0.5–1.0 K in sum-
mer but heat other areas. Their research showed
that precipitation would increase notably in
southern China and India but decrease in northern
China. In addition, they pointed out that climate
change caused by black carbon was not limited to
areas with large black carbon distribution.

Recently, the Community Atmospheric Model
(CAM) was applied to simulate BC’s radiative
effects (Wang 2004). One of their main findings
was the change in hydrological cycle caused by
BC, particularly the precipitation change in trop-
ics, which was confirmed by Roberts and Jones
(2004) and Chung and Seinfeld (2005). Wang
(2004) also noticed that BC causes no distinct
change in surface temperature (only slight rise
of 0.09 K), but BC imposes more significant
regional impacts on climate. The research of
Chung and Seinfeld (2005) showed that under
external mixture condition, BC and sulfate would
rise global average surface temperature by 0.20 K
(0.29 K in the Northern Hemisphere and 0.11 K
in the Southern Hemisphere) and increase pre-
cipitation over 0–20� N while decreasing over
0–20� S. If under internal mixture condition at
the same concentration, the rise of global average
temperature would be 0.37 K (0.54 K in the
Northern Hemisphere and 0.20 K in the Southern
Hemisphere) with more significant precipitation
change than the experiments with external mix-
ture. The most remarkable temperature change
occurred in high latitude area of the Northern
Hemisphere in winter and spring with global av-
erage BC climate sensitivity being 0.6 K=W m2.
To investigate the climate sensibility to BC,

Roberts and Jones (2004) quadrupled BC emis-
sion to improve the signal to noise ratio in
simulations. Their results of 30-year integration
using atmosphere-ocean coupled model showed
that there was linear correlation between val-
ue of global average RF and BC emission
amount, and the climate sensitivity factor was
0.56� 0.06 K=W m2. Phenomena such as global
heating and Intertropical Convergence Zone
(ITCZ) northwards moving were found around
the globe except in China, India, and a part of
Africa. The above-mentioned literatures are care-
fully-designed modeling efforts in addressing the
issue of climate effect of BC, though only direct
effects are taken into consideration.

Researches show distinct regional radiative
effects of BC (Ramanathan et al. 2001a, b, 2005;
Wu et al. 2004). Ramanathan et al. (2005)
claimed that Atmospheric Brown Cloud (ABC)
with BC as one of the major ingredients could
impact the climate change in India area in eight
aspects. Considered both global warming and
aerosol RF, their simulation results closely re-
semble the observations, indicating ABC’s direct
impact on Indian climate change, in particular
the Indian monsoon.

Almost all current results of BC’s radiative ef-
fects are obtained via simulations using of GCMs.
Since long-term integration is required, most
simulations employed only coarse grids, which
may be improper to identify the regional charac-
teristics of BC’s radiative effects. Relevant litera-
tures also show some uncertainties. Inconsistent
results appear in different works despite some
results of different researches are quite similar.
More modeling efforts are needed to recognize
these problems. To reveal distinct regional char-
acteristics of BC’s radiative effects, we simulate
regional climate using a Regional Climate Model
with fine resolution. Because Asia is one of the
main aerosol source areas on the globe, more dis-
tinct radiative effects of BC should be observed in
Asia. It is of our interests to study BC aerosol
distribution characteristic, RF and climate re-
sponse in Asia, and pay special attention to the
relation between BC and precipitation.

The paper is organized as following. The mod-
el and simulation strategy is described in Sect. 1.
Section 2 presents the control simulation results.
Section 3 describes the climate effects of BC.
Conclusions and discussions are given in Sect. 4.
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1. Model and simulation strategy

1.1 Regional climate model description

In the current study, the Regional Climate Model
version 3 (RegCM3, Giorgi et al. 2002) is used to
simulate direct radiative effects of BC in Asia to
investigate the possible climate change induced
by BC, especially on temperature and hydrologi-
cal cycle. Comparing to its precursor RegCM2,
RegCM3 includes a new large-scale cloud and
precipitation scheme considering subgrid-scale
variabilities of clouds (Pal et al. 2000), the
new parameterization schemes for ocean surface
fluxes (Zeng et al. 1998) and a cumulus con-
vection parameterization scheme (Betts 1986).
Besides, a sulfate aerosol transport model, which
solves a prognostic equation accounting for ad-
vection, turbulent diffusion and all kinds of de-
position (Qian et al. 2001), is also integrated into
the new version. RegCM3 uses the radiative
transfer scheme of NCAR Community Climate
Model version 3 (CCM3, Kiehl et al. 1996). The
solar component of the radiative transfer scheme
accounting for the effects of O3, H2O, CO2, and
O2, follows the �-Eddington approximation of
Kiehl et al. (1996), which includes 19 spectral
intervals from 0.2 to 5mm. The cloud scattering
and absorption parameterization follows Slingo
(1989), whereby the optical properties of the
cloud droplets (extinction optical depth, single
scattering albedo, and asymmetry parameter) are
expressed in terms of the cloud liquid water con-
tent and an effective droplet radius. When cumu-
lus clouds are formed, the grid point fractional
cloud cover is such that the total cover for the
column extending from the model-computed
cloud-base level to the cloud-top level (calculat-
ed assuming random overlap) is a function of
horizontal grid point spacing. The thickness of
the cloud layer is assumed to be equal to that
of the model layer.

