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[1] Dust storms originating in the Gobi desert and the surrounding areas critically impact
weather, climate, and public health in China and neighboring Pacific Rim countries. In the
decades between 1954 and 2007, reports of annual dust storm occurrences and the
corresponding amount of total precipitation at 753 Chinese meteorological sites show a
reduction in the occurrence and intensity of dust storms and clearly demonstrate an inverse
relationship between the two. The correlation between dust storm occurrence and
temperature in northwestern China also displays a negative trend but is less significant.
Using a global climate model, we demonstrate that increased loading of light-absorbing
aerosols in China, particularly black carbon (BC), is the primary reason for precipitation and
temperature increases over northwestern China, and the consequence of reductions in
dust storm frequency and intensity. The model-simulated precipitation and temperature
changes over northwestern China compare reasonably well with observed trends when a
certain portion of BC has been added to the model, which significantly affects regional

climate patterns through the heating of the air column. In addition to a reduction in
dust storm intensity/frequency in response to an increase in BC, the model has also
reproduced the substantial variability in precipitation which has been observed in other

regions of China.

Citation: Gu, Y., K. N. Liou, W. Chen, and H. Liao (2010), Direct climate effect of black carbon in China and its impact on dust
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1. Introduction

[2] Recurrent dust storms have emerged as one of the
most critical concerns arising from the man-made ecological
imbalance in China. For this reason, the Chinese govern-
ment has undertaken a greater role in planning and policy-
making in order to combat blinding dust storms, resulting
in the investment of several hundred billion Yuan over the
next ten years to protect forests and plant green belts
(Reuters, http://in.news.yahoo.com/020514/64/1002h.html,
14 May 2002). While dust is one of the major causes of
environmental and public health concerns in China, it
also has a significant impact on neighboring Pacific Rim
countries, including Japan and Korea, as well as the United
States. In April 2001 and March 2002, two large dust storms
were visible in the western United States, blanketing wide-
spread areas from Canada to Arizona with layers of dust and
obscuring mountains with haze (NOAA News Online, http://
WWW.noaanews.noaa.gov/stories/s624.htm, 18 April 2001;
Seattle Post-Intelligencer, http://seattlepi.nwsource.com/local/
63465 _cloud22.shtml, 22 March 2002).
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[3] Observations indicate that the total days of dust storm
occurrence per year have been decreasing since the late
1970s, and currently reside at a relatively low level [Zeng
et al., 2006]. Data analysis for the Gobi Desert area also
shows a decreasing trend in dust storm intensity in the past
20 years [Fu et al., 2008]. Using the data during 1954-2000
from 701 meteorological observation stations in China, Wang
et al. [2005] concluded that the frequencies of dust events
generally decreased during 1954-2000. The decreasing
trend of dust storms has been studied mostly by means of
observations and attributed to global warming [e.g., Wang,
2005; Fu et al., 2008; Zhu et al., 2008]. Using visibility
data and visibility derived variables and their correlations
with precipitation, drought, winds, land use and grazing,
Mahowald et al. [2007] pointed out that dust events are
statistically correlated well with the Palmer drought severity
index (based on precipitation and temperature) or surface
wind speed.

[4] The frequent occurrence of dust storms has been
attributed to both deforestation and the changing environ-
ment [Menon et al., 2002]. While China has achieved great
progress in economic development since the 1980s, one of
the major costs is severe atmospheric pollution due to the
emission of large volumes of smoke, which can be trans-
formed into sulfate and black (elemental) carbon aerosols in
air [Lefohn et al., 1999; Xu, 2001]. Through diffusion and
turbulence processes, these aerosol particles can have sub-
stantial impact on regional and global climate.

