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Abstract

The dust aerosols are a major type of aerosol over the Tibetan Plateau (TP) and influence climate at local to regional scales

through their effects on thermal radiation and snow-albedo feedback. Based on the Modern-Era Retrospective Analysis for

Research and Applications, Version 2 (MERRA-2) aerosol dataset, we report an increase of 34% in the atmospheric dust in the

high troposphere over the TP during the spring season in the 2000s in comparison to the 1990s. This result is supported by an

increase of 157% (46%) in the dust deposition flux in the Mugagangqiong (Tanggula) ice cores and an increase of 69% in the

Aerosol Index (AI) from Earth Probe (EP) Total Ozone Mapping Spectrometer (TOMS), as well as by increases of simulated

dust aerosols over the TP derived from the Community Earth System Model (CESM) and models from the Coupled Model

Intercomparison Project Phase 6 (CMIP6). The increased atmospheric dust over the TP is caused in two aspects: (1) there was

a higher dust emission over the Middle East during the 2000s than during the 1990s, which is explained by less precipitation

and 25.8% higher in cyclone frequency over the Middle East. The increased cyclones uplift more dust from the surface over the

Middle East to the central Asia in the middle troposphere. (2) Enhanced mid-latitude zonal winds help transport more dust

in the middle troposphere from the central Asia to the Northwest China and thereafter an increase in northerly winds over

Northwest China propels dust southward to the TP.
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Key Points: 

• The dust aerosols increased in the upper troposphere over the TP during 2000s 

compared to 1990s 

• The increasing dust aerosols over the TP may be related to increasing dust 

emissions in the Middle East 

• Enhanced zonal winds in the middle and high troposphere may transport more 

dust from the Middle East to the TP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  2 



3 

 

ABSTRACT 

 

The dust aerosols are a major type of aerosol over the Tibetan Plateau (TP) and 

influence climate at local to regional scales through their effects on thermal radiation 

and snow-albedo feedback. Based on the Modern-Era Retrospective Analysis for 

Research and Applications, Version 2 (MERRA-2) aerosol dataset, we report an 

increase of 34% in the atmospheric dust in the high troposphere over the TP during the 

spring season in the 2000s in comparison to the 1990s. This result is supported by an 

increase of 157% (46%) in the dust deposition flux in the Mugagangqiong (Tanggula) 

ice cores and an increase of 69% in the Aerosol Index (AI) from Earth Probe (EP) Total 

Ozone Mapping Spectrometer (TOMS), as well as by increases of simulated dust 

aerosols over the TP derived from the Community Earth System Model (CESM) and 

models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). The 

increased atmospheric dust over the TP is caused in two aspects: (1) there was a higher 

dust emission over the Middle East during the 2000s than during the 1990s, which is 

explained by less precipitation and 25.8% higher in cyclone frequency over the Middle 

East. The increased cyclones uplift more dust from the surface over the Middle East to 

the central Asia in the middle troposphere. (2) Enhanced mid-latitude zonal winds help 

transport more dust in the middle troposphere from the central Asia to the Northwest 

China and thereafter an increase in northerly winds over Northwest China propels dust 

southward to the TP. 

Keywords: The Tibetan Plateau; Dust aerosols; Middle East; Ice core; CMIP 6 
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1. Introduction 4 

 5 

As an important component of aerosols over the Tibetan Plateau (TP), dust 6 

aerosols play an important role in regional climate and environmental change (Chen et 7 

al., 2013; Huang et al., 2007; Liu et al., 2008; Mao et al., 2013; Zhao et al., 2020). Dust 8 

aerosols over the TP can affect climate by directly scattering solar radiation and 9 

absorbing longwave radiation from the surface and atmosphere. (Chen et al., 2013; Lau 10 

et al., 2006; Lau & Kim, 2018; Sun et al., 2017; Yang et al., 2018). For example, Chen 11 

et al. (2013) simulated a dust storm event that occurred during July 26-30, 2006, which 12 

originated from the Taklimakan Desert and transported dust to the north slope of the TP. 13 

The simulations showed that the event-averaged net radiative forcing modified the 14 

atmospheric heating profile over the TP with -3.97, 1.61, and -5.58 W·m2 at the top of 15 

the atmosphere, in the atmosphere, and at the surface, respectively. At a regional scale, 16 

the highly elevated surface air over the TP may act as an “elevated heat pump” through 17 

the absorption of solar radiation by dust coupled with black carbon emissions from 18 

industrial areas in north India. As a result, a tropospheric temperature anomaly may be 19 

induced in late spring and early summer over parts of north India and the TP, leading to 20 

an earlier onset and intensification of the Indian monsoon (Lau et al., 2006; Lau and 21 

Kim, 2018). Recently, Lau and Kim (2018) and Sun et al. (2017) verified the role of 22 

dust aerosols over the TP in influencing regional climate based on a dust-coupled global 23 

climate model. Sun et al. (2017) indicated that dust originating from the TP exerted a 24 

cooling effect in the mid-troposphere over the TP; thereafter an anticyclonic circulation 25 

anomaly centered over the TP region was simulated, which weakened the intensity of 26 

the East Asian summer monsoon through its northeasterly anomaly. Moreover, dust 27 

aerosols can influence cloud droplet concentration through acting as condensation 28 

nuclei in the cloud; therefore, the microphysical characteristics and life cycle of clouds 29 

can be changed, resulting in more complex and uncertain indirect effects (Forster et al., 30 