1.2 BC aerosol parameterization

Based on the sulfate transport model in RegCM3,
a new transport model of BC is developed to
calculate its distribution. BC is assumed to have
a single log-normal size distribution with a stan-
dard deviation of 2.0 and a mode radius of
0.0118 mm (d’Almeida et al. 1991). The mass-
mixing ratio is the only prognostic variable to de-
scribe the atmospheric transport of BC aerosols.
The bulk dry deposition speed, gravitational
sedimentation speed, and wet scavenging pro-
cesses of BC are the same as those chosen by
Wang (2004). The emission rate of BC in 2001
is adopted (Streets et al. 2003), which excludes
emission of Russia and this may underestimate
BC concentration in Asia. Due to the difficulty
of harmonizing different emission data, we used
only emission data of Streets et al. (2003). The
emission data includes annually averaged anthro-
pogenic and biomass burning emission. The an-
nually averaged emission used in this simulation
is summarized in Table 1. It shows the annual
total emission of the model domain can reach
2451.7 Gg=yr, in which the three investigated re-
gion occupies 15% for south of China, 18% for
north of China, and 24% for India sub-continent
respectively. Chinese emission takes the percent-
age of 41% in the model domain (Streets et al.
2003).

The effects of BC on radiation are simulated
based on �-Eddington approximation in current
CCM3 radiation scheme. The normalized radia-
tive characteristics of BC for each waveband
in CCM3 are adopted from d’Almeida et al.
(1991). The optical parameters of BC aerosol
for the waveband of 0.35–0.64 mm are adopted
from Haywood and Shine (1995), and the specif-
ic extinction coefficient is 12.50 m2=g, single
scattering albedo is 0.25, and asymmetry factor
is 0.42. BC’s impact on infrared radiation is ig-
nored in current study.

Table 1. Annual emission of BC used in this simulation for the investigated regions (Gg=yr)

South of China
(22–308N, 100–1208E)

North of China
(32–508N, 105–1208E)

India sub-continent
(10–288N, 70–908E)

Whole
domain

Total emission (Gg=yr) 371.1 441.3 592.3 2451.7
Emission rate
(10�9g=m2 � s�1)

5.39 3.71 4.44 0.95
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1.3 Experiment design

The horizontal resolution of the model is 90 km
with 120� 90 grid points. There are 14 sigma
levels stretching from the surface up to 100 hPa.
The sigma values of the lower five levels are
0.84, 0.86, 0.93, 0.96, 1.00, respectively. NCAR=
NCEP reanalysis data is used to provide ini-
tial conditions and boundary values every 6 hr.
Exponent relaxation scheme is chosen to deal
with lateral boundaries. The model atmosphere
is forced by 1-degree resolution NOAA Optimum
Interpolation Sea Surface Temperature (OISST)
data. The model is integrated from 1st February
1993 to 1st March 2003. The first month is
regarded as spin-up time, while only averaged
results of the last 10 years are analyzed. Other
schemes include Grell convective parameteriza-
tion (Grell 1993), and Holtslag et al. (1990) PBL

parameterization.
Two experiments are conducted using the same

parameters except one with BC, which simulates
BC direct radiation effect (BDR), and the other
without BC, which is control experiment (CON).
The results from these two experiments are com-
pared, particularly the direct radiative forcing of
BC. The direct radiative forcing of BC is estimat-
ed by the difference of net downward radiative
flux at top of the model between these two runs.
The indirect radiative effects are not included in
this study.