D00K14 1 of 12


http://dx.doi.org/10.1029/2009JD013427

D00K14

[5] While reduction in the occurrence and intensity of dust
storms originating in northwestern China could be caused
by a number of coupled dynamic and thermodynamic fac-
tors, we note that the loadings of absorbing BC aerosols
have increased in China concurrent with this reduction. BC
is released from the incomplete combustion of carbonaceous
fuels, including fossil fuel and biomass burning. China is
the largest developing country in the world and has been
obtaining 80% of its energy from coal combustion; it is
generally recognized as a major global anthropogenic source
for BC aerosols [Cooke et al., 1999; Bond et al., 2004] with
its coal production during the 1990s being about 5 times
larger than that during the 1960s [Sun et al., 1997]. It is
estimated that China contributed ~10% of global carbon
emissions in 1990, ~12% in 2000 (about 1499.4 Gg) [Gao et
al., 2007], and the later percentage is projected to rise to
~18% in 2025 [McKibbin, 2005]. In line with this projec-
tion, it is anticipated that BC loadings will be increasing
simultaneously.

[6] Atmospheric aerosols affect climate through the scat-
tering and absorption of solar radiation, referred to as the
aerosol direct effect or direct climate forcing. Aerosols such
as sulfate primarily scatter solar radiation with little absorp-
tion, and therefore can reduce the amount of solar radiation
available at the surface, resulting in a cooling effect over
large regions. BC or dust-blown desert dust, however,
absorbs substantial sunlight, leading to a significant heating
of the atmosphere in a manner analogous to the action of
greenhouse gases. Analyses of direct solar radiation in four
large cities in the coastal area of south China show that the
total direct solar radiation in the 1980s has decreased by
over 20% for all the four cities compared to that in the 1960s
[Luo et al., 2000]. Radiative forcing of aerosols has been
studied by a number of scientists [e.g., Boucher and
Anderson, 1995; Pan et al., 1997], and the aerosol envi-
ronmental and climatic effects have become an important
scientific issue [e.g., Mitchell et al., 1995]. Xu [2001] ana-
lyzed the summer climate change, atmospheric pollution,
and clear sky solar radiation data and found that increasing
sulfate aerosols that significantly reflect the sunlight may
play an important role in the summer climate pattern char-
acterized as “North- drought/South-flooding” in east China.
Other studies of the aerosol effects on regional climate have
used satellite data to analyze the role of smoke particles on
clouds and climate forcing [e.g., Kaufman and Fraser, 1997].
Menon et al. [2002] used a global climate model to investi-
gate the effect of enhanced atmospheric aerosols on regional
climate in China and India, and suggested that absorbing
black carbon aerosols may influence the large-scale circu-
lation and hydrologic cycle with significant effects on
regional climate. Gu et al. [2006] showed that increased
aerosol optical depths in China leads to a noticeable increase
in precipitation in the southern part of China in July due to
the cooling in the mid-latitudes that results in the strength-
ening of the Hadley circulation.

[7] The soundness of model simulation depends on the
quality of model input data. For studying the effects of
aerosols, their optical, physical and chemical properties are
necessary to determine their radiative and microphysical
effects. Such a detailed knowledge is lacking or insufficient
over most parts of the world including China where sub-
stantial progress has been made in recent years fortunately,
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thanks partially to some major field experiments [Li et al.,
2007; Lau et al., 2008]. Of direct benefit to this study is
the single scattering albedo that was derived from a com-
bination of space-borne and ground-based observations
across China [Lee et al., 2007] from which aerosol radiative
forcing across China is derived at the top, bottom and inside
of the atmosphere [Li ef al., 2010].

[8] In this paper, we present the trend of dust storm
occurrences and its relation to the regional precipitation and
temperature patterns based on the observations collected
from weather stations in China between 1954 and 2007, as
illustrated in Section 2. In Section 3, we describe the global
climate model employed to investigate the effect of increased
loadings of black carbon in China on regional climate and
the consequent impact on dust storms. Experiment design and
results from model simulations are discussed in Section 4.
Concluding remarks are given in Section 5.