2007; Han et al., 2009; Haywood et al., 2003; Huang et al., 2009, 2014). Thus, changes 31 
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in the amount of atmospheric dust over the TP are of great significance to evaluate the 32 

climate and human life on the TP (Lau et al., 2010; Qian et al., 2014; Sang et al., 2013).  33 

Due to the scarcity of observations of atmospheric dust over the TP, changes in the 34 

dust during recent decades are unclear in the high troposphere over the TP. Dust 35 

aerosols over the TP originates from local and remote sources such as semiarid areas 36 

over the TP, the Taklimakan Desert, North Africa, the Middle East, Central Asia, and 37 

Southwest Asia (Huang et al., 2007; Jia et al., 2015; Liu et al., 2015; Mao et al., 2019). 38 

Based on the dust observations from surface meteorological stations, researchers have 39 

indicated that dust events over the TP have significantly decreased from 1960-2010 40 

(Han et al., 2009; Kang et al., 2016). However, dust in the middle to high troposphere 41 

over the TP is mainly determined by remote sources rather than local sources (Mao et 42 

al., 2013; 2019). The contribution of local sources to the atmospheric dust over the TP 43 

decreases sharply with height, from 69% at the surface to 40% in the lower troposphere 44 

and 5% in the middle troposphere (Mao et al., 2013). Therefore, the changes in high-45 

altitude dust over the Tibetan plateau may be different from those in the frequency of 46 

dust events at the surface. In contrast to dust event frequency, variations in the dust 47 

aerosols in the high troposphere over the TP can be elucidated by ice cores. The average 48 

annual deposition fluxes from Tanggula ice core and mugagangqiong ice core show an 49 

upward trend from 1990 to 2010 (Gong et al., 2012). This means that dust aerosols in 50 

the high troposphere over the TP may have increased during 2000s compared to 1990s. 51 

In this study, we will examine the changes in the high tropospheric dust aerosols 52 

over the TP during past 20 years. In the meantime, possible mechanisms of the 53 

variations in the high tropospheric dust over the TP will be addressed. This paper is 54 

organized as follows. Section 2 provides a general description of the dataset and the 55 

method used in this study. In Section 3, we show increased dust aerosols in the 56 

troposphere over the TP during the 2000s compared with the 1990s. In Section 4, a 57 

significant contribution of remote dust sources to the increased dust aerosols over the 58 

TP during the 2000s is recognized. The causes of these increased dust aerosols over the 59 
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TP during the 2000s are clarified in Section 5. Discussion and conclusion are given in 60 

Section 6 and Section 7, respectively. 61 

 62 

2. Data and Method 63 

Two kinds of Reanalysis datasets were used in this study: the Modern-Era 64 

Retrospective Analysis for Research and Applications version 2 (MERRA-2) and the 65 

Japanese 55-year Reanalysis data set (JRA-55). The MERRA-2 is a dataset of earth 66 

observation system reanalysis for the satellite era using the Goddard Earth Observing 67 

System Model provided by NASA since 2014, and it has a relatively good temporal and 68 

spatial resolution that comprises a long-term record (Gelaro et al., 2017). Diop et al. 69 

(2018) used the MERRA-2 Reanalysis dataset to study seasonal distribution of dust dry 70 

deposition in West Africa particularly in Senegal. In this study, we used two MERRA-71 

2 dust aerosol products: Aer-2D (monthly, dust optical thickness and dust emission) 72 

with a horizontal resolution 0.625°×0.5° and Aer-3D (3-hourly, dust mixing ratio) with 73 

a horizontal resolution of 0.625°×0.5°and 72 vertical levels. The JRA-55 dataset 74 

extends from 1958 to the present, with a horizontal resolution of 1.25°×1.25° and 37 75 

vertical levels above the surface. The JRA-55 is based on a new data assimilation and 76 

prediction system that improves many deficiencies found in the first Japanese reanalysis 77 

(Kobayash et al., 2015). To explain dust transport from remote sources to the TP, we 78 

analyzed 6-hourly and monthly zonal wind, meridional wind, and vertical velocity from 79 

the JRA-55 dataset.  80 

In order to verify the changes in the tropospheric dust over the TP, multiple data 81 

were employed in the analysis. (1) We used two ice core data from Mugagangqiong 82 

(MGGQ) (32.24°N, 87.48°E, drilled at 6085 m) and Tanggula (33.12°N, 92.08°E, 83 

drilled at 5743 m) in the central TP. These two ice core records provide dust deposition 84 

flux starting from 1850 to 2004 AD at Tanggula (Wu et al., 2013) and from 1950 to 85 

