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a b s t r a c t

A heavy dust storm that occurred in Northwestern China during April 24–30 2010 was

studied using observational data along with the Fu–Liou radiative transfer model. The dust

storm was originated from Mongolia and affected more than 10 provinces of China. Our

results showed that dust aerosols have a significant impact on the radiative energy budget.

At Minqin (102.9591E, 38.6071N) and Semi-Arid Climate and Environment Observatory of

Lanzhou University (SACOL, 104.131E, 35.951N) sites, the net radiative forcing (RF) ranged

from 5.93 to 35.7 W m�2 at the top of the atmosphere (TOA), �6.3 to �30.94 W m�2 at

surface, and 16.77 to 56.32 W m�2 in the atmosphere. The maximum net radiative heating

rate reached 5.89 K at 1.5 km on 24 April at the Minqin station and 4.46 K at 2.2 km on 29

April at the SACOL station. Our results also indicated that the radiative effect of dust aerosols

is affected by aerosol optical depth (AOD), single-scattering albedo (SSA) and surface albedo.

Modifications of the radiative energy budget by dust aerosols may have important

implications for atmospheric circulation and regional climate.

Crown Copyright & 2012 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Dust aerosol has a strong radiative forcing (RF) of the
climate system, modulating convective processes and the
formation and lifetime of clouds and thereby influencing
the global and regional climate change. Asian dust is
generally generated in Outer and Inner Mongolia, Takli-
makan Desert and the Gobi Desert, most frequently in late
winter and early spring, and then transported eastward.

The RF due to Mineral dust has been studied by
researchers over the world. RF by anthropogenic aerosols
is predicted to induce strong regional cooling over east
and South Asia [1], Australian, Mediterranean [2], German
and Indian [3]. Huang et al. [4] found that the average
2012 Published by Elsevier
daily mean net RF of a dust storm over Taklimakan desert
was 44.4, �41.9, and 86.3 W m�2, at the top of the
atmosphere (TOA), at the surface, and in the atmosphere,
respectively. Le et al. [5] found that the direct shortwave
(SW) radiation effect of Saharan dusts at solar zenith
angle 21.681 was 53.4878.56 W m�2 per unit aerosol
optical depth. Ge et al. [6] estimated that the dust aerosol
RF over northwestern China ranges from �7.9 to
�35.8 W m�2, comparable to results reported from East
Asia and Africa. Helmert et al. [7] found that a mean
shortwave radiative efficiency of �196 W m�2 for pre-
vailingly reflecting dust particles and �220 W m�2 for
prevailingly absorbing dust particles at the surface in the
southern Sahara. They determined a shortwave dust
forcing efficiency at the TOA of �121 W m�2 close to
the source areas and �55 W m�2 at larger distance.
Mallet et al. [8] found a positive effect of dust aerosols
on net longwave radiation on TOA over the entire West
Ltd. All rights reserved.
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Africa; they determined an increase between 20 and
50 W m�2. Santese et al. [9] found that the daily-mean
SW forcing is offset by the LW forcing of �30% at the
surface and of �50% at the TOA. Li et al. [10] showed that
nationwide annual and diurnal mean RF is found to be
�15.778.9 W m�2 at the surface, 0.371.6 W m�2 at the
TOA, and 16.079.2 W m�2 inside the atmosphere in
China. Stanelle et al. [11] analyzed the radiative efficiency
of dust particles, for shortwave radiation at the surface
they found a radiative efficiency of �140 W m�2. At TOA
the influence of dust particles depends strongly on surface
albedo. At the surface the increase of the net longwave
radiative fluxes is about 79 W m�2 for a dust layer with
an AOD of 1. If such a dust layer is present the increase of
net longwave radiative fluxes is approximately 26 W m�2

at TOA. From the discussion above we conclude that the
largest forcing values are usually located over or near dust
sources.

In addition to the effects of dust aerosols described
above, dust aerosols also warm the atmosphere and cool
the surface through the absorption and reflection of
radiation. Huang et al. [4] found that dust aerosols have
a significant impact on the radiative energy budget over
the Taklimakan desert. Under light, moderate and heavy
dust conditions, dust aerosols heat the atmosphere by up
to 1, 2 and 3 K day�1, respectively (daily mean values);
the maximum daily mean radiative heating rate reaches
5.5 K day�1 at 5 km. Other studies [12,13] indicated that
during the daytime, dust aerosols can warm the atmo-
sphere between 0.3 and 4 K day�1, on average, depending
on altitude and latitude. Strong warming (i.e., heating
rates as high as 8 K day�1) was also observed locally
within a limited portion of the dust plume.