2. Data Analysis

[9] Dust storm formation is determined by a number of
factors, including dryness, wind field, soil type, and pre-
cipitation, with precipitation being the most essential factor.
Dust storms normally originate in northwestern China where
annual precipitation is less than 400 mm, particularly in
extremely dry areas (less than 200 mm), including the
Taklamakan Desert, Tarim basin area, and Gobi Desert,
where the most severe dust storms have been reported [Zeng
et al., 2006]. While observations indicate a decreasing trend
in dust storm occurrence and intensity since the late 1970s
[Wang, 2005; Wang et al., 2005; Zeng et al., 2006; Fu et al.,
2008; Zhu et al., 2008], the corresponding annual precipi-
tation and temperature anomalies analyzed from data col-
lected from weather stations in the same region show
increasing trends since the 1980s, as illustrated in Figures 1
(precipitation) and 2 (temperature). During the 1960s and
1970s, precipitation anomaly patterns show decreases in
northwestern, northeastern, and southern China, and increases
in central China. However, in the subsequent period during
the 1980s and 1990s, the patterns of increase-decrease
reverse, as shown in Figure 1. The temperature patterns
during the period 1950s—1970s basically display negative
anomalies (cooling) in most regions in China, while
warming is observed during the period 1980s—1990s almost
everywhere in China, as shown in Figure 2.

[10] According to the guidelines set by Chinese Meteo-
rological Observations for more than 50 years, a dust storm
is defined as a situation in which the horizontal visibility at
the ground is less than 1 km with a wind speed greater than
10 m/s [Zhou and Zhang, 2003; Zeng et al., 2006]. Note that
in addition to atmospheric visibility, which is one of the
important indices to define dust storm occurrence, dust
storm data recorded at a meteorological station in China has
also included starting and ending times of a dust event, and
maximum wind speed and direction. If more than one dust
storm event occurs at a particular site in the same day, two
dust storms are registered separately only if the interval
between these two dust events is longer than three hours.
Since high concentrations of anthropogenic aerosols are
usually associated with stagnant meteorological conditions,
consideration of wind speed helps to distinguish dust storms
from episodes of anthropogenic air pollution. A study by
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Figure 1. Observed annual mean precipitation (%) anomalies (calculated using the 54-year mean from
1954 to 2007) over China covering the period from the 1950s to the 1990s.
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Figure 2. Observed annual surface air mean temperature anomalies (calculated using the 54-year mean
from 1954 to 2007) (K) over China covering the period from the 1950s to the 1990s.
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Figure 3. Anomalies (calculated using the 54-year mean from 1954 to 2007) of the observed annual
total dust storm cases (obtained from 753 Chinese meteorological stations in which 479 stations had at
least one dust storm recorded) during the period from 1954 to 2007 (solid curve) and the corresponding
anomalies of the observed annual mean (a) total precipitation (mm) and (b) surface temperature (C°)
(dashed curve), along with their 5-year mean values (dust storm in red; precipitation/temperature in blue)

in northwestern China.

Deng et al. [2008] examined visibility record over Guangz-
hou, a city in southern China that can not be influenced by
dust storm, and reported that aerosol concentrations of
350 pug m > correspond to an atmospheric visibility of about
5 km. Given the threshold of visibility of less than 1 km
used in the definition of dust storms, it is unlikely that
episodes of anthropogenic aerosols could be misinterpreted
as dust storms.

[11] We have analyzed the annual total dust storm occur-
rences reported from 753 Chinese meteorological stations
out of which 479 stations have at least one dust storm
recorded during 1954-2007. These records can be considered