2014 at MGGQ (Li et al., 2019). (2) A global dust simulation in 1979-2005 was run by 86 

the Community Earth System Model (CESM). The simulated monthly aerosol optical 87 



7 

 

depth at 550nm from dust was analyzed. The CESM is a flexible and extensible 88 

community tool that is employed to investigate a diverse set of earth system interactions 89 

across multiple time and space scales (Hurrell et al., 2013). The CESM incorporates 90 

many earth systems modeling capabilities, including the global dust cycle and the 91 

impact of dust on radiation, cloud, snow albedo, and biogeochemical cycles. The 92 

emission of dust particles into the atmosphere is calculated based on the scheme of the 93 

Dust Entrainment and Deposition Model (Zender et al., 2003). The CESM simulation 94 

was evaluated by simulating a typical severe dust storm in East Asia (including the TP) 95 

(Wu et al. 2016). (3) The monthly Aerosol Index (AI) from Earth Probe (EP) Total 96 

Ozone Mapping Spectrometer (TOMS) version 8 global data product was analyzed. 97 

The monthly AI data we used from August 1996 to March 2005 with a horizontal 98 

resolution 1.25°×1°. TOMS is most sensitive to aerosols in the middle and upper 99 

troposphere and in the stratosphere (Gao and Washington, 2010). Mao et al. (2013) used 100 

AI to reflect the change of dust aerosol in the upper troposphere over Tibetan Plateau. 101 

(4) Simulated dust concentration in the Atmospheric Model Intercomparison Project 102 

(AMIP) from the Coupled Model Intercomparison Project Phase 6 (CMIP6) was 103 

examined. Because the AMIP is constrained by realistic sea surface temperature and 104 

sea ice, the simulations focus on the influence of atmospheric circulation on dust 105 

aerosols without the added complexity of ocean-atmosphere feedbacks in the climate 106 

system. Three models were selected: CNRM-ESM2-1, HadGEM3-GC31-LL and 107 

UKESM1-0-LL.  108 

Finally, to explain an increase in the dust emission in the Middle East, three types 109 

of data were examined. (1) We used the global Met Office Integrated Data Archive 110 

System Land and Marine Surface Station data from 1990 to 2009 (UK Meteorological 111 

Office, 2016) (UKMIDAS), available from the British Atmospheric Data Centre. 112 

Following Shao et al. (2013), we counted days of blowing dust and dust storm for each 113 

station. For a given station, a blowing dust day is defined as a day with a record of ww 114 

(weather code) =7 (raised dust or sand with visibility of 1-10 km); a dust storm day is 115 
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the day with a record of ww=9 or 30–32 (strong winds lift large quantities of dust 116 

particles, reducing visibility to between 200 and 1000 m). We averaged blowing dust 117 

days and dust storm days of all stations as the days of each dust weather in the Middle 118 

East. Because of few records of dust storm at stations, only blowing dust day was 119 

analyzed in this study. (2) The Global Precipitation Climatology Project (GPCP) data 120 

from 1979 to the present has been utilized to examine the changes in soil moisture in 121 

the Middle East. The GPCP provides monthly global precipitation from the integration 122 

of various satellite datasets of lands and oceans and a gauge analysis over land, with 123 

2.5°×2.5° horizontal resolution (Adler et al., 2017). (3) To examine the changes in the 124 

frequency of cyclone in the Middle East, cyclone was recognized by the JRA-55 125 

Reanalysis dataset and its frequency was counted. According to the objective cyclone 126 

tracking algorithm (Blender et al, 1997; Wang et al, 2013), the geopotential height field 127 

at 1000 hPa was used as the analysis field. The center of cyclones was found by 128 

determining the local minimum of geopotential height. Then the region around the 129 

center point of cyclones with a radius of 1000 km was evenly divided into eight areas 130 

based on the grid point. When at least one grid point in each area is 50 gpm greater than 131 

the center point, a cyclone was recognized. We counted the frequency of cyclones every 132 

6 hours in the Middle East.  133 

In this study, dust in spring (March to May) was analyzed, because there was more 134 

dust in spring than in other seasons over the TP (Liu et al., 2008). In addition, due to 135 

the limited period of the MERRA-2 Reanalysis dataset, only data in 1980-2017 was 136 

analyzed. Equally, other data such as the simulations of the CESM and the CIMP6, the 137 

ice core data, cyclone frequency, and the GPCP were examined in spring during 1990-138 

2010.  139 

 140 

3. Increased dust aerosols over the TP during 2000s 141 

 142 

Figure 1 presents the climatology of dust optical thickness (DOT) during the 143 
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spring from 1990 to 2009 over the TP and its marginal regions. The TP in China ranges 144 

from 26°00′12″ N to 39°46′50″ N and from 73°18′52″ E to 104°46′59″ E (Zhang et al., 145 

2002). There is high DOT over the Taklimakan Desert, Tsaidam Basin, and the northern 146 

area of South Asia, with values above 0.18. The DOT over the TP is lower than that 147 

over those regions with values ranging from 0.02-0.08. Moreover, there are obvious 148 

spatial differences in the DOT over the TP. There are more dust aerosols over the 149 

northern portion of the TP than the southern portion. The DOT over the north is 0.04-150 