The magnitude of dust direct radiative effect (DRE)
depends on the distribution of dust aerosol optical proper-
ties and the scattering and absorbing properties of the
environment, specifically, on the aerosol extinction coeffi-
cient, the single-scattering albedo (SSA), the asymmetry
parameter and the phase function [14]. While aerosol
optical depth and size are relatively well constrained,
uncertainties in the aerosol SSA [15] and vertical profile
[16,17] contribute significantly to overall uncertainties in
DRE, especially for all-sky estimates. On a global basis,
direct aerosol radiative forcing at the TOA is generally
determined to be negative. On a regional scale, the magni-
tude and sign of dust aerosol RF are significantly different
depending on the SSA. Dust aerosols have a negative TOA
forcing for large SSA, and a positive TOA forcing for small
SSA [14,18–20].

Larger uncertainties exist in current estimates of
aerosol forcing because of incomplete knowledge con-
cerning the distribution and the physical and chemical
properties of aerosols as well as aerosol–cloud interac-
tions [21]. Many of the studies of dust terrestrial RF use
idealized aerosol properties at these wavelengths. One
reason for this has been the almost total lack of observa-
tions of optical properties of dust in the terrestrial data
[12]. The refractive indices used in many climate models
are those of the ‘‘dust-like’’ aerosol of the World Climate
Program (WCP) [22] and are based on Volz [23]. The
uncertainty for the aerosol direct climate forcing is about
a factor of 2–3 whereas that for the indirect forcing is
much larger and difficult to quantify [24]. These uncer-
tainties raise questions about the interpretation of the
20th century temperature record [25] and complicate the
assessment of aerosol impacts on surface–atmosphere
interactions, the atmospheric boundary layer [26], global
surface air temperatures [27–30], the hydrological cycle
[31], photochemistry [32], and ecosystems [33].

Thus, there is clearly a need for better measuring the
dust aerosol’s physical and optical properties within the
solar and the terrestrial spectrum [34]. Fortunately, a field
experiment was conducted over Minqin in Gansu Pro-
vince (102.9591E, 38.6071N) to examine the dust aerosol’s
optical properties and radiative effects during April to
June, 2010. Minqin is becoming one of China’s largest
source areas for dust due to its severely degraded envir-
onment. Based on the observational data of field experi-
ment, we can get the accurate input parameters for
Fu–Liou radiative model, such as the SSA, asymmetry
factor, surface albedo and extinction coefficients of dust
aerosol by Micro-pulse Lidar system (MPL).

In this paper, the Fu–Liou radiative transfer model
[35,36] was used to compute the aerosol radiative heating
rates and RF using the surface observation data as input
parameters, which extends our previous study [4,37–41].
The ground-based measurements, used in conjunction
with the Fu–Liou radiative model, should lead to a reliable
analysis of dust aerosol effects on the radiative energy
budget and thus improve our understanding of the impact
of dust aerosols on climate.

2. Data and model

An intensive field experiment was conducted over
Minqin in Gansu Province (102.9591E, 38.6071N) to investi-
gate the dust aerosol’s optical properties and radiative
effects during April to June, 2010. The SACOL’s Mobile
Facility (SMF) was deployed with a set of state-of-the-art
instruments, including Precision Spectral Pyranometer
(PSP), Normal Incidence Pyrheliometer (NIP, Eppley Lab.
and CHP1, Kipp and Zonen), CIMEL sun photometer (CE-
318) and the Multi-Filter Rotating Shadowband Radiometer
(MFRSR). The unshaded and shaded PSP were used to
measure the total and diffuse irradiances, respectively. The
direct normal irradiance was measured by both the NIP and
CHP1 mounted on a Kipp and Zonen two axis sun tracker
(2AP). This field campaign provides us an opportunity to
study the dust aerosols effect in Northwestern China.

