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Abstract 24 

The Tibetan Plateau (TP) is located at the juncture of several important natural and 25 

anthropogenic aerosol sources. Satellites have observed substantial dust and 26 

anthropogenic aerosols in the atmosphere during summer over the TP. These aerosols 27 

have distinct effects on the earth’s energy balance, microphysical cloud properties, 28 

and precipitation rates. To investigate the transport of summer dust and anthropogenic 29 

aerosols over the TP, we combined the Spectral Radiation-Transport Model for 30 

Aerosol Species (SPRINTARS) with a non-hydrostatic regional model (NHM). The 31 

model simulation shows heavily loaded dust aerosols over the northern slope and 32 

anthropogenic aerosols over the southern slope and to the east of the TP. The dust 33 

aerosols are primarily mobilized around the Taklimakan Desert, where a portion of 34 

the aerosols are transported eastward due to the northwesterly current; simultaneously, 35 

a portion of the particles are transported northward when a second northwesterly 36 

current becomes northeasterly because of the topographic blocking of the northern 37 

slope of the TP. Because of the strong upward current, dust plumes can extend 38 

upward to approximately 7-8 km a.s.l. over the northern slope of the TP. When a dust 39 

event occurs, anthropogenic aerosols that entrain into the southwesterly current via 40 

the Indian summer monsoon are transported from India to the southern slope of the 41 

TP. Simultaneously, a large amount of anthropogenic aerosols is also transported from 42 

eastern China to east of the TP by easterly winds. An investigation on the transport of 43 

dust and anthropogenic aerosols over the plateau may provide the basis for 44 

determining aerosol impacts on summer monsoons and climate systems. 45 
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1   Introduction 52 

Aerosols, which primarily comprise a mixture of soil dust, sulfate, carbonaceous 53 

material and sea salt, may have a large, direct effect on the energy balance by 54 

absorbing and scattering solar and thermal radiation (Liu et al., 2011, 2014; Miller 55 

and Tegen, 1998, 2003) and an indirect effect on the microphysical properties of 56 

clouds (DeMott et al., 2003; Huang et al., 2010). Mineral dust, which is the main 57 

component of aerosols, is a primary type of absorbing aerosol (Huang et al., 2007a; 58 

Huang et al., 2011; Sokolik and Toon, 1996). Asia dust (Hsu et al., 2013; Nakajima et 59 

al., 2003) and anthropogenic aerosols create a significant environmental problem 60 

when mixed during transport (Takemura et al., 2002). Asia dust, which generally 61 

originates from Outer and Inner Mongolia, the Taklimakan Desert, and the Gobi 62 

Desert, and anthropogenic aerosols can be transported eastward by the jet stream to 63 

North America across the North Pacific Ocean (Gong et al., 2006; Takemura et al., 64 

2002; Uno et al., 2001). 65 

Atmospheric aerosols are dispersed worldwide (Breider et al., 2014; Goudie and 66 

Middleton, 2001; Müller et al., 2003). Recent studies indicate that dust aerosols 67 

accumulate over the northern slope of the Tibetan Plateau (TP) (Chen et al., 2013; 68 

Huang et al., 2007b). As the highest plateau in the world, the TP may influence the 69 

climate through dynamical and thermal forcing (Wu et al., 2007) and by modulating 70 

the hydrologic cycle (Hansen et al., 2000; Jacobson, 2001). The TP is located at the 71 

juncture of several important natural and anthropogenic aerosol sources and is 72 

surrounded by the earth’s highest mountains, e.g., the Himalayas and the Pamir and 73 

Kunlun Mountain ranges; the Taklimakan Desert lies to the north, the Gobi Desert lies 74 

to the northeast and the Great Indian Desert lies to the southwest. With an increasing 75 

frequency of nearby dust storms (Thulasiraman et al., 2002; Uno et al., 2001), the TP 76 

faces new threats from aerosols. 77 

As the major type of aerosol that affects the TP (Huang et al., 2007b; Zhang et al., 78 

2001), dust aerosols accumulate on the northern slope of the plateau, where the 79 

Taklimakan and Gobi Deserts intersect. From April to May, dust aerosols, which are 80 



transported from the Pakistan/Afghanistan, the Middle East, the Sahara, and 81 

Taklimakan Desert, accumulate at high elevations on the southern and northern slopes 82 

of the TP (Lau et al., 2006). The largest number of dust storms occurred over the 83 

northern slope and eastern part of the TP in the spring of 2007, and several dust layers 84 

were elevated to altitudes of 11-12 km (Liu et al., 2008). During summer, dust aerosol 85 

particles are transported from nearby deserts, such as the Taklimakan Desert, and 86 

accumulate on the northern and southern slopes of the TP. Tibetan dust aerosol layers 87 

appear most frequently at approximately 4-7 km above the mean sea level, where the 88 

plumes likely originate from the nearby Taklimakan Desert and accumulate over the 89 

northern slopes of the TP during summer (Huang et al., 2007b). As the dust storm 90 

travels toward the TP, the dust aerosols may mix with anthropogenic aerosols 91 

(Takemura et al., 2002) and induce new environmental and climatic problems (Su et 92 

al., 2008). 93 

The elevated absorbing aerosols have a unique feedback with the high surface 94 

albedo of the TP (Liu et al., 2013). According to a modeling study, the atmosphere in 95 

the upper troposphere over the TP may act as an “elevated heat pump” (Lau and Kim, 96 