0.1, and that over the south is 0.02-0.04, which is supported by the dust aerosol 151 

observations from the remote sensing datasets (Gong et al., 2012; Huang et al., 2007). 152 

We used the mean of atmospheric dust aerosols in the red rectangle shown in Figure 1 153 

to represent the atmospheric dust aerosols over the TP (80°E-100°E, 30°N-36°N).  154 

 155 

Figure 1. The climatology of spring dust aerosol optical thickness (DOT) during 1990 156 

to 2009 over the Tibetan Plateau (TP) and its marginal regions (March to May). Study 157 

area is shown in a red rectangle (80°E - 100°E, 30°N - 36°N), which is used to represent 158 

the TP in this paper. The region in the black rectangle (oval) indicates the Taklimakan 159 

Desert (Tsaidam Basin). 160 

Figure 2 shows the variation of monthly averaged DOT over the TP from 1980-161 

2017. The DOT over the TP increases from January to April and May, and then it 162 

decreases gradually for the rest of the year. The monthly averaged DOT in the 2000s 163 

(2000-2009, P2) are slightly higher than those in the 1990s (1990-1999, P1). The 164 
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seasonal averages of DOT in springs and summers during 1990-2009 are shown in 165 

Figure 2k and Figure 2l, respectively. It is evident that there are significant differences 166 

in DOT between the P1 and P2 time periods during springs and summers. The averaged 167 

DOT is 0.05 (0.04) and 0.07 (0.05) during P1 and P2, respectively, for the spring 168 

(summer) seasons. The differences in DOT between P1 and P2 (P2 minus P1) are 0.017 169 

and 0.011 in spring and in summer, respectively, which are significant at the 95% 170 

confidence level. The DOT over the TP during the spring is higher in P2 than P1 by 171 

36%. In addition, the increased dust aerosols over the TP during the P2 period are 172 

consistent with the ice core records. The annual deposition flux as measured in 173 

Tanggula, Guliya, and Mugagangqiong ice cores increased from 1990 to 2011 (Gong et 174 

al., 2012; Thompson et al., 2018). Next, we will investigate the possible causes for the 175 

increases in dust aerosols over the TP during the 2000s. 176 

 177 

Figure 2. Variation of monthly dust aerosol optical thickness (DOT) during 1980–2017 178 

over the TP. (a) - (j) are for January to October. (k) and (j) represent spring and summer 179 

DOT, respectively, averaged over March to May and June to August. Red lines represent 180 

the DOT average of 1990-1999 (P1) and 2000-2009 (P2), respectively. 181 

 182 

4. The significant contribution of remote dust sources to increased dust over the 183 

TP during the 2000s 184 
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 185 

The dust event records at surface stations on the TP show lower frequency of dust 186 

event during P2 than during P1 (Kang et al., 2016), which is opposite to the variation 187 

in the DOT derived from the MERRA-2 Reanalysis dataset. This means that the 188 

increased atmospheric dust over the TP during P2 may be related to increased dust 189 

transportation from potential remote dust sources. We first calculated the distribution 190 

of spring dust emissions in the MERRA-2 Reanalysis dataset (P2 minus P1, figures 3a). 191 

As seen in the figure 3a, there are increased dust emissions of 0.1×10-5 g·m-2·s-1 over 192 

the eastern North Africa, 0.15×10-5 g·m-2·s-1 over the northern Arabian Peninsula in the 193 

Middle East, and 0.05×10-5 g·m-2·s-1 over the northwestern TP during the P2 than the 194 

P1. It means that eastern North Africa, the Middle East, and the northwestern TP may 195 

be potential sources for the increase in the atmospheric dust over the TP during 2000s. 196 

However, because of anomalous downward flows from middle troposphere to the 197 

surface over eastern North Africa and northwestern TP (figure 1, figure 2 and figure 3 198 

in supplementary material), these regions are not possible to contribute more dust to the 199 

TP. Only the northern Arabian Peninsula in the Middle East is likely the potential source 200 

for the increasing dust aerosols over the TP. We averaged the dust emissions in the 201 

northern Arabian Peninsula in the Middle East (35°E - 65°E, 25°N - 35°N) for the 202 

period of 1990-2009 (figure 3c). The dust emissions increased by 4.3% during the P2 203 

than P1. 204 

Figure 3b shows the spatial distribution of spring blowing dust days between 205 

1990s and 2000s over the Middle East and the Central Asia derived from the 206 

UKMIDAS data. The blowing dust days in spring increased largely in northern Arabian 207 

Peninsula and northern Iranian Plateau during the P2 compared to the P1. In the 208 

meantime, some stations in the rest part of the Middle East are featured by weak decease 209 

in the blowing dust days in spring during the P2 than the P1. We averaged the blowing 210 

dust days in spring over the northern Arabian Peninsula and northern Iranian plateau 211 

during 1990-2009; the blowing dust days increased by 58.4% during the P2 than the P1 212 
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(figure 3d). In sum, the increased blowing dust days in the Middle East during the P2 213 

may result in the increase of dust emissions over these regions in this period. Then the 214 

increased dust may lead to the increase in the atmospheric dust over the TP during the 215 