2.1. Lidar and radiation data

2.1.1. Lidar data

Aerosol vertical distribution (normalized relative back-
scatter and depolarization ratio) is measured using the
Micro-pulse Lidar system (MPL). MPL is a safe, compact,
and maintenance-free lidar system originally developed
by Spinhirne [42] for acquiring long-term data sets of
backscatter profiles of aerosols and clouds [43]. MPL uses
an Nd: YLF pulsed laser diode that operates at a wave-
length of 527 nm. The continual aerosol and cloud mea-
surements were acquired with a 30-m-range resolution
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and a 1-min time average. In our study, we used the MPL
to observe the vertical distribution of aerosols. Addition-
ally, the National Institute for Environmental Studies
(NIES) Mie lidar observation data from SACOL was used
to study the vertical profiles of dust.
2.1.2. The Clouds and the Earth’s Radiant Energy System

(CERES) and surface radiation monitoring system

The CERES Single Scanner Footprint (SSF) instanta-
neous measurements include radiance, radiative flux at
the surface and the TOA, and a variety of parameters
describing the clear and cloudy portions of the footprint
[44]. The CERES scanning broadband radiometers mea-
sure broadband SW (0.2–5.0 mm) and total radiances,
which are used to determine the TOA SW and LW
(5–100 mm) fluxes using anisotropic correction models
[45]. These depend on the surface and cloud properties
within the radiometer field of view. The scene types
within each CERES scanner footprint were determined
by analyzing collocated, high-resolution imager data. The
instantaneous uncertainties in the CERES SW and LW TOA
fluxes were 5–10% and less than 3%, respectively [46].

The surface-radiation monitoring system consisted of
upward and downward pyranometers (CM21, Kipp and
Zonen) for incoming and outgoing shortwave radiation,
and upward and downward pyrgeometers (CG4, Kipp and
Zonen) for incoming and outgoing longwave radiation. All
radiation quantities were sampled each second but taken at
a 1-min time resolution. The datasets were quality checked
via the Baseline Surface Radiation Network quality-control
procedure [47]. Furthermore, a set of redundant broadband
pyranometers were deployed side by side for quality-control
purposes. The disagreements among different instruments
remained within 10 W m�2.

To estimate the accuracy of the Fu–Liou model using
the input parameters from observations, we compared the
SW and LW flux from the surface radiation monitoring
system and CERES with the results simulated by the
Fu–Liou model at the surface and TOA.
2.2. Surface observations

The column-integrated spectral aerosol measurements
at Minqin in this study were made with the sky radio-
meter (Model POM-02, manufactured by PREDE Co., Ltd.).
The PREDE sky radiometer is one of the key instruments
which is widely used in the SKYNET—aerosol–cloud–
radiation interaction ground-based observation network
in East Asia [48]. The sky radiometer measures the solar
direct irradiance and the radiance from the sky within a
1.01 full field of view in eleven bands at 315, 340, 380,
400, 500, 675, 870, 940, 1020, 1600, 2200 nm every
10 min [49]. The surface albedo in the context is related
to the broadband surface albedo. The mean broadband
surface albedo for SW (0.305–4.2 um) at Minqin and
SACOL are obtained from surface-radiation monitoring
system, which is calculated by the ratio of upward SW
radiation and downward SW. The downward shortwave
incoming (hereafter, denotes as DSW) and the upward
reflected SW radiation (hereafter, denotes as USW) are
measured with a uplooking and a downlooking pyran-
ometer (CM21; 0.3–3.0 mm), respectively.

The aerosol properties at SACOL were measured by the
Cimel Electronique CE-318 sun photometer that is the
Aerosol Robotic Network (AERONET) standard instru-
ment. CE-318 is an automatic direct solar and sky radio-
meter with spectral interference filters (10 nm FWHM)
centered on the wavelengths selected for aerosol mea-
surements (440, 670, 870, and 1020 nm) [50]. The sun
photometer works by measuring the intensity of the solar
radiation reaching the surface in the specified wavelength
bands and then converting it to optical depth using the
corresponding intensities at the TOA. The maximum
AERONET uncertainly in aerosol optical depth (AOD) retrie-
val was estimated to be 0.02 [51]. Single scattering albedos
(SSAs) are expected to have an uncertainty of 0.03–0.05 and
the uncertainty of asymmetry parameter is about 0.04
depending on aerosol type and loading [52]. In this paper,
we use the Level1.5 quality-assured data sets of AERONET
(http://aeronet.gsfc.nasa.gov). Bi et al. [53] compared the
AOD at 500 nm derived from Cimel sun photometer and
PREDE sky radiometer at Minqin and concluded that the
difference of AOD measured by Cimel and PREDE can be
achieved with 70.02 during the measurement in 2010. Che
et al. [54] indicated that single-scattering albedos estimated
from sky radiometer are 0.03, 0.06, and 0.07 larger than
those provided by AERONET at 670, 870, and 1020 nm.