2006), which can be affected by the absorption of solar radiation by dust coupled with 97 

black carbon emitted from industrial areas in northern India; this setup may advance 98 

and subsequently intensify the Indian monsoon. However, the Tibetan aerosol 99 

distribution and properties are largely unknown. 100 

In this study, we firstly evaluated the Spectral Radiation-Transport Model for 101 

Aerosol Species (SPRINTARS) combined with a non-hydrostatic regional model 102 

(NHM) through comparing the simulation results and satellite observations, including 103 

the altitude-orbit cross-section of the extinction coefficient along the trajectory of 104 

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO), the 105 

aerosol index (AI) in the ultraviolet (UV) band from an ozone monitoring instrument 106 

(OMI), and monthly aerosol optical depth (AOD) data from a multi-angle imaging 107 

spectroradiometer (MISR). Simultaneously, the dust and anthropogenic aerosols in 108 

summer over the TP are evaluated, and their distributions over the TP are presented. 109 



The transport of these aerosols is also explored via combining the simulation results 110 

and reanalysis data. 111 

 112 

2   Model description 113 

2.1 Adding SPRINTARS to the NHM 114 

The three-dimensional aerosol transport-radiation model called SPRINTARS 115 

(Takemura et al., 2000, 2002) is used in this study. This global aerosol climate model 116 

was developed at the Center for Climate System Research (CCSR), University of 117 

Tokyo. The model simultaneously considers the main tropospheric aerosols, i.e., 118 

carbon (organic carbon (OC) and black carbon (BC)), sulfate, soil dust, and sea salt, 119 

and the precursor gases of sulfate, i.e., sulfur dioxide (SO2) and dimethyl sulfide 120 

(DMS). The aerosol transport processes include emission, advection, diffusion, sulfur 121 

chemistry, wet deposition, dry deposition, and gravitational settling.  122 

Although SPRINTARS was originally based on a general circulation model 123 

(GCM), i.e., CCSR/NIES/FRCGC AGCM (Numaguti et al., 1997) called the Model 124 

for Interdisciplinary Research on Climate (MIROC) to investigate the regional 125 

distribution and transport of dust and anthropogenic aerosols over the TP, we 126 

combined SPRINTARS with a regional-scale NHM developed by the Japan 127 

Meteorological Agency (JMANHM) (Saito et al., 2006). The dynamical field of the 128 

JMA-NHM drives the transport of aerosols included in SPRINTARS (hereafter 129 

referred to as NHM-SPRINTARS or simply SPRINTARS).  130 

The Arakawa-C and Lorentz grid structures were adopted for the horizontal and 131 

vertical grid configurations, respectively. Originally, the advection scheme for tracers 132 

(i.e., mixing ratio of hydrometeors, aerosols and gases) in NHM did not guarantee 133 

mass conservation. In adding SPRINTARS to NHM in this study, the advection 134 

scheme of Walcek and Aleksic (1998), which guarantees mass conservation, was 135 

applied in the transport of aerosols and chemical tracers. Using the advection scheme, 136 

Kajino et al. (2012) successfully simulated the transport of a chemical tracer. The 137 



turbulence scheme of Nakanishi and Niino (2006) and the two-moment bulk cloud 138 

microphysical scheme of Yamada (2003) were used.  139 

2.2 Experiment setup 140 

A simulation of the coupled NHM and SPRINTARS was conducted. The model 141 

domain covered 15.72-53.33°N and 60.58-119.09°E, as shown in Fig. 1. A horizontal 142 

resolution of 20km × 20km was used. Vertically, 40 levels with variable intervals 143 

from 40 to 1120 m were used. The experiment was conducted for August of 2007 at a 144 

time step of ∆t = 5.0 s. 145 

The 6 h dataset of Japanese 25 year Reanalysis (JRA-25) (Onogi et al., 2007) 146 

was used for the initial and lateral boundaries of the horizontal wind field, 147 

temperature, and specific humidity during the simulated period. The vertical wind 148 

field of the initial and boundary conditions was set to 0.  149 

The initial and boundary conditions of the aerosol fields were created through 150 

downscaling the results of SPRINTARS in a general circulation model, MIROC- 151 

SPRINTARS (Takemura et al., 2005; Goto et al., 2011). Every 6 h result from 152 

MIROC-SPRINTARS, for which the horizontal and vertical resolutions were 1.1° × 153 

1.1° and 20 layers, respectively, was interpolated to determine the initial and lateral 154 

boundary conditions of the aerosol and precursor gases (DMS and SO2) (details on the 155 

experiment setup of MIROC-SPRINTARS are described in the Appendix).  156 

The emission inventory data of anthropogenic black carbon and SO2 are based on 157 