an index for both dust storm frequency and intensity, since a
stronger dust storm normally transports dust particles further,
affects a larger area, and will be recorded at more weather
stations. The annual mean total precipitation and surface
temperature in northwestern China, including the Takla-
makan Desert (30°—48°N, 75°-95°E) and Gobi Desert
(~40°N, 95°-110°E) during 1954-2007 have also been
examined. To illustrate the correlation between dust storm
and precipitation, Figure 3a shows the anomalies (calculated
using the 54-year mean from 1954 to 2007) of total dust
storm occurrences and the corresponding anomalies of total
annual mean precipitation in northwestern China, along with
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their 5-year means. The observed precipitation trend revealed
an increase beginning around 1975 (with positive anomalies
after 1985), whereas dust storm clearly displays a decreasing
trend from late 1970s (with negative anomalies occur after
1985) during a 54-year time period. Temperature patterns
also show a negative correlation with the dust storm
occurrence after 1985 (Figure 3b). During the 1960s, pre-
cipitation displays a decrease, but dust storm occurrence
fluctuates without a clear increasing trend, probably because
northwestern China experienced a warming during that time
period, which partially offset the effect of decreased pre-
cipitation. During the late 1970s to 1985, temperature shows
a slight decrease, but dust storm occurrence decreases are
found to be associated with precipitation increase. Note that
there is a small increase in dust storm occurrence from 1998
to 2000 as shown in Figure 3, but decrease is found again
since 2000. Wang et al. [2005] also reported that the fre-
quency of spring dust storms in northern China generally
decreased from 1954 to 2000, with a small increase since
1998. They did not show the decrease from 2000 since they
analyzed the data only up to 2000. The slight increase from
1998 to 2000 could be due to the inter-annual variation of
dust storms, which has a 34 year cycle [Wang et al., 2005].

[12] The correlation coefficient between the 5-year mean
total dust storm occurrence and total precipitation in the
northwestern China is about —0.85, illustrating a rather
strong inverse correlation between the two. The coefficient
of determination (the square of the correlation coefficient) is
about 0.73, indicating that about 70% of the total variation
in dust storm occurrence can be explained by the linear
relation between precipitation and dust storm. The correla-
tion between dust storm occurrence and temperature is less
significant, with a coefficient of determination of about
0.31. Additionally, increased temperature tends to suppress
the intensity of cold fronts from Northwest Mongolia, a
primary triggering weather process for dust storm in the
Gobi desert [Fu et al., 2008]. Finally, multiple regression
analysis also shows a negative relationship between the
combined precipitation and temperature data and dust storm
occurrence.

3. Model Description and Parameterization
of the Aerosol Direct Radiative Effect

[13] Aerosols are transported through large-scale circula-
tion and interact closely with cloud and radiative processes.
A comprehensive study of aerosol direct climate forcing
requires a climate model that incorporates various interac-
tive atmospheric processes. In the following, we report on
the direct climatic effect in the China region of absorbing
BC and its impact on regional climatic perturbations, using
the AGCM developed at the University of California, Los
Angeles (UCLA).

[14] The UCLA AGCM is a state-of-the-art grid point
model of the global atmosphere extending from the Earth’s
surface to a height of 50 km, which has been successfully
applied to a number of climate studies, including El Nifio/
Southern Oscillation and the Asian Monsoon [e.g., Arakawa,
2000; Mechoso et al., 2000], as well as aerosol direct radi-
ative forcing [Gu et al., 2006] using a physically-based
spectral radiation scheme recently incorporated in the UCLA
AGCM [Gu et al., 2003]. The prognostic variables of the
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UCLA AGCM are the horizontal wind, potential tempera-
ture, water vapor mixing ratio, cloud liquid water and cloud
ice water, planetary boundary layer (PBL) depth, surface
pressure, land surface temperature, and snow depth over
land. The PBL is parameterized as a well-mixed layer of the
variable depth [Li et al., 2002]. Parameterization of the
cumulus convection and its interaction with the PBL follows
Pan and Randall [1998]. The geographical distribution of
sea surface temperature is prescribed based on a 31-year
(1960-1990) climatology corresponding to the GISST
version 2.2 dataset [Rayner et al., 1995]. The sea ice thick-
ness and extent as well as the surface albedo and roughness
length are prescribed [Alexander and Mobley, 1976; Dorman
and Sellers, 1989]. Ozone mixing ratios are prescribed as a
function of latitude, height, and time based on a 1985—-1990
climatology [Li and Shine, 1995]. In this study, we have used
a low-resolution model version with a grid size covering
4° latitude by 5° longitude and with a vertical layer of
15 layers from the Earth’s surface to the top at 1 hPa.