We used SKYNET (Level 2.2) and AERONET to provide
model parameters such as AOD, SSA, and asymmetry
factor at Minqin and SACOL. The mean broadband surface
albedos were obtained from the aforementioned surface-
radiation monitoring system, which were 0.29 and 0.18
for Minqin and SACOL during the whole measurement,
respectively. The mean SSA and asymmetry factor at
Minqin were 0.91 and 0.71 at 675 nm, respectively, and
those at SACOL were 0.91 and 0.70 at 675 nm. We could
see that the mean SSA at Minqin and SACOL were the
same, and our historical data showed that the difference
between the sky radiometer and AERONET was about 6%
for SSA at 675 nm.
2.3. Fu–Liou radiative transfer model

We used the Fu–Liou radiative transfer model to
estimate the RF and heating rate in a cloud-free atmo-
sphere with and without a dust aerosol layer. The radia-
tive transfer model was originally developed by Fu and
Liou [35,36] and modified by Rose and Charlock [55].
There is also unavoidable error for Fu–Liou model. Gen-
erally speaking, the delta-four-stream is accurate than
delta-two-stream, so here we used delta-four-stream
approximation. The model has fifteen spectral bands from
0.175 to 4.0 mm in the SW and twelve LW spectral bands
between 2850 and 0 cm�1. The surface albedo, AOD, SSA
and other aerosol parameters were taken from SKYNET at
Minqin and AERONET at SACOL. For a given time and
location, the pressure, temperature, and water vapor
profiles were interpolated from the reanalysis product of
the National Centers for Environmental Prediction and

http://aeronet.gsfc.nasa.gov
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National Center for Atmospheric Research (NCEP/NCAR).
The ozone concentration was acquired from the NCEP
Stratospheric Monitoring Group Ozone Blended Analysis
(SMOBA) product based on solar backscatter ultraviolet
(SBUV) and TIROS Operational Vertical Sounder (TOVS)
observations. We selected the transported aerosol type [4]
in this study.
UTC : 10:00 UTC : 10:44

UTC : 10:45:30 UTC : 10:46

UTC : 10:00 UTC : 10:44

UTC : 10:45:30 UTC : 10:46

Fig. 1. The strong dust storm case observed by a total

Table 1
Dust storm intensity, horizontal visibility, wind direction, wind speed, and occur

records.

Station Latitude Longitude Dust storm intensity Ho

visi

Dunhuang 40.09 94.41 Dust storm 600

Yumen 40.16 97.02 Dust storm 900

Jinta 40.00 98.54 Dust storm 900

Subei 39.49 94.89 Dust storm 600

Jiuquan 39.46 98.29 Super strong dust storm 0

Dingxin 40.18 99.31 Super strong dust storm 40

Linze 39.14 100.17 Strong dust storm 50

Sunan 38.86 99.57 Dust storm 600

Zhangye 38.56 100.26 Super strong dust storm 40

Gaotai 39.22 99.50 Strong dust storm 500

Shandan 38.48 101.05 Strong dust storm 200

Minle 38.43 100.85 Strong dust storm 50

Minqin 38.38 103.05 Super strong dust storm 0

Jinchang 38.28 102.10 Strong dust storm 200
3. Dust case

A strong dust storm event occurred in the north-
western China during 24–27 April 2010. Fig. 1 shows
the strong dust storm by Total Sky Imager (TSI-880) on 24
April 2010 at Minqin in Gansu Province. The TSI-880 is a
full-color sky camera with a software package that offers
UTC : 10:46:31

UTC : 10:45

UTC : 10:46:31

UTC : 10:45

sky imager on Minqin station on April 24, 2010.

rence time at Hexi Corridor, Gansu Province, from surface meteorological

rizontal

bility (m)

Wind direction Wind speed

(m/s)

Occurrence time

(local time)

Northwest 17 09:15

Northwest 20 12:47

Northwest 27 14:26

Northwest 12.6 17:02

Northwest 26 20:37

Northwest 22 15:34

Northwest 20 16:06

Northwest 16.7 16:23

Northwest 22 16:27

Northwest 22 17:00

West 22 17:06

Northwest 24 17:18

Northwest 28 19:35

West Northwest 20.8 21.55
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an easy-to-use and reliable field sensor for sky imaging.
Fig. 1 shows that it was cloudy at UTC 10:00 on 24 April
2010. At UTC 10:44, dust aerosols appeared from the
Fig. 2. The wind field (black arrows) and vertical velocity (color scales) at 850 h

to color in this figure legend, the reader is referred to the web version of this