2. Control experiment

2.1 Climate simulation

In this section, we discuss simulation results
of the control run to evaluate the basic climatic

simulation. Figure 1 shows 10 year mean tem-
perature on 850 hPa of NCEP reanalysis data
(Fig. 1a) and simulation results (Fig. 1b), and
the contour in Fig. 1b shows their statistically
significant correlation coefficient. The simulat-
ed results agree well with reanalysis data in
most part of model domain. The temperature
patterns over most part of lower latitude re-
gion are well captured, and the correlation co-
efficient can reach 0.9 in the north of 20� N.
However, the simulation is 2–3 �C cooler than
NCEP data in eastern China, and 2–3 �C warm-
er than NCEP data at eastern boundary region.
We also compared simulated temperature on
other levels (not shown). The temperature pat-
terns are also well captured by the model,
and the cool bias on 850 hPa reduces on higher
levels.

The grid rainfall data of Global Precipitation
Climatology Project (GPCP) is used to com-
pare with simulation result (Adler et al. 2003).
Figure 2 shows annual mean and summer pre-
cipitation in GPCP data (Fig. 2a and c) and simu-
lation (Fig. 2b and d) respectively. In observation
data, the rainfall shows two narrow bands with
one northeast-southeast orientation the other
west-east orientation for annual mean and sum-
mer. The northeast-southeast orientation band
covers most part of northeast China, Korea
Peninsular, and part of Japan with its maximum
of 7 mm=dy. Simulation underpredicts its maxi-
mum over northeast and northern China in annu-
al mean, but captures its pattern over Japan.
There exists a west-east orientation rainfall
band in observation data both in annual mean
and in summer with maximum of 9 mm=dy and
12 mm=dy respectively. This band is well cap-

Fig. 1. Temperature on
850 hPa of NCEP data (a)
and simulated of CON

experiment (b), units K.
Contour indicates
statistically significant
correlation coefficient
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tured in simulation especially between 60 and
100� E, though simulation underpredicts precipi-
tation over southeast region of the model domain
for 3–4 mm=dy. Figure 2d shows that the struc-
ture of Meiyu rain band associated with the East
Asian summer monsoon is captured, though sim-
ulation results are bigger than observation, which

should relate to their different resolution for sim-
ulation and observation data.

2.2 BC simulation

The concentration and column burden of BC are
shown in Fig. 3. The column burden of BC ex-

Fig. 2. Observation and
simulated precipitation in
annual mean and summer
(mm=dy). (a) Observation
of annual mean, (b) simu-
lation in annual mean, (c)
observation in summer, and
(d) simulation in summer

Table 2. Results comparison of ours and other simulations

Model Column burden
of BC (mg==m2)

RF at TOA

(W==m2)
Normalized RF

at TOA (W==g)
References

SPRINT – 0.36 – Takemura et al. (2001)
LOA 0.37 0.55 1486 Reddy et al. (2005)
GISS 0.29 0.61 2103 Hansen et al. (2005)
GISS 0.29 0.35 1207 Koch (2001)
GISS 0.39 0.50 1282 Chung and Seinfeld (2002)
GISS 0.43 0.53 1233 Liao and Seinfeld (2005)
SPRINTARS 0.53 0.42 792 Takemura et al. (2005)
GATORG 0.39 0.55 1410 Jacobson (2001)
CCM 0.33 0.34 1030 Wang (2004)
UIO-GCM 0.30 0.19 633 Kirkevag and Iversen (2002)
RegCM3 Whole domain 0.45 0.32 711 Current simulation
RegCM3 North of China 0.55 0.64 1164 Current simulation
RegCM3 South of China 1.42 1.55 1092 Current simulation
RegCM3 India sub-continent 1.22 1.36 1115 Current simulation
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ceeds 1 mg=m2 in central, eastern, and southern
China, and amounts to 2 mg=m2 in some areas in
northern and eastern China. A value of 1–
2 mg=m2 is found in India subcontinent. The
maximum value in the model domain is
2.5 mg=m2 located in Sichuan Basin of China,
which is due to complex terrain in this basin.
Column burden of BC from this simulation and
GCMs are summarized in Table 2. Results from
GCMs refer to average of whole globe, and BC

burden over different part of model domain in
this simulation are bigger than the global aver-
age, especially in South of China and India,
where it can reach 1.42 and 1.22 mg=m2 respec-
tively. Global averaged burden from different
GCMs simulations is 0.38 mg=m2, but it is
0.45 mg=m2 over the whole domain of this simu-
lation, which infers more distinct radiative forc-
ing over Asian domain.