Lamarque et al. (2011), and the other inventories (i.e., biomass burning and volcanoes) 158 

are the same as those used by Takemura et al. (2005). In addition to the aerosol field 159 

and emission data, the three-dimensional oxidant distribution is required to calculate 160 

the chemical reaction of sulfate aerosols in each grid. The monthly mean oxidant 161 

distributions were prescribed from the chemical transport model CHASER coupled 162 

with MIROC (MIROC-CHASER) (Sudo et al., 2002), with a horizontal resolution of 163 

2.8° × 2.8°. 164 

The original pre-calculated parameters of simulated aerosols used in this study, 165 



refractive indices at 0.55 µm and effective radius, are listed in Table 1. In this model, 166 

the particle sizes of dust, BC, OC, sea salt and sulfate aerosols is divided into 10, 9, 9, 167 

4 and 8 radii, respectively, for different radius ranges as given in Table 1. And the 168 

refractive index of each aerosol component is uniform for all the radius subranges 169 

based on d’Almeida et al. (1991) and the imaginary part of soil dust aerosols is 170 

updated for their weaker absorption of the solar radiation (Kaufman et al., 2001). 171 

  172 

3   Observational data 173 

3.1 CALIPSO profiles 174 

Combining an active Lidar instrument, i.e., the Cloud-Aerosol Lidar with Orthogonal 175 

Polarization (CALIOP), with passive infrared and visible imagers, the CALIPSO 176 

satellite provides new insight into the vertical structure and properties of clouds and 177 

aerosols. In this study, the CALIPSO Level 1B and Level 2APro datasets (aerosol 178 

profile), which contain a half-orbit (day or night) of calibrated and geolocated single-179 

shot (highest resolution) Lidar profiles, were used to detect dust events and evaluate 180 

the model.   181 

The CALIPSO Level 1B product provides the profiles of the total attenuated 182 

backscatter at 532 and 1064 nm and a volume depolarization ratio at 532 nm; the 183 

optical depth of aerosols from CALIPSO Level 2APro was used to increase the 184 

reliability of the dust detection. The Level 2APro product also provides the extinction 185 

coefficient profiles at 532 nm, which were used to evaluate the SPRINTARS model in 186 

the vertical direction. Because aerosols and clouds generally have a larger spatial 187 

variability and stronger backscatter intensity at lower altitudes, the investigation 188 

focuses on altitudes ranging from 0 to 10 km a.s.l. to obtain a higher accuracy. 189 

3.2 OMI AI 190 

The ozone monitoring instrument (OMI) aboard the Earth Observation System (EOS) 191 

Aura spacecraft provides daily global coverage of the Earth-atmosphere system at 192 

wavelengths ranging from 270 to 500 nm with a high spatial resolution of 13 km × 24 193 



km and a swath width of approximately 2600 km. The OMI Aerosol (OMAERO) 194 

Level 2 product contains the characteristics of absorbing aerosols in the full 195 

instrument resolution. The OMI AI in the UV band was compared with the aerosol 196 

optical depth (AOD) simulated by SPRINTARS. 197 

3.3 MISR AOD 198 

The MISR, which was launched with the sun-synchronous polar-orbiting Terra, can 199 

simultaneously view the sunlit Earth at the same point in nine widely spaced angles 200 

ranging from 70° afterward to 70° forward of the local vertical at a spatial sampling 201 

resolution of 275 to 1100 m globally. The MISR can even retrieve aerosol properties 202 

over highly reflective surfaces, such as deserts, and it has few limitations caused by 203 

the surface type (Christopher et al., 2008; Kahn et al., 2005; Martonchik, 2004). The 204 

MISR Level 3 AOD product, which is retrieved from multiple orbits at a monthly time 205 

scale on geographic grids of 0.5° × 0.5°, was used to evaluate the simulated monthly 206 

properties of all of the aerosols in this study. 207 

3.4 ERA-Interim reanalysis data 208 

The European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim 209 

reanalysis dataset was used to evaluate the meteorological fields of SPRINTARS and 210 

analyze the transport of the aerosols. Daily meteorological contours of the U and V 211 

components of the wind speed and the vertical velocity from ECMWF were used. The 212 

reanalysis data has a spatial resolution of 1.0° × 1.0°, 37 pressure levels in the vertical 213 

direction, and a temporal resolution of 6 h (00:00, 06:00, 12:00 and 18:00 UTC). 214 

 215 

4   Results and discussion 216 

Considering the influence of the lateral boundary of the model domain, the analysis 217 

primarily focused on the inner domain of 20-50°N, 70-110°E, as indicated by the 218 

black rectangle in Fig. 1; this area encloses the TP and most of the dust sources in 219 

East Asia. 220 



The TP is located in central East Asia (25-40°N, 74-104°E), where the average 221 

elevation is 4500 m. For the northeast TP, the Taklimakan, Gurbantunggut, Badain, 222 

and Jaran Deserts are the primary dust sources outside the local desert in the Qaidam 223 