P2 through a long-distance transport.  216 

 217 

 218 

Figure 3. Distribution of spring dust emission (a), annual mean blowing dust days (b) 219 

between 2000-2009 and 1990-1999 (the former minus the latter). The red rectangle is 220 

for the Middle East. And variations of spring dust emission (c), and blowing dust days 221 

(d) over the Middle East. The dust emission (unit: g·m-2·s-1) is based on MERRA-2 data 222 

and blowing dust days are indicated by UKMIDAS data during 1990–2009. 223 

 224 

5. Causes of increased dust transportation from the Middle East to the TP during 225 

the 2000s 226 

 227 

In this section, we first examined changes in precipitation to recognize the role of 228 

surface conditions in increases in dust transportation from the Middle East to the TP. 229 

Second, variation in cyclones was discussed in order to explain how dust is uplifted 230 

from the surface to the middle troposphere over the Middle East. Finally, we analyzed 231 
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the variations in atmospheric circulation in the middle troposphere that are responsible 232 

for dust transport from sources to the TP. 233 

 234 

5.1 Drying surface and increased cyclone activities over the Middle East 235 

 236 

Surface conditions play an important role in the formation of dust weather and 237 

dust emissions. If there is less precipitation in a place, surface dust emissions will be 238 

easily generated from dry and dusty ground by the action of atmospheric circulation. 239 

The more that dust is emitted from the surface, the more dust is transported to the 240 

middle and upper troposphere and thereafter downstream by zonal winds. The 241 

difference in precipitation between P1 and P2 is shown in Figure 4. Seasonal 242 

precipitation in the Middle East is lower during P2 than P1 by 0-20 mm. Based on the 243 

above results, decreases in precipitation should play a role in increasing dust emissions 244 

over the Middle East during the 2000s. Meanwhile, precipitation over the TP is higher 245 

during P2 than P1 by 0-20 mm. This increased precipitation indicates increased surface 246 

humidity and decreased dust emissions on the TP, further verifying that increased dust 247 

aerosols over the TP during the 2000s are associated with remote dust sources.  248 

 249 

 250 
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Figure 4. Composite of spring precipitation between 2000-2009 and 1990-1999 (the 251 

former minus the latter). The red rectangle is for the Middle East.  252 

 253 

Many studies indicated that cyclones play important roles in the formation of dust 254 

weather over Middle Asia (Hamidi et al., 2014). We averaged the number of cyclones 255 

in spring over the Middle East during the period of 1990-2009. Figure 4 demonstrates 256 

that the number of cyclones increases more than 25.8% in the P2 compared with the P1 257 

during springs over the Middle East. The strong winds brought by cyclones provide 258 

favorable dynamic conditions for the occurrence of blowing dust. In addition, because 259 

air flows converge at low altitude and diverge at high altitude, the air around the cyclone 260 

centers rises and the upward movement of air is conducive to the upward transportation 261 

of dust. Therefore, the increase in the cyclone number supports rising dust emissions 262 

over the Middle East during P2. 263 

 264 

 265 

Figure 5. Variations of spring cyclone frequency during 1990 to 2009 over the Middle 266 

East. The red lines represent the average of cyclone frequency during 1990-1999 and 267 

2000-2009, respectively. 268 

 269 



15 

 

5.2 Enhanced dust updrafts from the surface to the middle troposphere over the 270 

Middle East  271 

We investigated the meridional mean cross-section of anomalies in the dust mixing 272 

ratio, zonal wind, meridional wind, and vertical motion over the Middle East (figure 6). 273 

Enhanced updrafts are observed from 25°N to 30°N over the Middle East. This 274 

intensified rising circulation may lift surface dust from these semiarid/arid areas to the 275 

middle and high troposphere, supported by anomalies in the dust mixing ratio with high 276 

values, ranging from 20°N to 50°N and from the surface to 5000 meters above sea level 277 

and with an anomalous center over the Middle East (25°N to 35°N). In the middle 278 

troposphere there are southward wind anomalies stretching from 30°N to 50°N that 279 

increase the transport of dust aerosols from the Arabian Peninsula to the mid-latitude 280 

regions. According to high values for the dust mixing ratio and enhanced updrafts over 281 

the Middle East, it can be concluded that the Middle East is the remote dust source for 282 

the increasing dust aerosols over the TP during the P2 years.  283 

 284 

Figure 6. The mean cross-section of dust mixing ratio anomaly (shaded areas), zonal 285 

wind anomaly (contour lines), and meridional and vertical wind anomaly (arrows) 286 

between 2000-2009 and 1990-1999 (the former minus the latter) averaged over 35°E-287 

70°E. For clarity, the vertical velocity is magnified by 100. Units: m·s-1 is for zonal and 288 
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meridional wind, pa·s-1 is for vertical wind and μg/kg is for dust mixing ratio. 289 