The characteristic of the surface concentration
distribution is similar to that of column burden,
with a maximum value of 3mg=m3 in Sichuan

Basin, and over 2mg=m3 in central and southern
China. The surface concentration is 1.5–2.5mg=m3

in India subcontinent. In Indo-China Peninsula, it
is 1.5–2mg=m3. It reads between 0.3–0.8mg=m3 in
Malaysia, Indonesia, and Philippine. Comparison
of BC’s surface concentration in this simulation
with observation data is listed in Table 3, which
reveals big error in cities of China. In fact, it is
difficult to capture concentration of BC in cities
with coarse grid cells and emission data. Simula-
tion gives much better agreement with observation
data from Asian Pacific Regional Aerosol Char-
acterization Experiment (ACE-Asia), though
simulation is somewhat lower at part of these ob-
servatories located in the northeast of model
domain, which may relate to lack of Russian emis-
sion data in this work. In addition, the pattern of
surface concentration in our simulation is consis-
tent with concentration 75 m above the surface
simulated by Zhang et al. (2005).

As panel (a) of Fig. 3 shows, column averaged
advection streamline demonstrates the basic west-

Fig. 3. Column burden
of BC (mg=m2) and surface
concentration (mg=m3).
(a) Column burden and
column average advection
streamline and (b) surface
concentration and
layer-averaged advection
streamline between
700 and 850 hPa

Table 3. Comparison of BC’s surface concentration with observation data

Position Time Observation
(mg==m3)

Simulation
(mg==m3)

References

Beijing (39.90� N, 116.30� E) 2002.07–08 5.40 0.63 He et al. (2004)
Shanghai (31.2� N, 121.4� E) Annual average of 1999 6.50 0.46 Ye et al. (2003)
Guangzhou (23.1� N, 113.2� E) 2001.01–02 8.30 0.80 Cao et al. (2003)
Kwangju (35.15� N, 126.91� E) 2002.07–08 0.30 0.23 Cao et al. (2003)
Rishiri-t�oo (45.12� N, 141.20� E) 2001.03–04 0.40 0.21 He et al. (2004)
Sado-shima (38.25� N, 138.40� E) 2001.03–04 0.63 0.41 Uno et al. (2004)
Hachij�oo-jima (33.15� N, 139.75� E) 2001.03–04 0.33 0.29 Uno et al. (2004)
Amami�oo-shima (28.44� N, 129.70� E) 2001.04 0.63 0.42 Uno et al. (2004)
Chichi-jima (27.07� N, 142.22� E) Annual average of 2001 0.21 0.19 Uno et al. (2004)
Oki-shot�oo (36.20� N, 133.20� E) 2001.03–04 0.52 0.40 Uno et al. (2004)
Tokara-rett�oo (29.5� N, 128� E) 2001.04–05 0.36 0.22 Uno et al. (2004)
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to-east tendency to the north of 20� N, whereas
an opposite trend is found to the south of 10� N.
Strong anticyclonic advection is observed over
Bay of Bengal, where the airflow in the west
and north sides can advection BC over India sub-
continent and Indo-China Peninsula into south-
ern China. In panel (b) the low level advection
shows that there is cyclonic advection over India,
but still anticyclonic over Indo-China Peninsula.
Besides, due to advection of southwest airflow
over Bay of Bengal, BC from north Indian Ocean
can affect Bengal and its adjacent regions. BCs
over northern China can be advected into Korea
Peninsula and Japan by the northwest airflow,
meanwhile that over southern China can be trans-
ported to southern and eastern offing to Japan by
the southwest airflow. BC from Indonesia and
Malaysia will affect Indo-China Peninsula and
Bay of Bengal by the southeast airflow.

3 Climate effects of BC

3.1 Radiative forcing

In Fig. 4, RF at TOA and surface (SRF) are
shown, the shading and contour stand for RF at
TOA and SRF respectively. RF at TOA is posi-
tive, and it is bigger in the middle reach of the
Yangtze River and northern India than other

areas. It can reach 2.5 W=m2 over Sichuan Basin,
and is between 1.5 and 2 W=m2 in northern India.
RF is within 1–1.5 W=m2 in the middle and
down stream areas of Yangtze River, East China
Sea, South China Sea, Indo-China Peninsula, and
India subcontinent. RF at TOA over the whole
model domain, north of China, south of China,
and India are listed in Table 2. RF of GCMs
is also given. The average RF of GCMs is
0.44 W=m2. It is 0.32 W=m2 in this simulation.
Bigger averaged values of three investigated
domains give proof to the heterogeneity of BC

and RF over Asia, but their normalized RF agrees
with GCMs.

The surface RF is negative, and its main dis-
tribution characteristic is similar to that of RF at
TOA, but the absolute value is larger. It indicates
that BC decreases surface incoming radiation.
The most notable value appeared in Sichuan Ba-
sin, which agrees well with RF at TOA and BC

burden. In Table 4, RF at SRF is more distinct
than that at TOA (shown in Table 2), which may
decrease surface temperature and evaporation.
The main reason accounting for negative surface
RF is that BC increases the absorption of solar
radiation of atmosphere, and affects cloud cover.