Fig. 3. Horizontal (top) and vertical (bottom) components of the backward tra

SACOL (lower asterisk) station, for three altitudes of 500 m (red color), 1000 m

interpretation of the references to color in this figure legend, the reader is refe
northwest direction. The aerosols moved eastward, masking
three quarters of the sky at UTC 10:46. By UTC 10:46:31, the
entire sky was masked by dust aerosols, and horizontal
Pa level at UTC 06 on April 24, 2010. (For interpretation of the references

article.)

jectories of the dust storm at 2000 UTC, April 24, 2010, originated at the

(blue color), and 1500 m (green color) (produced with HYSPLIT). (For

rred to the web version of this article.)
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visibility was nearly 0 m. The maximum instant wind speed
reached 28 m/s during the dust storm. From the TSI
observation, it only took 2 min and 31 s for dust aerosols
to mask the entire sky. As this dust event was intense, we
called it the black storm. The black storm lasted for 2 h, and
the dust storm lasted until 27 April at Minqin, resulting in
great disruption to traffic and daily life there.

Table 1 shows the surface meteorological records for
24 April 2010 in Hexi Corridor, Gansu Province. Generally
speaking, the dust storm with a wind speed level greater
and equal to nine and the visibility range from 50 m to
200 m, we call it strong dust storm. The dust storm with
instant wind speed greater and equal to 25 m/s and the
visibility less and equal 50 m, we call it super dust storm.

From Table 1 we can see that five stations observed
dust storms and strong dust storms, while four stations
observed a super-strong dust storm. During the dust
storm, the horizontal visibility was less than 40 m, and
the maximum instantaneous wind speed reached 28 m/s.
Moreover, the horizontal visibility at Minqin and Jiuquan
was nearly 0 m. In the following days, the dust storm was
Fig. 4. The MPL normalized relative backscatter and depolarization ratio at

depolarization ratio (c and d) at SACOL for the dust event during April 24–30,
transported to Eastern China and affected Shanxi, Hebei,
and more than 10 other provinces and cities.

Fig. 2 shows the 850-hPa wind field and vertical
velocity. A strong convergence occurred in Mongolia,
suggesting that the dust storm may originate there.
Additionally, the wind direction was mainly from the
west and northwest, causing the transport of dust aero-
sols from west to east.

A backward trajectory analysis of the same time period
was conducted to find the source region and transport path
of the dust aerosols (as shown in Fig. 3). The NOAA/Air
Resources Laboratory HYSPLIT model was used to calculate
the 24-h backward trajectories of the air masses at SACOL at
20:00 UTC on 24 April. The Global Data Assimilation System
(GDAS) meteorological dataset of the NCEP was used as
input. Two arrival points (at the SACOL and Minqin stations)
were selected in the altitude range of 500–1500 m (500,
1000, and 1500 m) above ground level (AGL). The green and
blue lines represent the 1000–1500-m back trajectories,
which indicate that the dust originated over Mongolia on
24 April 2010 (or somewhat earlier). It was then transported
Minqin (a and b) and NIES Lidar normalized relative backscatter and

2010.
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from Minqin and other regions to SACOL. Because the dust
storm occurred in Minqin at 10:46 UTC on 24 April, the
HYSPLIT information indicates that the dust aerosols took 8–
9 h to travel to SACOL.

Fig. 4 shows typical dust observations taken during
24–30 April 2010 by the MPL at Minqin and NIES lidar at
SACOL (the gap in Fig. 4 is no signal regions where MPL
and NIES Lidar had no signal due to the strong dust
storm). The depolarization ratio of dust is high due to
the non-spherical shape of the particles, whereas for other
types of aerosols, the depolarization ratio is low (close to
zero). The depolarization ratio is used as an indicator to
separate dust from other aerosol types [56]. From the
vertical information in Fig. 4a–d, we can see that there
were sharp increases in attenuated backscattering coeffi-
cients and depolarization ratios at both Minqin and SACOL
on 24 April. At Minqin (Fig. 4a and b), the dust storm
happened at about 10:46 UTC and was severe. Similar
observations at SACOL, shown in Fig. 4c and d, indicate that
the dust event occurred at SACOL at about 14:40 UTC.
Moreover, the dust storm at Minqin lasted until 27 April
and was stronger than that at SACOL. However, the altitude
of the dust layer at SACOL was higher than that in Minqin,
indicating that when the dust aerosols were transported
from Minqin and other regions to SACOL, the strength
decreased, but the altitude increased.
Fig. 5. The modeled simultaneous downward surface SW (a) and LW (c) fluxes v