In the meantime, the zonal wind anomaly presents an enhanced westerly jet during 290 

the P2 compared with the P1 during spring, indicated by an increase in zonal winds 291 

between 35°N and 60°N. On one hand, the enhanced westerly jet causes increased 292 

downward momentum transfer denoted by the contour line of a 1 m·s-1 zonal wind 293 

anomaly between 35°N-55°N below the 700 hPa level, which benefits the development 294 

of dust weather by increasing the magnitude of winds near the surface. On the other 295 

hand, once dust aerosols are uplifted into the middle and high troposphere over the mid 296 

latitudes, the enhanced westerly winds during the P2 will transport dust eastward more 297 

efficiently. 298 

 299 

5.3 Increased dust transportation in the middle troposphere from remote dust 300 

sources to the TP 301 

 302 

Zonal winds in the middle troposphere play important roles in transporting dust 303 

eastward from Central Asia to the TP (Mao et al., 2019). We first analyzed the 304 

composite of zonal winds averaged at 500 hPa between P1 and P2 (P2 minus P1, figure 305 

4 in supplementary material). The positive anomalies are observed from Eastern Europe 306 

across Central Asia to Northwest China. Meanwhile, there are negative anomalies 307 

horizontally located from North Africa to South Asia. The positive anomalies in zonal 308 

winds imply an enhanced zonal wind in the middle latitudes over Central Asia, which 309 

is consistent with the strengthened westerly jet in figure 6. The enhanced westerly 310 

winds in the middle latitudes will transport dust eastward more efficiently to Northwest 311 

China.  312 

We analyzed the composite of meridional winds over Eurasia between the P1 and 313 

P2 (P2 minus P1) to highlight the meridional transport of dust from Northwest China 314 

to the TP (figure 7). As shown in the figure, there are positive anomalies stretching from 315 

the Arabian Peninsula to the Caspian Sea and negative anomalies covering South Asia, 316 
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the TP, and the Taklimakan Desert, which are significant at the 95% confidence level. 317 

The positive anomalies of meridional wind reveal increased southerly winds from the 318 

Middle East to Central Asia, which is consistent with southerly wind anomalies from 319 

30°N to 50°N as depicted in figure 6. Therefore, there may be more dust transported 320 

from the Middle East to Central Asia during P2 as compared with P1. Negative 321 

anomalies in the meridional wind over Pakistan, northwest India, the western TP, and 322 

the Taklimakan Desert imply that there are enhanced northerly winds across these areas 323 

during P2 compared with P1, which help induce the movement of more dust aerosols 324 

toward the TP.  325 

 326 

 327 

Figure 7. Composite of spring 500 hPa meridional wind between 2000-2009 and 1990-328 

1999 (the former minus the latter). Positive (negative) values are indicated by red solid 329 

(blue dashed) lines and the shaded areas are for anomalies significant at the 95% 330 

confidence level.  331 

 332 

6. Discussion 333 

Aerosol optical depth (AOD) assimilated by the MERRA-2 Reanalysis dataset are 334 

different before and after 2000 (Gelaro et al., 2017). The MERRA-2 Reanalysis merges 335 

reflectance from the Advanced Very High Resolution Radiometer AVHRR (1979–2002, 336 

ocean-only) before 2000 and that from the Moderate Resolution Imaging 337 
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Spectroradiometer on Terra (2000–present) and Aqua (2002–present) after 2000. In the 338 

meantime, the MERRA-2 Reanalysis dataset merges the AOD retrievals from the 339 

Multiangle Imaging Spectro-Radiometer (2000–2014, bright, desert regions only) and 340 

direct AOD measurements from the ground-based Aerosol Robotic Network. We 341 

wonder whether the increase in the atmospheric dust over the TP during 2000s 342 

compared to 1990s is caused by different AOT data assimilated by the MERRA2 343 

reanalysis before and after 2000. Therefore, we used dust data from ice core records,  344 

dust simulations from the CESM model, the AI from EP TOMS and three models 345 

(CNRM-ESM2-1, HadGEM3-GC31-LL, and UKESM1-0-LL) from the AMIP of the 346 

CMIP6 to verify the increase of dust aerosols over the TP from 1990 to 2010 revealed 347 

by the MERRA-2 data.  348 

Figure 8a shows an increase in the spring dust deposition flux from P1 to P2 in the 349 

MGGQ and Tanggula ice cores. The dust deposition flux increases by 157% (46%) in 350 

MGGQ (Tanggula) ice core from the P1 to the P2, featured by an average of 47 and 121 351 

(193 and 281) μg·cm-2 during P1 and P2 in the MGGQ (Tanggula) ice core, respectively. 352 

The difference in the average of spring dust deposition flux between P1 and P2 is 353 

significant at the 95% confidence level for the MGGQ and Tanggula ice core. Next, the 354 

dust AOD over the TP from the CESM model shows an upward trend from P1 to P2 355 

(figure 8b); the trend is 0.0787 per spring, significant at the 95% confidence level. In 356 

addition, the AI in the study area over the TP increases by 69% from the 1997-1999 to 357 

the 2000-2004, featured by an average of 0.45 and 0.54 during P1 and P2, which is 358 

significant at the 95% confidence level (figure 8c). Finally, we analyzed the trends in 359 

the ensemble mean of dust concentration in the high troposphere (averaged between 360 