Basin. For the west TP, the Taklimakan Desert, Great Indian Desert and deserts in 224 

Central Asia are the primary dust sources. Although the area southeast of the TP is far 225 

from the dust sources, anthropogenic aerosols could be transported from India and 226 

east of China. The aerosols over the TP may consist of particles transported from 227 

these sources and anthropogenic aerosols, including carbonaceous and sulfate aerosols 228 

from India and east of China. The solid black line in Fig. 1 indicates the trajectory of 229 

the CALIPSO satellite over the TP on 22 August 2007.  230 

4.1 Identification of a dust event  231 

The product of CALIPSO, which can observe aerosols over bright surfaces and 232 

beneath thin clouds in clear skies (Vaughan et al., 2004; Winker et al., 2006), was 233 

used to identify dust aerosols. With a total attenuated backscatter coefficient at 532 234 

nm, the depolarization ratio and AOD from CALIPSO were combined to identify dust 235 

aerosols. Generally, because of its non-sphericity, dust has a larger depolarization 236 

ratio than raindrops and other aerosols and has a smaller depolarization ratio than an 237 

ice cloud. To identify dust aerosols, values of 0.0008-0.048 km
−1

 sr
−1

 and 0.06-0.4 238 

were chosen as the thresholds of the total attenuated backscatter and volume 239 

depolarization ratio, respectively (Chen et al., 2009; Li et al., 2013; Liu et al., 2008; 240 

Shen et al., 2010; Zhao et al., 2009).  241 

The CALIPSO data analysis shows (figures omitted) that a large amount of 242 

aerosols are present over the TP during summer. A typical case on 22 August 2007 243 

was investigated in detail. Figure 2 shows the (a) AOD, the altitude-orbit cross-244 

section of the (b) total attenuated backscattering intensity and (c) depolarization ratio 245 

on 22 August 2007 along the CALIPSO trajectory presented in Fig. 1. The gray 246 

shading in Fig. 2 indicates the topography, and the deep blue area denotes the absence 247 

of a signal due to clouds, which the laser cannot penetrate. As shown in Fig. 2, the 248 

total attenuated backscatter and volume depolarization ratio ranged from 0.002 to 249 



0.005 km
−1

 sr
−1

 and 0.06 to 0.3, respectively. Based on the thresholds for identifying 250 

dust aerosols, 22 August 2007 is considered a severe dusty day. Thick dust plumes 251 

existed over both the southern and northern slopes of the TP (Fig. 2b and c). Figure 2a 252 

presents the AOD on 22 August 2007 over the TP. The large AOD values further 253 

verify the conclusion from the total attenuated backscatter and volume depolarization 254 

ratio. The dust plumes could extend up to approximately 7-8 km a.s.l. over the 255 

northern slope of the TP. The result also indicates that the dust plumes over the 256 

northern slope were much thicker than those over the southern slope of the TP. 257 

Based on the dust event detected by the CALIPSO observations, the model 258 

simulation and relative analysis were performed in the following sections. 259 

4.2 Simulation and comparison with observations 260 

Considering the geographical features of the TP, we primarily investigated the 261 

simulations of dust, carbonaceous aerosols (organic and black carbon), and sulfate 262 

aerosols. The simulated optical depths of the dust and the carbonaceous and sulfate 263 

aerosols from 21 August 00:00 UTC to 24 August 00:00 UTC are shown in Fig. 3b 264 

and c. The OMI AI in the UV band, which can detect UV-absorbing aerosols, is 265 

shown in Fig. 3a. The AI from the OMI is gridded at 0.5°×0.5° from the satellite orbit 266 

files. Generally, the value of the AI ranges from −1.5 to 3.5, in which negative and 267 

positive indicate the dominance of scattering (e.g., sulfate) and absorbing aerosols 268 

(e.g., black carbon and dust) (Christopher et al., 2008), respectively.  269 

The OMI satellite observed a large amount of UV-absorbing aerosols around the 270 

Taklimakan Desert and Inner Mongolia and north of the TP, as shown in Fig. 3a. 271 

Although many invalid values exist in the OMI observational data, the AI suggests 272 

highly absorbing aerosols around the Taklimakan Desert, the southern slope and the 273 

area east of the TP. The highest AI value was greater than 3.5 on 23 August. 274 

Additionally, compared with the OMI observation, SPRINTARS observed similar 275 

AOD patterns over the northern slope (Fig. 3b), the southern slope and the east of the 276 