SW (b) and LW (d) fluxes versus satellite CERES observations during April 24–
4. Dust aerosol radiative heating and forcing effects

As discussed before, the aerosol input parameters for
the Fu–Liou model were obtained from surface observa-
tion and the pressure, temperature, and water vapor
vertical profiles from NCEP, the extinction coefficient
vertical profile derived from Lidar Equation using Fernald
Method [57]. We compared the modeled simultaneous
results with CERES and surface observations (shown in
Fig. 5). Fig. 5a and c compares the modeled simultaneous
surface downward SW/LW fluxes with radiometer obser-
vations. Fig. 5b and d compares the modeled simulta-
neous TOA upwards SW/LW with CERES observations
during 24–30 April at Minqin and SACOL. The simulated
surface downward SW/LW fluxes agreed reasonably
closely with those from radiometer observations. The aver-
aged differences between model and surface observations
were only 4.43 and 1.1 W m�2 for SW and LW, respectively.
At the TOA, the averaged differences between the model and
CERES observations were also small (only 1.11 and
0.2 W m�2 for SW and LW respectively). Therefore, it is clear
from this comparison that the radiative-transfer model can
be used to reliably determine the RF and vertical heating rate
with input from surface observations.

Fig. 6 gives the temporal average evolution of the
mean AOD, SSA and asymmetry from April 22 to 30,
ersus surface observations, and the modeled simultaneous TOA upwards

30 on Minqin and SACOL.



Fig. 6. Daily averaed of the AOD (a), SSA (b) and asymmetry (c) from April 22 to 30, 2010 along with the SSA and ASY mean values at SACOL and Minqin.
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2010 at Minqin and SACOL. The aerosol optical depths in
Fig. 6 are observed by the SKYNET and AERONET. Fig. 4
shows that there were some missing data due to the
strong dust storm at Minqin. So here we just compared
the mean values of aerosol optical depth when Minqin
and SACOL both had data in Fig. 6, although the dust
storm at Minqin was stronger than at SACOL, the optical
depth at Minqin may be less than SACOL due to the
missing data. Fig. 6a shows that the mean AOD sharply
increased on April 24 at both Minqin and SACOL. More-
over, the mean AOD at SACOL was larger than that at
Minqin after April 24, but the SSA at SACOL was smaller
than that in Minqin after April 24 (Fig. 6b). This implied
that when the dust aerosols were transported from
Minqin and other regions to SACOL, they may have mixed
with anthropogenic pollutants such as sulfate and nitrate;
these interactions cause the aerosols to be more soluble
and increased their chance to serve as cloud condensation
nuclei [58]. Fig. 7 gives the averaged dust aerosol RF at the
TOA, at the surface, and in the atmosphere for the cases in
this study at the Minqin and SACOL stations.

The LW and SW flux are defined both for the TOA and
the surface as

Tlw ¼ Fdown
lw �Fup

lw

Tsw ¼ Fdown
sw �Fup

sw
the aerosol RF is given as

Alw ¼ Ta
lw�Tclr

lw

Asw ¼ Ta
sw�Tclr

sw

Anet ¼ AlwþAsw

where Fdown
lw Fup

lw

� �
and Fdown

sw Fup
sw

� �
are the downwind

(upward) LW and SW fluxes, respectively. The indices ‘a’
and ‘clr’ denote the existence of dust aerosols and clear-
sky scenes without dust aerosols.

Fig. 7a–c shows the RF values at the Minqin station. At
the TOA, dust aerosols had a warming effect in the LW,
SW, and net flux. The maximum net warming was
35.70 W m�2 on April 24. At the surface, dust aerosols
had a positive LW RF but negative values for the SW and
net RF. Dust aerosols cooled the surface by decreasing the
incident SW radiation but warmed it through dust-
emitted LW radiation. The net result at the surface was
a cooling effect, and the maximum cooling was
�17.78 W m�2 on April 24. In the atmosphere, the dust
aerosols had a cooling effect for LW but a warming effect
for SW. The net effect was warming, and the maximum
net RF was 53.48 W m�2 on April 24. Fig. 7d–f shows the
same conclusion. The results in Fig. 7 indicates that both
SW and LW radiation forcing of dust aerosols played
important roles in the radiative energy budget at the
TOA, at the surface, and in the atmosphere.