400hPa and 300 hPa) over the TP from CNRM-ESM2-1, HadGEM3-GC31-LL, and 361 

UKESM1-0-LL models. Although the CNRM-ESM2-1 model shows weak increasing 362 

trend in the ensemble mean of dust concentration in the upper troposphere over the TP 363 

(figure 6 in supplementary material), the ensemble mean of dust concentration of two 364 

models (HadGEM3-GC31-LL and UKESM1-0-LL) has an upward trend from 1990 to 365 
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2009 by 0.0105×10-9 kg·m-3·yr-1and 0.0166×10-9 kg·m-3·yr-1 per spring (figure 9). Thus, 366 

the increase in the dust deposition flux in the ice core, the dust AOD from the CESM 367 

model, the AI from TOMS and the dust concentration from CMIP6 models supports 368 

that the dust in the high troposphere over the TP increases in spring from 1990s to 2000s.  369 

 370 

 371 

Figure 8. Variations of spring dust deposition flux from ice cores drilled at 372 

Mugagangqiong (MGGQ, 1990-2009) and Tanggula (1990-2004) (a). (b) shows the 373 

time series of dust AOD during 1990–2005 over the Tibetan Plateau from the CESM 374 

simulations; linear trend of dust AOD is indicated by a red line in (b). And (c) shows 375 

the variations of spring AI during 1997-2004. In (a), red (yellow) lines represent the 376 

average of dust deposition flux in MGGQ (Tanggula) during 1990-1999 and 2000-2009 377 

(2000-2004). In (c), red lines represent the average of AI during 1997-1999 and 2000-378 

2004. 379 

 380 
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 381 

Figure 9. Time series of the ensemble mean of spring dust concentration averaged 382 

between 400 hPa and 300hpa over the TP in 1990-2009. (a) is obtained from the 383 

HadGEM3-GC31-LL model, and (b) is from UKESM1-0-LL model. Linear trends of 384 

dust concentration are shown by red lines. 385 

 386 

7. Conclusion 387 

 388 

This study reveals that dust in the high troposphere over the TP during springs 389 

increases in the 2000s, based on the Modern-Era Retrospective Analysis for Research 390 

and Applications, Version 2 (MERRA-2) aerosol dataset. The dust optical thicknesses 391 

(DOT) over the TP in the 2000s are higher than those in 1990s by greater than 34%. 392 

The result is supported by an increase of 157% (46%) in the spring dust deposition flux 393 

in the Mugagangqiong (Tanggula) ice core and an increase of 69% in the spring AI from 394 

EP TOMS, as well as by an increasing trend in dust aerosol optical depth over the TP 395 

from the CESM model and the ensemble mean of dust concentration in the high 396 

troposphere over the TP from the CMIP6 models. Although there are several potential 397 

sources for the dust aerosols over the TP, the increasing DOT over the TP during 2000s 398 

may be related to increasing dust emissions over the Middle East, considering the 399 

decreasing amounts of dust aerosols over the Taklimakan. Increases in dust emissions 400 

over the Middle East are caused by a decrease in precipitation and an increase in 401 

cyclonic activity from the 1990s to the 2000s. The frequency of cyclones over the 402 

Middle East increases over 25.8% from the 1990s to the 2000. More cyclone activity 403 
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may uplift more dust aerosols from the surface to the middle troposphere by intensified 404 

rising circulation. Finally, during the 2000s, the atmospheric circulation in the middle 405 

troposphere over the Eurasia is beneficial to more dust aerosols over the TP. The 406 

enhanced mid-latitude westerlies transport more dust aerosols eastward to Northwest 407 

China and thereafter increases in northerly winds over Northwest China propel dust 408 

southward to the TP.  409 
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LIST OF FIGURES 654 

Figure 1. The climatology of spring dust aerosol optical thickness (DOT) during 1990 655 

to 2009 over the Tibetan Plateau (TP) and its marginal regions (March to May). Study 656 

area is shown in a red rectangle (80°E - 100°E, 30°N - 36°N), which is used to represent 657 

the TP in this paper. The region in the black rectangle (oval) indicates the Taklimakan 658 

Desert (Tsaidam Basin). 659 

Figure 2. Variation of monthly dust aerosol optical thickness (DOT) during 1980–2017 660 

over the TP. (a) - (j) are for January to October. (k) and (j) represent spring and summer 661 

DOT, respectively, averaged over March to May and June to August. Red lines represent 662 

the DOT average of 1990-1999 (P1) and 2000-2009 (P2), respectively. 663 

Figure 3. Distribution of spring dust emission (a), annual mean blowing dust days (b) 664 

between 2000-2009 and 1990-1999 (the former minus the latter). The red rectangle is 665 

for the Middle East. And variations of spring dust emission (c), and blowing dust days 666 