[15] The radiation calculation is performed using the
Fu-Liou-Gu scheme [Gu et al., 2003, 2006], which was a
modified and improved version based on the original Fu-Liou
scheme. The delta-four-stream approximation for solar flux
calculations [Liou et al., 1988] and delta-two/four-stream
approximation for IR flux calculations [Fu et al., 1997] are
employed in the model to assure both accuracy and effi-
ciency. The incorporation of nongray gaseous absorption in
multiple-scattering atmospheres is based on the correlated
k-distribution method developed by Fu and Liou [1992].
Parameterization of the single-scattering properties for
cloud particles, including the extinction coefficient, the
single-scattering albedo, and the asymmetry factor, are
parameterized in terms of the prognostic ice/liquid water
content and the particle effective size/radius following the
procedure developed by Fu and Liou [1993]. To increase
computational accuracy, the similarity principle for radiative
transfer is applied to each grid point to account for the
fractional energy in the diffraction peak of the phase func-
tion. The solar and IR spectra are divided into 6 and
12 bands, respectively, according to the location of absorp-
tion bands. More recently, we have also incorporated ice
microphysics parameterization to include interactive cloud
particle size in connection with radiation parameterizations
[Liou et al., 2008].

[16] In the radiation scheme, a total of 18 aerosol types
have been parameterized by employing the Optical Proper-
ties of Aerosols and Clouds (OPAC) database [d’Almeida et
al., 1991; Tegen and Lacis, 1996; Hess et al., 1998], which
provides the single-scattering properties for spherical aero-
sols computed from the Lorenz-Mie theory in which humidity
effects are accounted for. The single-scattering properties of
the 18 aerosol types for 60 wavelengths in the spectral
region between 0.3 ym and 40 pum are interpolated into the
18 Fu-Liou [Fu and Liou, 1992] spectral bands of the cur-
rent radiation scheme [Gu et al, 2006]. Aerosol types
include maritime, continental, urban, five different sizes of
mineral dust, insoluble, water soluble, soot (BC), sea salt in
two modes (accumulation mode and coarse mode), mineral
dust in four different modes (nucleation mode, accumulation
mode, coarse mode, and transported mode), and sulfate
droplets.
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[17] The overall radiative forcing produced by aerosols is
dependent on their single-scattering properties, which are
associated with composition, size, and shape. Measurements
of the aerosol composition in China have only been carried
out at very limited sites for a relatively short period [Gu et
al., 2006]. Information of the spatial distribution and com-
position of different types of aerosols is insufficient for
incorporation in GCM studies. For this reason, we have
performed a number of simulations to examine the aerosol
direct radiative forcing based on prescribed compositions,
which are representative of the observed aerosol radiative
properties determined from available observations [Menon
et al., 2002; Gu et al., 2006].

[18] Determination of the aerosol single-scattering albedo
in the atmosphere is an extremely difficult and intricate task,
which involves the simultaneous and collocated measure-
ments of scattering and extinction cross sections from var-
ious means. Estimation of the single-scattering albedo at
24 stations across China for the year 2005 yields a value of
0.89 £+ 0.04 [Lee et al., 2007], obtained by combining the
clear-sky measurements from ground-based spectral trans-
mittances determined from the Chinese Sun Hazemeter
Network with the reflected spectral radiances measured by
the NASA Moderate Resolution Imaging Spectroradiometer
(MODIS). Also, we note that BC contributed about 11% to
the visible optical depth of the Indo-Asian aerosols. By
using integrated observations from satellite, aircraft, ships,
surface stations, and balloons, the estimated single-scattering
albedo was determined to be approximately 0.9 during
January to March 1999, both inland and over the open ocean
[Ramanathan et al., 2001].