TP (Fig. 3c). The model simulation indicates that dust aerosols were primarily 277 

distributed over the northern slope of the TP, whereas anthropogenic aerosols, 278 



including carbonaceous and sulfate aerosols, were distributed over the southern slope 279 

and east of the TP. Combining the observations from the OMI and the SPRINTARS 280 

simulations, the absorbing aerosols over the north TP slope were dust, and those over 281 

the southern slope and east of the TP were carbonaceous materials.  282 

Figure 4 shows the simulated distributions of the column-integrated aerosol 283 

single scattering albedo (SSA) and Angstrom exponent (AE) for a mixed 284 

polydispersion of all aerosols in this study. The black rectangles indicate the key areas 285 

where the values clearly change. In addition to the low SSA values over much of the 286 

snow cover, the SSA values around the Taklimakan Desert were as low as 0.85-0.91 287 

because of the strong absorption of direct solar radiation. From 21 to 23 August, the 288 

low SSA center clearly moved from the Taklimakan Desert to the northern slope and 289 

east part of the TP (shown in the solid boxes in Fig. 4). The decreasing SSA and AE 290 

imply increasing absorption and larger particles. As the dashed boxes indicate, over 291 

the southern slope of the TP, the SSA ranged from 0.88 to 0.91 and exhibited a 292 

decrease from 21 to 23 August. At the same time, to the east of the TP, the SSA 293 

values varied from approximately 0.85 to 0.98 while the AE values somewhat 294 

decreased from 21 to 23 August (dotted boxes). The simulations suggest that the 295 

eastward and southward migration of dust aerosols induced the increasing SSA over 296 

the northern slope and east of the TP, respectively; however, the carbonaceous 297 

aerosols contributed to the SSA variation over the southern slope of the TP. 298 

Additionally, east of the TP, the sulfate aerosols somewhat influenced the simulated 299 

SSA and AE values. 300 

Although the satellite observations were compared with the horizontal 301 

distribution of aerosols over and around the TP, in situ vertical observations are 302 

difficult to find due to the special geographical environment. Considering the 303 

limitation of the spatial and temporal coverage due to aerosol-property retrievals over 304 

bright surfaces and beneath thin clouds, we compared the CALIPSO observations 305 

with the simulated vertical distribution along the orbit of CALIPSO/CALIOP at 20:18 306 

UTC on 22 August 2007. Figure 5 presents the extinction coefficient of the CALIPSO 307 



retrieval and the model simulation along the orbit path (as shown in Fig. 1). Although 308 

a slight underestimation occurs in the SPRINTARS simulation, the comparison shows 309 

that the model can nearly reasonably simulate the aerosol extinction profiles over 310 

most of the orbit paths. Both the CALIPSO retrieval and SPRINTARS simulation 311 

show high aerosol loading around the Taklimakan Desert (38-41°N) and the Tulufan 312 

Basin (approximately 43°N). Based on the satellite observations and model 313 

simulations, aerosols over the Taklimakan Desert ascended over the TP, passing the 314 

northern slope, to 7-8 km a.s.l. (33-39°N). Except for the underestimation of the 315 

extinction coefficient over the southern slope of the TP, the spatial patterns of the 316 

extinction coefficient between the observations and simulations agree well.  317 

Considering the missing observations of MISR, we compared the simulated 318 

monthly aerosol optical properties with the satellite observations on August 2007 over 319 

the TP. Figure 6 compares the monthly AOD between the MISR observations (Fig. 320 

6d), which are used in addition to the OMI, and the SPRINTARS simulations. Figure 321 

6a and b describe the distributions of the AOD for dust and anthropogenic 322 

(carbonaceous and sulfate) aerosols, and the total AOD of four types of aerosols (dust, 323 

sulfate, sea salt, and carbonaceous aerosols) is represented in Fig. 6c. A comparison 324 

between Fig. 6c and d shows that SPRINTARS can simulate the pattern and 325 

magnitude of the AOD extremely well. During August 2007, the monthly mean AOD 326 

reached over 1.5 around the Taklimakan Desert and the Sichuan Basin. The high 327 

optical depths around the Taklimakan Desert were primarily due to dust aerosols; 328 

however, the high values around the Sichuan Basin were primarily due to 329 

anthropogenic aerosols.   330 

As suggested in Figs. 3 and 6, SPRINTARS can successfully simulate the 331 

distribution of dust and anthropogenic aerosols. The transport of the dust and 332 

anthropogenic aerosols to the TP is described in the following section. 333 

4.3 Transport of aerosols over the TP 334 

As indicated in the simulation of SPRINTARS over the TP area, dust particles are 335 

primarily distributed around deserts, such as the Taklimakan Desert, whereas 336 



carbonaceous and sulfate aerosols are primarily distributed in the northern India 337 

Peninsula and east of the TP. The transport of dust and anthropogenic aerosols over 338 

the TP from 21 to 23 August is further investigated. 339 

Combining the distribution of the aerosol optical properties shown in Figs. 3 and 340 

4, the high aerosol mass over the northern slope of the TP is attributed to dust, 341 

whereas the dominant aerosol type over the southern slope and east of the TP is 342 

anthropogenic. The dust aerosols over the northern slope of the TP predominately 343 

originate from the neighboring Taklimakan Desert. Near the southern slope of the TP, 344 

the anthropogenic aerosols in the east primarily originate from India, and the dust in 345 

the west primarily originates from the Great Indian Desert. East of the TP, the dust 346 

particles primarily come from the Taklimakan Desert and from local dust sources, 347 

whereas anthropogenic aerosols originate from eastern China. The aerosols mobilized 348 

from the above sources are further transported to the TP during favorable 349 

meteorological conditions. Figure 7 presents the wind fields at the 850 hPa level from 350 