3.2 Temperature change

Due to radiative change, BC results in tempera-
ture variations. Figure 5 shows the change of dai-
ly mean temperature (Fig. 5a) and diurnal range
(Fig. 5b) induced by BC. A two-tailed t test is
conducted to indicate statistically significant ares
in the Fig. 5 at the 90% confidence level accord-
ing to Chervin and Schneider (1976). The surface
temperature decrease is less than �0.2 K in east-
ern and southern China at the presence of larger
BC column burden. Temperature decreases are
also found in northwest India and Pakistan, with
the maximum of �0.4 K found in the littoral to
Indian Ocean. Though RF at SRF is almost neg-
ative in Fig. 4, heating belt also can be found
in northeast and northern China, middle India,
northern Kazakhstan and its adjacent areas. This
simulation confirms that temperature change
caused by black carbon is not limited to areas
with large black carbon distribution, which is
revealed by Menon et al. (2002).

Changes in the daytime highest and the day-
time lowest temperature have also been investi-

Fig. 4. Radiative forcing (W=m2) (shading: radiative
forcing at TOA; contour: radiative forcing on surface)
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gated (figures not shown). In the Yellow River
and Huai River plain, temperature decrease does
not surpass �0.1 K, and the same result can be
found in northwest China. The maximum tem-
perature drop (surpassing �0.1 K) is observed
in the north of Indo-China Peninsula. But in the
middle of India, the rise of maximum tempera-
ture is also quite distinct, amounting to 0.2 K in
some areas. The lowest temperature decreases
slightly in China, particularly in the northwest
area coinciding with the area of decreased daily
average temperature. In most areas of India, the
lowest temperature rises slightly.

The above-mentioned variation characteristics
of daytime highest temperature and lowest
temperature result in a reduction of surface tem-
perature diurnal range in Indian subcontinent,
Indo-China Peninsula and south of China shown
in Fig. 5. The biggest drop of diurnal range
(�0.3 K) is found in northwest of India, while
it rises 0.1–0.3 K in northwest China, Central
Asia and the Arabian Peninsula. Table 4 sum-
marizes the change of annual mean temperature

and daily range of temperature for the investigat-
ed regions, which decreases in south of China
and India and rises in north of China.

In order to understand the change of air tem-
perature, its mass-weighted column averaged
temperature change is showed in Fig. 6. In China,

Fig. 5. Surface temperature
change (K). Rectangle
indicates areas in which the
difference is statistically
significant at the 90%
confidence level according
to a two-tailed t-test.
(a) Daily mean temperature
and (b) diurnal range

Table 4. Annual mean RF at surface (RFsrf, W=m2),
change of surface temperature (T, K), daily range of
temperature (Tr, K), temperature under 700 hPa (Tlow,
K) and above 700 hPa (Tup, K), precipitation (Pr,
mm=dy), annual (Vyr, %) and summer mean (Vsu, %)
percent change of column vapor

South of
China

North of
China

India
sub-continent

RFsrf �3.10 �1.69 �2.56
T �0.08 �0.03 �0.06
Tr �0.05 0.02 �0.05
Tlow �0.03 �0.03 0.02
Tup 0.03 0 0.04
Vyr 0.91 �0.52 0.15
Vsu 2.01 �0.69 0.05
Pr 0.13 �0.10 �0.04

Fig. 6. Atmosphere
temperature change (0.1 K,
shading). (a) Temperature
change under 700 hPa
(shading) and geopotential
height change (gpm,
contour), (b) temperature
change above 700 hPa
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the temperature in the lower atmosphere decreases
except Qinghai-Tibet Plateau. The temperature
decrease is more distinct in the north region than
in the south. The maximum decrease of �0.1 K is
found in the middle reach of Yellow River and
Sino-Mongolian frontier. The value of surface
temperature drop (see Fig. 5a) is bigger than that
of lower atmosphere in Chinese mainland. As a
result, the stability of the lower atmosphere over
China increases. The extent of temperature drop
in lower atmosphere in eastern India is larger than
surface temperature drop, so that the lower
atmosphere becomes less stable. There is a weak
temperature rising belt (0.02–0.04 K) in the lower
atmosphere extending from Bay of Bengal, Indo-
China Peninsula and South China Sea, to Pacific
ocean south and east to Japan. Because the sea
surface temperature is prescribed by OISST data
in the current simulation, the stability of lower
atmosphere of this belt shows strengthening ten-
dency in these areas. As shown in Fig. 6b, the
temperature change in the upper atmosphere
(above 700 hPa) is different from the lower atmo-
sphere shown in Fig. 6a. In the upper atmosphere,
the magnitude of the temperature change is one
order smaller than the lower level. The tempera-
ture-rising areas lie primarily in the northeast
China and part of northwest China. Temperature
decrease is found in the rest areas.