Fig. 7. Daily mean radiative forcing (RF) of dust aerosols at the TOA, at the surface, and in the atmosphere at Minqin and SACOL. Units: W m�2.
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The mean RFs at the TOA, surface, and atmosphere as a
function of the AOD at Minqin and SACOL are given in
Fig. 8. The mean absolute values of the TOA, surface, and
atmosphere RF increased with increasing AOD. Addition-
ally, the absolute values of RF at SACOL were larger than
those at Minqin in the same AOD bin. This implies that
when dust aerosols were transported from Minqin and
other regions to SACOL, they mixed with the cross-area
pollution aerosol, increasing the AOD but decreasing the
SSA, resulting in greater radiation effects of dust aerosols
at SACOL than at Minqin.

Fig. 9 shows the impact of dust aerosols daily averaged
LW, SW, and net heating rates. These values were
obtained as the differences between the simulated radia-
tive heating rates with and without dust aerosols. The
dust aerosols appear to have had little effect on the LW
radiative heating rates at Minqin and SACOL. They show a
warming effect above the surface, but they cooled in the
dust layers and above the dust layer. The maximum
warming, which occurred near the surface, was typically
about 0.51 K at Minqin and 0.57 K at SACOL. The max-
imum cooling was typically about �1.07 K at Minqin and
�0.87 K at SACOL. Dust aerosols appear to show a warming
effect in and above the dust layer. The maximum net aerosol
heating rate was 5.89 K at 1.5 km on 24 April at Minqin and
4.64 K at 2.2 km on 29 April at SACOL. Because there was a
super dust storm in Minqin on 24 April, the heating and
cooling rates there were larger than the values in SACOL.
5. Uncertainties in RF

Although we attempted to minimize errors by using
the observations as model input, the estimated dust RF
may still have had some unavoidable uncertainties. Esti-
mation of the uncertainties in RF at different levels in the
atmosphere (TOA, in the atmosphere and at the surface) is
therefore important for understanding the context of the
results.

Table 2 summarizes the results of a sensitivity analysis
for the case studies presented in this paper. Based on the
instrument uncertainty, the errors in the AOD were
estimated to be on the order of 10%. The surface albedo
also varied by 10%, the asymmetry varied by 5%, and the
SSA varied by 6%. Since the dust storm mainly occurred
near the surface (see Fig. 4), and the dust aerosols touched
the surface, so here we just discussed the perturbing of
increasing height, and we increased the height of dust



Fig. 8. Daily mean aerosol radiative forcing at the top of the atmosphere

(a), surface (b) and in the atmosphere (c) as a function of AOD at Minqin

(red) and SACOL (blue). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this

article.)
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aerosol by 0.5 km. We believe that the above uncertain-
ties represent the maximum range of possible values.

The results in Table 2 show that the SW RF estimates
were sensitive to the surface albedo, AOD, and SSA, while
the LW estimates were somewhat less sensitive to
changes in SSA and AOD at the TOA, at the surface, and
in the atmosphere. The changes in the surface albedo
reduced the magnitude of the net RF by about 1.7% and
�1.8% in the atmosphere. The variations in the AOD
resulted in changes of �1.3% and 1.9%, variations in the
asymmetry resulted in changes of 73.72%, and the
variations in SSA resulted in changes of 74.1%. At the
TOA, the variations in surface albedo, AOD, asymmetry,
and SSA resulted in changes of 4.9% and �3.55%, �9.8%
and 11.4%, 78.92%, and 712.5% in the net RF, respec-
tively. Furthermore, the variations in the four parameters
resulted in changes in the surface net RF of 3.2% and
�1.75%, �8.5% and 9.5%, 75.2%, 78.4%. The variations
in aerosol height resulted in changes of 0.26%, �0.62%
and 0.88% at the TOA, surface and in the atmosphere,
respectively. The changes in the SSA had a larger impact
on the aerosol RF at the TOA, whereas moderate errors in
the estimates of the AOD, asymmetry, the surface albedo
and aerosol height. In addition, the larger dust particles
may fall to surface when transported from Minqin to
SACOL. As we know that the difference in dust particles
size can cause the differences in optical thickness retrieval
and RF computation, thus the difference in dust particles
between Minqin and SACOL is also one of the factors that
affect the RF.
6. Discussion and conclusions

Dust aerosols are an important part of the Earth’s
climate system. They influence the radiative energy budget
through direct, indirect, and semi-direct effects. They also
affect cloud microphysical properties. Aerosol environ-
mental and climatic effects have become an important
scientific issue.