ERA-Interim (a) and the fields at z = 20 m from SPRINTARS (b) during 21-23 351 

August. The wind fields of SPRINTARS were averaged to the horizontal resolution of 352 

the ERA-Interim data (1.0° × 1.0°). In Fig. 7b, the arrows denote the U and V wind 353 

components in the horizontal direction, and the color indicates the vertical wind 354 

velocity, in which a positive value is a downdraft and a negative value is an updraft. 355 

Again, the comparison between the simulated fields and the observed fields proves the 356 

reliability of the SPRINTARS simulation. Comparing the vertical wind velocity over 357 

the southern slope, the updraft appears stronger over the northern slope of the TP.  358 

The wind near the surface blows from Kazakhstan to the Tianshan and Altai 359 

Mountains, in which a northwesterly current continuously moves to the east, whereas 360 

another current turns into northeasterly wind toward the TP because of topographic 361 

blocking. Figure 7 suggests that with the northwesterly wind current, dust particles are 362 

transported to the east of the TP. At the same time, a large amount of dust is 363 

transported to the northern slope of the TP as northeasterly winds form. From 21 to 23 364 

August, the northeasterly wind from the Tianshan and Altai Mountains was strongest 365 



on 22 August and weakened on 23 August. Furthermore, except for the northeasterly 366 

airflow toward the TP, an eastward airflow branched off of the northwesterly current, 367 

which apparently increased on 22 August. This airflow can transport dust that 368 

originated from the Taklimakan Desert to the eastern TP, as shown in Fig. 7. The 369 

movement of dust from the Taklimakan Desert to the east induces variations in the 370 

SSA and AE distributions, as shown in Fig. 4.  371 

Additionally, Fig. 7 shows strong southwesterly wind from India. As shown in 372 

Fig. 7a1 and b1, the strong cyclone over the India Peninsula induced a northward 373 

transport of anthropogenic aerosols. According to Figs. 3 and 6, anthropogenic 374 

aerosols are transported to the southern TP during southwesterly winds from the India 375 

Peninsula. As the southwesterly wind weakens, the amount of transported 376 

anthropogenic particles declines, as shown in Fig. 3c3. Simultaneously, the 377 

anthropogenic aerosols from eastern China are transported to the eastern TP with 378 

easterly wind.  379 

To determine the transport of aerosols in the horizontal and vertical directions, 380 

we analyzed the vertical variation in the dust mass concentration in the west-to-east 381 

and south-to-north directions at 37°N and 78°E, respectively, as shown in Fig. 8. The 382 

cross-sections cut across the center of the high AOD area for dust aerosols, as shown 383 

in Fig. 3b, to explore the dust transport from 21 to 23 August 2007. As the easterly 384 

wind weakened and the northwesterly wind strengthened over the area from 22 to 23 385 

August, dust aerosols were continuously transported eastward, as indicated by the 386 

increasing SSA in Fig. 4a2 and a3. As suggested in Fig. 8a1 and b1, on 21 August, the 387 

dust storm began to outbreak at approximately 78°E, 37°N and extended up to 388 

approximately 8 km. Dust mobilization became more active and expansive the 389 

following day. With the development and transportation of the dust particles in the 390 

following two days, the particles were transported to higher and even upward to 9 km 391 

(Fig. 8a3 and 8b3). Simultaneously, the dust aerosols were substantially transported 392 

eastward during 70-80°E on 22 August, when the wind field favored eastward 393 

transport (Fig. 8a2). However, as shown in Fig. 8b2 and b3, most southward-394 



transported dust particles were blocked and lifted up to the TP due to the orographic 395 

lifting. Based on Fig. 8b, a large updraft existed near the northern and southern slopes 396 

of the TP that lifted the dust to the plateau. The aerosol mass concentration was high 397 

in the west-east direction on 21 August and then strengthened over the following two 398 

days. The southward-transported particles accumulated over the northern slope of the 399 

TP, peaked on 23. Figure 8 further proves that the dust over the northern slope of the 400 

TP originated from the deserts, primarily the Taklimakan Desert. Combining Fig. 3c 401 

and the wind field in Fig. 7, we conclude that a large amount of anthropogenic 402 

aerosols were transported to the area east of the TP during the dust event and then 403 

weakened with the eastward transport of dust when the eastward airflow strengthened.  404 

Corresponding to the transport of dust aerosols in the horizontal and vertical 405 

directions, Fig. 9 shows the distribution of dust mass column loading from 21 to 23 406 

August. As suggested in Fig. 9, the dust loading is high over the northern and 407 

southern slopes of the TP. With the development and transportation, dust mass 408 

concentration over the northern slope began to increase and extend southeastward on 409 

21 August. On the following two day, 22-23 August, the dust event became severe 410 

and swept across the entire Tarim Basin. With the formation of the dust event on 21 411 