By comparing Fig. 6(a) with (b), conclusion
can be reached that the static stability of the upper
level atmosphere increases in Mongolia, north of
China as the temperature decreases more in the
lower layer than in the upper layer. Because the
temperature decreases in the lower layer and
increases in the upper layer, the stability over
the south of China also increases. Static stability
of lower layer in India also increases. These fea-
ture can also be summarized from Table 4.

The regional averaged temperature profile is
given in Fig. 7. The near ground temperature
drop over northern and southern China is greater
than its column averaged value, and in general it
can stabilize the atmosphere stratification. The
biggest temperature drop is in the boundary lay-
er, which decreases the stratification stability in-
side the boundary level but increases above the
boundary layer. There is a weak temperature ris-
ing tendency over India, with the maximum rise
occurred near 700 hPa, which increases the sta-
bility under 700 hPa.

3.3 Effects on hydrological cycle

The changes of annual mean column vapor bur-
den in percentage and the water vapor flux field
below 700 hPa are shown in Fig. 8a. There exists
a wide range belt with increased water vapor
extending from western India, passing Bay of
Bengal, Indo-China Peninsula, southern China,
East China Sea, Korea Peninsula to regions near-
by Japan, and the increasing rate of water vapor
is above 0.6%. The maximum increasing rate of
2% appears over East China Sea near Shanghai.
Another increased water vapor belt is found in
areas extending from the west of Mongolia to
Yellow River bend plain with a range between
0.3 and 0.9%. In northeast, northern, and north-
west China and Central Asia, the water vapor
burden is reduced by more than �0.3%. Due to
the effect of BC aerosol, the water vapor over
eastern China shows a tendency of increasing
in south but decreasing in north. While in north-
west China and Central Asia, the vapor content
reduces even further, which in turn induces great-
er effects on local environment and climate. This
result is similar to the results of Ma et al. (2004).

Fig. 7. Profile of temperature change and its vertical
mean value (K, solid line: north of China; dashed line:
south of China; and dotted line: India)
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In their work, the tendency of increasing drought
is revealed in northern and northeast China in
recent years (Ma et al. 2004), and the trend is
more notable in summer and autumn (Ma and
Fu 2001).

In Fig. 8b, the wide-range excessive water va-
por belt shown in panel (a) also appears in panel
(b). In summer, the water vapor increase is most
distinct in the belt from south of China, ex-
tending to East China Sea, Yellow Sea, Korea
Peninsula until northeast–southwest Japan Sea.
The increasing rate in summer in the belt is larg-
er than its annually averaged value, especially in
regions near Shanghai. In summer, the vapor
content decreasing areas mainly lie in north of
China, western China and Central Asia with a
decreasing rate over �0.6%.

The belt of increased vapor is resulted from
the strengthened airflow, which is originated in
Indian Ocean and South China Sea extending
from southwest to northeast in the model do-
main. The streamlines from the south of China
to the offing near Japan form a large scale cy-
clonic circulation, indicating a net water vapor
convergence over this region. A similar cyclonic
circulation can be found in western India and
Bay of Bengal, which is in coincidence with
the increased vapor content center. In north of
China, a closed anticyclonic circulation region
leads to net divergence in water vapor and de-
creased column burden. It is also noted that dif-
ferential vapor can be transported from the north
of Yangtze River to the south in eastern China,

weakening the vapor transport belt from the
south of China to the north, thus reducing the
water vapor in north of China. Table 4 shows
vapor increase over south of China and India
sub-continent of 0.91% and 0.15% for annual
mean, and it is more distinct in summer. The
decrease of vapor can also be found over north
of China both in annual mean and summer mean.
This pattern induces dry tendency in north of
China and wet tendency in south of China.

The change in 700–850 hPa layer mean geo-
potential height field is ploted in Fig. 6a. A wide-
range geopotential height decreasing belt is
shown from the neighborhood near Arabian
Peninsula to the east, passing India, Bay of
Bengal, Indo-China Peninsula, South China Sea
and East China Sea to Japan. This belt conforms
to the vapor increase belt shown in Fig. 8a, and
also complies with the zone where differential
vapor advection is cyclonic. Evidently, due to
the heating effect of BC in the lower atmosphere,
the air pressure over these areas shows a declined
tendency. Thus, the ambient water vapor is con-
vergent in this area. It is also found that in north
of China, the geopotential height increases
slightly, consistent to the anticyclonic circulation
of the differential vapor transport field in these
areas. The increase of geopotential height and the
divergence of water vapor in north of China are
primarily caused by the temperature decrease in
the lower atmosphere.