4. Model Experiments

[19] For this study, we performed two primary numerical
experiments (Experiments A and B) and one supplementary
experiment which examines the global warming effect of
CO, (Experiment C). In experiment A (the control run), the
aerosol effect is accounted for by globally incorporating a
background aerosol optical depth of 0.2, consisting of 90%
non-absorbing aerosols and 10% BC resulting in a single-
scattering albedo of about 0.92 to represent the condition in
China in the 1970s. The selection of 0.2 for aerosol optical
depth is in part based on the averaged aerosol optical depth
derived from the TOMS observations for regions (e.g.,
Southern Hemisphere) relatively free of the effect of
anthropogenic aerosols [Torres et al., 1998]. In experiment B,
we included the observed aerosol optical depths in China
[Luo et al., 2001] along with a background value of 0.2
for areas outside China [Gu et al., 2006]. The yearly and
monthly mean aerosol optical depths at the wavelength of
0.75 pm over China have been determined from the data
involving the daily direct solar radiation, sunshine duration,
surface pressure, and vapor pressure from 1961 to 1990
[Luo et al., 2001]. The larger aerosol optical depths are
found in the southern China with a maximum value of about
0.7. More details of this data are given by Gu et al. [2006].
The aerosols were assumed to consist of 15% BC aerosols
(assuming external mixing) and 85% non-absorbing aero-
sols, corresponding to an overall single-scattering albedo of
about 0.88, in order to represent the current aerosol condi-
tions in China [Lee et al., 2007]. The input aerosol optical
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depth represents the vertically integrated column value,
which have been distributed vertically according to a certain
weighting profile based on the layer pressure and scale
height, a height at which the aerosol loading is reduced to ¢ '
of the surface value, which is set to be 3 km in this study.
The aerosol loading decreases exponentially and the highest
aerosol layer in the model is placed at 15 km [Charlock
et al., 2004]. Consequently, the spectral single-scattering
properties are dependent on height according to aerosol type
and relative humidity. To exclude other warming mechan-
isms that could affect precipitation in China, we have also
examined the effects of CO, increases on temperature and
precipitation patterns in China from the 1970s (330 ppmv,
control run) to the 2000s (370 ppmv, perturbation run,
Experiment C) in which aerosols are not included. The sea
surface temperature, greenhouse gases, and other forcings
are fixed in experiments A and B so that aerosols are the
only forcing in these two 5-year long simulations.

[20] Figures 4a and 4b shows the aerosol effect on the
simulated annual mean precipitation and the observed pre-
cipitation anomalies in 1990s over China (both are shown in
percentage). Increased precipitation generated from the
AGCM is seen over the Taklamakan and Gobi Deserts, in
agreement with the observed precipitation changes in north-
western China. Simulated changes in precipitation patterns
in other areas of China also match the observations,
including increases in southern and northeastern China and a
decrease in central China, although the decreased precipi-
tation areas simulated from the model are larger. Zhao et al.
[2006] also showed that the increased loadings of absorbing
aerosols correlates well with the decrease in precipitation
over eastern central China, which is in close agreement
with the simulation results presented in this study. The
corresponding simulated cloud cover increases over north-
western China where precipitation is enhanced (Figure 5a).
Increased cloud cover, together with aerosol absorption,
results in less solar radiation reaching the surface (Figure 5b).
Reduced outgoing longwave radiation was observed over
northwestern China where precipitation increased, indicat-
ing enhanced convection in that region (Figure 5c¢). Simu-
lated cloud cover decreases in most other areas in China,
including northern and central regions (Figure 5a).

[21] Available cloud data, which was analyzed from
weather stations in China, reveals that a substantial part of
the region, particularly in northern and central areas, has
experienced a significant decrease in cloud cover in the past
decades [Y. Qian et al., 2006]. The cloud cover simu-
lated from the preceding experiment agrees well with the
observations. Our simulation results, as well as the
observations, differ from the conventional understanding
that increased aerosols could lead to increased cloud cover, a
conclusion based on aerosol indirect effect. However, cloud
formation is more strongly dependent on atmospheric sta-
bility and abundance of moisture, which are controlled more
by large-scale circulation than the number of aerosols serving
as cloud condensation nuclei. The aerosol indirect effect
would primarily occur when overlaying air is sufficiently
humid or droplet concentrations are very low [Ackerman
et al., 2004].