August, the northeasterly wind over the northeastern TP was strong, and a large 412 

amount of carbonaceous aerosols was transported to eastern TP; this setup produced a 413 

high AOD and low SSA values, as shown in Figs. 3c1 and 4a1, respectively.  414 

 415 

5   Conclusion  416 

In this study, we first evaluated the SPRINTARS model coupled with a NHM using 417 

CALIPSO, OMI and MISR observational data. Simultaneously, the summer dust and 418 

anthropogenic aerosols over the TP were evaluated, and the distributions over the TP 419 

were presented. 420 

From the SPRINTARS simulations, dust aerosols contribute to the high AOD 421 

around the Taklimakan Desert, and the absorbing aerosols, mainly carbon, observed 422 



by the OMI satellite were distributed over the southern TP. SPRINTARS can simulate 423 

an AOD pattern similar to that observed by the OMI, with the exception of several 424 

high values east of the TP. Additionally, the model simulations suggests that 425 

anthropogenic aerosols, i.e., carbonaceous and sulfate aerosols, surround India and the 426 

Sichuan Basin. Compared with the vertical distribution of the aerosol extinction 427 

coefficient along the orbit of CALIPSO/CALIOP, SPRINTARS can reasonably 428 

simulate the aerosol extinction profiles over most of the orbits. SPRINTARS well 429 

simulated the pattern and magnitude of the monthly aerosol optical properties 430 

observed by the MISR on August 2007 over the TP. The aerosols were primarily 431 

anthropogenic particles in the east and southern slope of the TP but are dust particles 432 

over the northern slope of the TP.  433 

The vertical-longitude/latitude cross-sections of the SPRINTARS-simulated 434 

aerosol mass concentration show that the dust aerosols were emitted in the 435 

atmosphere at approximately 78°E, 37°N and extended up to approximately 8 km 436 

from the first day of the dust event. Then, the dust was transported upward to 9 km; 437 

simultaneously, the dust aerosols were substantially transported east the following day. 438 

During the southward transport, the dust particles were blocked and lifted up to the TP 439 

due to the orographic lifting of the plateau. As the dust event weakened, the transport 440 

weakened in both the vertical and horizontal directions. During the dust events, the 441 

model simulations showed that the Tibetan dust aerosols appear at approximately 7-8 442 

km a.s.l., and the plumes originated from the nearby Taklimakan Desert and 443 

accumulated over the northern slopes of the TP during the summer. 444 

The dust aerosols were transported eastward by strong northwesterly winds, 445 

whereas the dust was transported southward to the northern slope of the TP as the air 446 

current changed from northwesterly to northeasterly due to topographic blocking. 447 

Additionally, increasingly eastward airflow branched off from the northwesterly wind 448 

to transport a portion of the dust aerosols to eastern China. Anthropogenic aerosols 449 

that originate from eastern China are transported to the east of the TP. Influenced by 450 

the Indian summer monsoon, anthropogenic aerosols are northwardly transported to 451 



the southern slope of the TP.  452 

The impact of different aerosols on cloud properties and precipitation is an 453 

important issue. In the future, the interaction of dust and anthropogenic aerosols with 454 

the microphysical properties of clouds will be further investigated. 455 
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Appendix: Details of the MIROC-SPRINTARS data used for the initial and 476 

boundary conditions of the aerosol field of NHM-SPRINTARS  477 

To create the initial and boundary conditions of the aerosol fields for NHM-478 

SPRINTARS, we used the results of MIROC-SPRINTARS (Takemura et al., 2005; 479 

Goto et al., 2011). MIROC-SPRINTARS was based on the 6 hourly meteorological 480 

fields (temperature, winds, and water vapor) of NCAR/NCEP Reanalysis. The results 481 

of the calculation were used for the initial and boundary conditions in this study. The 482 

horizontal and vertical resolutions were set to 1.1° ×1.1° and 20 layers, respectively. 483 

The emission inventories of anthropogenic black carbon (BC) and sulfur dioxide (SO2) 484 

were generated by Streets et al. (2003) over Asia and by Takemura et al. (2005) over 485 

the remaining regions. The other inventories (biomass burning and volcanoes) were 486 

the same as those used in Takemura et al. (2005). In MIROC-SPRINTARS, the 487 

monthly mean oxidant distributions were prescribed from a global chemical transport 488 

model, MIROC-CHASER (Sudo et al., 2002), with a horizontal resolution of 2.8° × 489 

2.8°. 490 
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Table 1. Refractive indices (Reff) at 0.55  and effective radius of each size bin for 736 

different aerosol component in SPRINTARS. 737 

Component Reff ( m ) Refractive index 

Dust 0.13  0.20  0.33  0.52  0.82  1.27  2.02  3.20  5.06  8.02 1.530-2.00×10
-3 i  

BC 0.100  0.108  0.110  0.144  0.169  0.196  0.274  0.312 1.750-0.440  

OC 0.100  0.108  0.110  0.144  0.169  0.196  0.274  0.312  1.377-3.60×10
-3  

Sea salt 0.178  0.562  1.78  5.62 1.381-4.26×10
-9  

Sulfate 0.0695  0.085  0.095  0.103  0.122  0.157  0.195  0.231 1.430-1.00×10
-8  
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Figure Captions 754 