Annually averaged variation of column vapor
burden in percentage from 1993 to 2002 calcu-

Fig. 8. Annual mean and summer percent change of vapor column burden (%) and vapor flux change below
700 hPa. Rectangle indicates areas in which the difference is statistically significant at the 90% confidence level according
to a two-tailed t-test. (a) Annual mean, and (b) summer
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lated using NCEP data is illustrated in shading in
Fig. 9. Vapor increasing is found in south of
China with variation of 0.1–0.3%. It decrease
in north of China by �0.2 to �0.6%. The pattern
computed from NCEP data generally agrees well
with the simulation throughout most of model
domain. The simulation is, however, almost pos-
itive over East China Sea, where it is negative in
NCEP data, and there also exists opposite pattern
over Xinjiang. In addition, NCEP data gives
smaller values than the simulation over south of
China, Indo-China Peninsula, and most part of
Indian sub-continent. Two possible reasons are:
NCEP data includes more effects of green house
gases, aerosols, and land cover change, etc. than
what are considered in the current simulation; the
SST can not be change by BC’s RF in the current
simulation.

To further analyze the water vapor transport,
the latitudinal cross-section of vapor advec-
tion change averaged over 32–35� N is given in
Fig. 10. In areas to the west of 125� E, negative
vapor flux is found below 400 hPa. It infers the
weakening of northward vapor flux. The largest
value of �1 g=kg �m=s appears in the boundary
layer near 115� E. Obviously, the increase of
southward vapor transport can lead to the de-
crease of water vapor column burden in north
of China. On the contrary, the vapor transport

flux increment is positive to the east of 125� E.
It indicates that BC leads to increase of north-
ward vapor transport in this area. The largest
value is 1 g=kg �m=s in the boundary layer over
125–130� E. The belt of increased vapor trans-
port extends greatly in the vertical direction, and
the increment can be as large as 0.05 g=kg �m=s
even near 300 hPa. The enhanced northward va-
por transport can increase water vapor in areas
from south of China to northeast China and Japan
vicinity.

The change of column vapor burden can affect
precipitation. Annual mean changes of precipita-
tion and surface evaporation are given in Fig. 11a
and b. The annual mean precipitation increases in
the center of Arabian Sea, Bay of Bengal, south
of China, East China Sea, Korea Peninsula and
east offing to Japan. While in the center of India
subcontinent, Indo-China Peninsula, north of
China, precipitation decreases with a maximum of
�0.3 to �0.4 mm=dy in center India. Compared
with Fig. 8, we find that both the surface and at-
mosphere show moistening tendency in Arabian
Sea, Bay of Bengal, south of China, East China
Sea and the offing to Japan. In Fig. 11b, the sur-

Fig. 9. Annual percentage change of column vapor
burden from 1993 to 2002 in NCEP data

Fig. 10. Latitudinal cross section of vapor advection
change averaged over 32–35� N (unit: g=kg �m=s)

Simulation of direct effects of BC aerosol on temperature and hydrological cycle in Asia 189



face evaporation over areas of northwest India
sub-continent and northwest China increases
about 12–15% but generally decreases �4 to
�8% in Central Asia. In most areas of India,
north of China as well as Indo-China Peninsula,
it decreases 1–2%. Table 4 shows precipitation
over south of China can increases 0.13 mm=dy,

but it decreases over north of China and India
sub-continent. The change of precipitation agrees
well with the changes in column vapor in these
regions except India sub-continent.

Based on the water vapor advection field
shown in Fig. 8a, the increase of vapor column
burden over south of China originates from the
strengthening of northerly airflow from South
China Sea. Hence, the enhanced evaporation over
South China Sea, which is shown in Fig. 11b,

Fig. 11. Precipitation rate change and percent change of surface evaporation capacity. Rectangle indicates areas in
which the difference is statistically significant at the 90% confidence level according to a two-tailed t-test.
(a) Precipitation rate change (0.1 mm=dy) and (b) percent change of surface evaporation capacity (%)

Fig. 13. Change of surface air specific humidity on 2 m
height (0.01 g=kg). Rectangle indicates areas in which
the difference is statistically significant at the 90%
confidence level according to a two-tailed t-test

Fig. 12. Difference stream line along longitudinal
section of 110–120� E
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contributes largely to the increased vapor content
in south of China.