[22] Absorbing aerosols can play a key role in climate
change because of their absorption of sunlight and the
subsequent heating of the air column, affecting vertical
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Figure 4. Simulated annual mean differences in (a) precipitation (%) and (c) surface air temperature (K)
between Experiments B and A (see text for further explanations), along with the observed (b) precipitation
(%) and (d) surface air temperature anomalies over China in the 1990s.

temperature profile, atmospheric stability, and the strength
of convection [Menon et al., 2002]. The perturbed temper-
ature profile (Figure 6) shows that warming is found in the
mid- to high latitudes, which weakens the Hadley circula-
tion and reduces the tropical convection and precipitation.
As a result, precipitation moves to higher latitudes towards
the Himalayas, Tibet, and northwestern China, as shown in
Figure 4a. Similar results are also found in the simulations
associated with the effect of dust particles, which increases
the heating of the air column over the Himalayas and sub-
sequently moves the monsoon circulation further landward
[Miller and Tegen, 1998]. Also note that the warming in the
mid- to high latitudes causes a reduction in the longitudinal
temperature gradient and induces weakening of the westerly
jet stream in northwestern China and Mongolian regions.
Consequently, the frequency of occurrence and the intensity
of Mongolian cyclones have been suppressed, resulting in
the decreasing dust storm in northwestern China, as also

reported by Zhu et al. [2008] based on their Empirical
Orthogonal Function (EOF) analysis of the dust storm fre-
quency in northern China and the correlation analysis
between dust storm frequency index and surface air tem-
perature. Wang [2005] analyzed the dust layers in the Malan
ice core from the northern Tibetan Plateau and reported that
dust events became less frequent during the past 200 years
associated with increasing precipitation and weakening
westerly related to the decrease in longitudinal temperature
gradient produced by global warming. These discussions are
in line with the findings presented in this study.

[23] In past decades, increased temperature in northwest-
ern China has resulted in snowmelt water depth enhance-
ment from glaciers in the Tibetan Plateau [Shi et al., 2003].
An increase of about 10-20% was found in the river flow
from the Plateau through the Hexi Corridor to the deserts.
This is coupled with the enlargement of inner lakes, causing
soil moisture to increase in the arid regions and/or deserts,
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Figure 5. Simulated annual mean differences in (a) total
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atmosphere between Experiments B and A (see text for fur-
ther explanations).

GU ET AL.: BLACK CARBON AND DUST STORM

D00K14

and suppressing the production of dust storms. The domi-
nant circulation pattern for dust storm occurrence was
related to a low pressure system that was coupled with a
cold front [Z. 4. Qian et al., 2006]. When the cold-dry air
originating in northern Mongolia moves to the south and
encounters the warm and humid air, cold fronts and low
pressure systems are established in the midlatitude, usually
with a ridge over the east part of the Ural Mountains,
strengthening surface wind and kicking up dust particles on
the surface. As temperature increases in northwestern China,
however, the intensity of the low-pressure system and the
strength of the cold front both decrease, leading to the reduc-
tion of dust storm occurrence and/or intensity. Figures 4c
and 4d display simulated differences in the annual mean
surface air temperature and observed anomalies over China
in the 1990s, respectively. Due to tropospheric heating
produced by absorbing BC, warming is found in most areas
(e.g. northwestern and eastern China) similar to the observed
temperature anomalies. It is noted that a weather station in
the Gobi desert reported an increase in the average tem-
perature by about 1.6°C in the past 20 years [Fu et al.,
2008].

[24] Now we examine the effects of CO, increases on
temperature and precipitation patterns in China from the
simulation results of Experiment C. Global greenhouse
effects during this 30-year period led to increases in tem-
peratures in most areas in China (Figure 7a), but a sub-
stantial reduction in precipitation in northwestern China,
contrary to the observed pattern (Figure 7b). The decreasing
precipitation in that area appears to be related to the fact that
while the tropospheric warming produced by increases
in CO, is rather uniform in the tropics and midlatitude

Pressure (mb)

Figure 6. Simulated annual mean differences in the zonal
mean temperature (K) between Experiments B and A (see
text for further explanations).
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(Figure 7c), significant warming occurs in high latitudes,
resulting in a strengthening of the downward motion in
midlatitude areas and consequent suppression of precipita-
tion in that region.