Our study showed that the maximum mean net RF at
Minqin was 35.70, �17.78, and 53.48 W m�2, respec-
tively, at the TOA, at the surface, and in the atmosphere
on April 24, 2010. At SACOL the corresponding values
were 27.52, �28.80, and 56.32 W m�2 at the TOA, at the
surface, and in the atmosphere, respectively, on April 29,
2010. Dust aerosols can absorb and scatter solar SW and
absorb and emit LW radiation and hence affect RF in
complex ways. The effect of dust aerosols depends on
many factors, such as surface albedo, and AOD, SSA. Our
results indicate that the most important factors for LW
forcing in the atmosphere are the AOD and its vertical
distribution which was derived from Lidar Equation using
Fernald Method, whereas SW is dependent on the surface
albedo, AOD, and SSA. Generally speaking, dust aerosols
have a positive (larger surface albedo) or negative (smaller
surface albedo) effect on SW at the TOA but a negative
effect at the surface because the existence of dust aerosols
reduces the incident SW radiation. For LW radiation, dust
aerosols have a positive effect both at the TOA and at the
surface. In the atmosphere, dust aerosols have a negative
effect on LW but a positive effect on SW. The net effect is
positive, heating the atmosphere. In dusty atmospheric
layers, the dust typically heats the layer by up to 3–6 K,
depending on the dust concentration. The maximum net
(SWþLW) radiative rate reached 5.89 K at 1.5 km on April
24 at Minqin and 4.46 K at 2.2 km on April 29 at SACOL.

Dust aerosols had a larger mean AOD at SACOL than
that at Minqin on April 24, when the super dust storm
occurred there. However, the mean SSA at SACOL was
smaller than that at Minqin during April 22–29, when the
dust storm occurred. This implies that when dust aerosols
were transported from Minqin and other regions to
SACOL, their optical properties may have changed. Addi-
tionally, dust aerosols at SACOL had larger absolute RF
values than did those at Minqin with the same AOD.
Because the mean SSA was 0.91 at both Minqin and
SACOL, the uncertainty between the sky radiometer at
Minqin and AERONET at SACOL was about 6% based on
our history measurement data. The mean difference in RF
between Minqin and SACOL at the TOA, at the surface, and
in the atmosphere was greater than the uncertainties
shown in Table 2. The HYSPLIT simulation also confirmed
that dust aerosols were transported from Minqin to
SACOL, and also from some other regions to SACOL (not
shown here). Thus, when dust aerosols were transported
from Minqin and other regions to SACOL, they may have
been mixed with polluted aerosols, increasing their effect
on radiation. However, the radiation is affected by many
factors, such as the surface albedo, and vertical profile.

Dust aerosols can significantly affect the regional
climate by heating the air column. This modifies the
vertical thermal structure, atmospheric stability, and



Fig. 9. Daily mean heating rate (HR) above, in the dust layers and above surface at Minqin and SACOL. Units: K.

Table 2
Analysis of the sensitivity of the Fu–Liou radiative transfer model for radiative forcing at the TOA, at the surface, and in the atmosphere. Units: W m�2

(case studies discussed in the text).

Deviation from baseline forcing (%)

TOA Surface Atmosphere

LW SW NET LW SW NET LW SW NET

Albedo�10% 0 4.9 4.9 0 3.2 3.2 0 1.7 1.7

Albedoþ10% 0 �3.55 �3.55 0 �1.75 �1.75 0 �1.8 �1.8

AOD�10% �2.3 �7.5 �9.8 �1.2 �7.3 �8.5 �1.1 �0.2 �1.3

AODþ10% 2.6 8.8 11.4 1.8 7.7 9.5 0.8 1.1 1.9

SSA�6% 1.2 11.3 12.5 �1.3 9.7 8.4 2.5 1.6 4.1

SSAþ6% �1.2 �11.3 �12.5 1.3 �9.7 �8.4 �2.5 �1.6 �4.1

ASY�5% 4.3 4.62 8.92 1.4 3.8 5.2 2.9 0.82 3.72

ASYþ5% �4.3 �4.62 �8.92 �1.4 �3.8 �5.2 �2.9 �0.82 �3.72

Hþ0.5 km 0.21 0.05 0.26 �0.46 �0.16 �0.62 0.67 0.21 0.88
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convection strength and affects regional precipitation pat-
terns [59]. Dust aerosols also have a large effect on the
surface energy budget, atmospheric circulation, and even
global climate change. Dust aerosol radiative effects are
important in modulating global and regional climate. They
affect heating rate and thereby convective processes, the
formation and lifetime of clouds, and the distribution of
chemical constituents, and they are a major environmental
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and public health concern in China. Therefore, further
research should focus on combining satellite measure-
ments, surface measurements, and model simulations.
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