In addition to the 0.6–1.5% increase of vapor
in Fig. 8 over south of China, the 1–4% increase
of precipitation in Fig. 11 over this area is also
due to the possible change of vertical motion
induced by BC. Figure 12 shows a longitudi-
nal and vertical cross-section of the differential
streamlines averaged over 110–120� E. BC makes
the updraft strengthen remarkably between 24
and 30� N, which is consistent to precipitation-
increasing area in the south of China. The subsi-
dence is strengthened between 32 and 45� N in
line with precipitation-decreasing area in north of
China. Thereby precipitation increase in south of
China is the result of increased vapor evaporation
in South China Sea, increased water vapor trans-
port to south of China as well as strengthened
updraft in that area. In north of China, the sup-
pressed precipitation is resulted from the reduced
vapor and enhanced subsidence.

The change in specific humidity at 2 m above
surface as illustrated in Fig. 13, can be caused by
the changes in precipitation and evaporation. The
surface air specific humidity increase is notably
found in the north of Arabian Sea, India sub-
continent, Bay of Bengal, Indo-China Peninsula,
northwest China, middle and northern Pacific,
and the increasing value can exceed 0.02 g=kg
with a maximum of 0.2 g=kg in northwest India
sub-continent. In northwest China, the specific
humidity increase is a result of weak precipita-
tion increase and distinct surface evaporation in-
crease shown in Fig. 11. In Bay of Bengal, the
increment is about 0.05 g=kg caused by the in-
crease of offing evaporation in that area shown in
Fig. 11b. In Central Asia, north of China, de-
crease of surface specific humidity can be found
with the maximum of �0.1 g=kg in downstream
of Yellow River and Kazakhstan, which agrees
well with the decrease of surface evaporation.

4. Conclusion and discussion

We have performed regional simulations of cli-
mate, BC’s direct radiative forcing and regional
climatic effects of BC over Asian region. By
comparing different runs, we discuss the change
of temperature, air stability, water vapor con-
tent, precipitation and evaporation to indicate
effects to temperature and hydrological cycle

over Asia. The main results of the current sim-
ulation of are:

(1) The maximum of BC column burden is
2.5 mg=m2 in Sichuan Basin, which surpasses
1 mg=m2 in central, eastern and southern
China, and 1–2 mg=m2 over India subconti-
nent. The basic tendency of column averaged
transport streamline of BC is from west to
east to the north of 20� N, whereas an oppo-
site trend is found to the south of 10� N.

(2) Radiative forcing induced by BC is big over
the middle reach of the Yangtze River and
northern India, with the maximum found
in Sichuan Basin. It is 1–1.5 W=m2 in mid-
dle and downstream of the Yangtze River,
East China Sea and South China Sea, Indo-
China Peninsula and most areas of India
subcontinent.

(3) The surface temperature in most areas of
China decreases up to �0.4 K, with the max-
imum in northwest China. In south of China,
the atmosphere is stabilized by cooling the
lower layer while warming above.

(4) Water vapor increases over 0.6% in the south
of China but decreases over �0.3% in the
north. The increased vapor content in south
of China is mainly caused by strengthening
of the southerly airflow from South China
Sea. The precipitation can be increased by
0.4–0.6 mm=dy in south of China, but de-
creased in north of China. The change of
vertical motion is also related to the change
of precipitation.

(5) Some tendencies of climate change on sur-
face and lower atmosphere have been ob-
served. More specifically, northwest and
south of China tends to be cold and wet, north
of China to be cold and dry, India sub-conti-
nent to be warm and wet, and Central Asia to
be warm and dry. These tendencies can be
well explained by above mentioned mecha-
nism of how BC affecting temperature,
stratification, water vapor, precipitation, evap-
oration and so on.

Some of limitation should be taken into ac-
count in evaluating our results. The primary
one is that indirect effect of BC is not accounted
for. A second source of uncertainty is that BC’s
effect on SST is not included in current study. Yet
it is found that, BC can affect Indian Ocean SST
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gradient, and further affecting Indian Monsoon
(Ramanathan et al. 2005). Therefore the inter-
action between SST and BC as well as effects
of SST on temperature and hydrological cycle
should be considered with coupled climate and
ocean model systems in the future. Third, no in-
terannual and seasonal variation is considered in
our experiments, which may induce uncertainty
into BC concentration and its climatic effects.
Fourth, we only consider BC in current work in-
stead of internal or external mix with other kind
of aerosol, which can change its radiative char-
acters and may induce different climatic effects.
Actually, BC seldom exists alone, so our simula-
tions should be regarded as ideal experiments.
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