Figure 1. Modeling domains and topography over the vicinity of the TP; the contours 755 

of the terrain height are in km (above mean sea level). The solid black line indicates 756 

the trajectory of the CALIPSO satellite over the TP on 22 August 2007. The black 757 

rectangle indicates the survey region. 758 

Figure 2. Aerosol optical depth (a), altitude-orbit cross-sections of the total attenuated 759 

backscattering (b) and depolarization ratio (c) on 22 August 2007 along the trajectory 760 

of the CALIPSO satellite over the TP, as presented in Fig. 1. The gray shading 761 

indicates the topography. 762 

Figure 3. Daily mean distribution of the (a) AI retrieved from the OMI satellite data 763 

and simulated optical depth of (b) dust aerosols and (c) carbonaceous and sulfate 764 

aerosols from 21 to 23 August 2007. 765 

Figure 4. Simulated daily mean distributions of the (a) single scattering albedo and (b) 766 

Angstrom exponent from 21 to 23 August 2007. The black rectangles indicate three 767 

areas of interest. 768 

Figure 5. The vertical cross-section of the aerosol extinction coefficient (unit: km
−1

) 769 

from (a) CALIPSO and (b) the simulation by SPRINTARS on 22 August 2007. The 770 

gray shading indicates the topography. 771 

Figure 6. Monthly mean aerosol optical depths from the MISR and SPRINTARS 772 

simulations for August 2007. 773 

Figure 7. (a) Wind field from ERA-Interim at the 850 hPa level (arrows for the U and 774 

V components of the horizontal wind, units: m s
−1

; colors for the vertical wind 775 

velocity, the unit is Pa s
−1

 and the values are negative for updrafts and positive for 776 

downdrafts) from 21 to 23 August 2007. (b) Same as (a) but for the simulated wind 777 

field at 20 m (units: m s
−1

, the values of the vertical wind velocity are negative for 778 

downdrafts and positive for updrafts). 779 

Figure 8. Cross-section of the (a) vertical-longitude and (b) vertical-latitude 780 



distributions of the simulated dust mass concentration (units: µg m
−3

) and wind 781 

vectors (shown in arrows; the vertical velocity is multiplied by 10 and 30 for panels a 782 

and b, respectively) from 21 to 23 August 2007. The gray shading indicates the 783 

topography. 784 

Figure 9. Distributions of the simulated dust mass column loading (units: mg m
−2

) 785 

from 21 to 23 August 2007. 786 
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Figure 1. Modeling domains and topography over the vicinity of the TP; the contours 808 

of the terrain height are in km (above mean sea level). The solid black line 809 

indicates the trajectory of the CALIPSO satellite over the TP on 22 August 2007. 810 

The black rectangle indicates the survey region. 811 
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 821 

Figure 2. Aerosol optical depth (a), altitude-orbit cross-sections of the total attenuated 822 

backscattering (b) and depolarization ratio (c) on 22 August 2007 along the 823 

trajectory of the CALIPSO satellite over the TP, as presented in Fig. 1. The gray 824 

shading indicates the topography. 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 



 838 

Figure 3. Daily mean distribution of the (a) AI retrieved from the OMI satellite data 839 

and simulated optical depth of (b) dust and (c) carbonaceous and sulfate aerosols 840 

from 21 to 23 August 2007. 841 
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 856 

Figure 4. Simulated daily mean distributions of the (a) single scattering albedo and (b) 857 

Angstrom exponent from 21 to 23 August 2007. The black rectangles indicate 858 

three areas of interest. 859 
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 876 

Figure 5. The vertical cross-section of the aerosol extinction coefficient (unit: km
−1

) 877 

from (a) CALIPSO and (b) the simulation by SPRINTARS on 22 August 2007. 878 

The gray shading indicates the topography. 879 
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Figure 6. Monthly mean aerosol optical depths from the MISR and SPRINTARS 889 

simulations for August 2007. 890 
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 905 

Figure 7. (a) Wind field from ERA-Interim at the 850 hPa level (arrows for the U and 906 

V components of the horizontal wind, units: m s
−1

; colors for the vertical wind 907 

velocity, the unit is Pa s
−1

 and the values are negative for updrafts and positive 908 

for downdrafts) from 21 to 23 August 2007. (b) Same as (a) but for the simulated 909 

wind field at 20 m (units: m s
−1

, the values of the vertical wind velocity are 910 

negative for downdrafts and positive for updrafts). 911 
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 921 

Figure 8. Cross-section of the (a) vertical-longitude and (b) vertical-latitude 922 

distributions of the simulated dust mass concentration (units: µg m
−3

) and wind 923 

vectors (shown in arrows; the vertical velocity is multiplied by 10 and 30 for 924 

panels a and b, respectively) from 21 to 23 August 2007. The gray shading 925 

indicates the topography. 926 
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 940 

Figure 9. Distributions of the simulated dust mass column loading (units: mg m
−2

) 941 

from 21 to 23 August 2007. 942 
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