[25] Finally, we note that the model simulation similar to
Experiment B which employed the aerosol optical depth
observations in China but used less BC than Experiment B
(10% BC), representing a single-scattering albedo of about
0.92, reproduced the enhanced precipitation in the southern
China, but missed the increases in northwestern China
[Gu et al., 2006]. In view of these simulation results, it
appears reasonable to conclude that the primary reason for
precipitation increase over northwestern China must be
associated with the increased loading of absorbing aerosols
in China.

[26] Other mechanisms that might also affect precipitation
patterns in China include El Nifio/La Nifa. For example, the
1997/98 El Nifio event was one of the strongest on record by
most standards, and appeared to have an impact on the
drying of climate in southern China during the 1990s.
However, this strong El Nifio was immediately followed by
a La Nifia event in 1998/99 which had a reverse effect [Gu
et al., 2003]. The El Nifno-Southern Oscillation (ENSO)
phenomenon is the primary component in global inter-
annual climate variability. However, it appears to play a less
crucial role in decadal climate change. The 1997/98 El Nifio
event did not significantly affect the precipitation pattern in
northwestern China [Gu et al., 2003].

5. Concluding Remarks

[27] Analysis of the observed data obtained from weather
stations in China during 1954-2007 reveals that dust storm
occurrences have been decreasing since late 1970s. Based
on analysis of the corresponding precipitation and tempera-
ture observations in northwestern China, the decreasing
trend in dust storm occurrence is shown to be well-correlated
with an overall increase in precipitation and, to a lesser
degree, temperature increase in northwestern China. The
correlation coefficient between the 5-year mean total dust
storm occurrence and total precipitation in the northwestern
China is about —0.85, indicating a rather strong inverse
correlation between the two. The coefficient of determina-
tion is about 0.73, inferring that about 70% of the total
variation in dust storm occurrence can be linked to the
change of precipitation pattern with a linear relationship.
The correlation between dust storm occurrence and tem-
perature is less significant, with a coefficient of determina-
tion of about 0.31.

[28] Absorbing aerosols, such as BC, can significantly
affect the regional climate due to their heating of the air
column. This heating effect modifies the vertical thermal
structure, atmospheric stability, and convection strength and
affects regional precipitation patterns. AGCM simulations
show that increased loadings of absorbing aerosols in China
result in enhanced precipitation over the Taklamakan and
Gobi Deserts, the most reliable sources of dust storms, in
agreement with the observed precipitation changes in north-
western China. Simulated changes in precipitation patterns
in other areas of China also match the observations,
including increases in southern and northeastern China and a
decrease in central China. Due to tropospheric heating
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produced by absorbing BC, warming is found in most areas
(e.g. northwestern and eastern China) similar to the observed
temperature anomalies. Increasing tropospheric absorbing
aerosols in the mid-latitudes lead to the increase in surface
air temperature in the mid- to high latitudes, which in turn
causes a reduction in the north-south temperature gradient
and induces weakening of the westerly jet stream in the
northern China and Mongolian regions, resulting in the
decreasing dust storm in northwestern China. Simulated
cloud cover decreases in most areas in China except the
northwest, including northern and central regions, which
also agrees well with the observations.

[20] We have also examined the warming mechanism
produced by increased CO, using the same AGCM to
understand its effect on precipitation pattern. Global
greenhouse effects led to increases in temperature in most
areas in China; however, a substantial reduction in precip-
itation in northwestern China is produced, contrary to the
observed precipitation pattern. Based on GCM simulation
results and physical interpretations, we conclude that the
increased loading of black carbon in China appears to be the
primary reason for precipitation enhancement over north-
western China and the subsequent suppression of dust storm
occurrences.
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