(d) over the Middle East. The dust emission (unit: g·m-2·s-1) is based on MERRA-2 data 667 

and blowing dust days are indicated by UKMIDAS data during 1990–2009. 668 

Figure 4. Composite of spring precipitation between 2000-2009 and 1990-1999 (the 669 

former minus the latter). The red rectangle is for the Middle East.  670 

Figure 5. Variations of spring cyclone frequency during 1990 to 2009 over the Middle 671 

East. The red lines represent the average of cyclone frequency during 1990-1999 and 672 

2000-2009, respectively. 673 

Figure 6. The mean cross-section of dust mixing ratio anomaly (shaded areas), zonal 674 

wind anomaly (contour lines), and meridional and vertical wind anomaly (arrows) 675 

between 2000-2009 and 1990-1999 (the former minus the latter) averaged over 35°E-676 

70°E. For clarity, the vertical velocity is magnified by 100. Units: m·s-1 is for zonal and 677 

meridional wind, pa·s-1 is for vertical wind and μg/kg is for dust mixing ratio. 678 

Figure 7. Composite of spring 500 hPa meridional wind between 2000-2009 and 1990-679 

1999 (the former minus the latter). Positive (negative) values are indicated by red solid 680 

(blue dashed) lines and the shaded areas are for anomalies significant at the 95% 681 
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confidence level.  682 

Figure 8. Variations of spring dust deposition flux from ice cores drilled at 683 

Mugagangqiong (MGGQ, 1990-2009) and Tanggula (1990-2004) (a). (b) shows the 684 

time series of dust AOD during 1990–2005 over the Tibetan Plateau from the CESM 685 

simulations; linear trend of dust AOD is indicated by a red line in (b). And (c) shows 686 

the variations of spring AI during 1997-2004. In (a), red (yellow) lines represent the 687 

average of dust deposition flux in MGGQ (Tanggula) during 1990-1999 and 2000-2009 688 

(2000-2004). In (c), red lines represent the average of AI during 1997-1999 and 2000-689 

2004. 690 

Figure 9. Time series of the ensemble mean of spring dust concentration averaged 691 

between 400 hPa and 300hpa over the TP in 1990-2009. (a) is obtained from the 692 

HadGEM3-GC31-LL model, and (b) is from UKESM1-0-LL model. Linear trends of 693 

dust concentration are shown by red lines. 694 

 695 

 696 

Figure 1. The climatology of spring dust aerosol optical thickness (DOT) during 1990 697 

to 2009 over the Tibetan Plateau (TP) and its marginal regions (March to May). Study 698 

area is shown in a red rectangle (80°E - 100°E, 30°N - 36°N), which is used to represent 699 

the TP in this paper. The region in the black rectangle (oval) indicates the Taklimakan 700 

Desert (Tsaidam Basin). 701 
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 702 

Figure 2. Variation of monthly dust aerosol optical thickness (DOT) during 1980–2017 703 

over the TP. (a) - (j) are for January to October. (k) and (j) represent spring and summer 704 

DOT, respectively, averaged over March to May and June to August. Red lines represent 705 

the DOT average of 1990-1999 (P1) and 2000-2009 (P2), respectively. 706 

 707 

Figure 3. Distribution of spring dust emission (a), annual mean blowing dust days (b) 708 

between 2000-2009 and 1990-1999 (the former minus the latter). The red rectangle is 709 

for the Middle East. And variations of spring dust emission (c), and blowing dust days 710 

(d) over the Middle East. The dust emission (unit: g·m-2·s-1) is based on MERRA-2 data 711 

and blowing dust days are indicated by UKMIDAS data during 1990–2009. 712 
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 713 

Figure 4. Composite of spring precipitation between 2000-2009 and 1990-1999 (the 714 

former minus the latter). The red rectangle is for the Middle East.  715 

 716 

Figure 5. Variations of spring cyclone frequency during 1990 to 2009 over the Middle 717 

East. The red lines represent the average of cyclone frequency during 1990-1999 and 718 

2000-2009, respectively. 719 
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 720 

Figure 6. The mean cross-section of dust mixing ratio anomaly (shaded areas), zonal 721 

wind anomaly (contour lines), and meridional and vertical wind anomaly (arrows) 722 

between 2000-2009 and 1990-1999 (the former minus the latter) averaged over 35°E-723 

70°E. For clarity, the vertical velocity is magnified by 100. Units: m·s-1 is for zonal and 724 

meridional wind, pa·s-1 is for vertical wind and μg/kg is for dust mixing ratio. 725 

 726 

Figure 7. Composite of spring 500 hPa meridional wind between 2000-2009 and 1990-727 

1999 (the former minus the latter). Positive (negative) values are indicated by red solid 728 

(blue dashed) lines and the shaded areas are for anomalies significant at the 95% 729 

confidence level.  730 
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 731 

Figure 8. Variations of spring dust deposition flux from ice cores drilled at 732 

Mugagangqiong (MGGQ, 1990-2009) and Tanggula (1990-2004) (a). (b) shows the 733 

time series of dust AOD during 1990–2005 over the Tibetan Plateau from the CESM 734 

simulations; linear trend of dust AOD is indicated by a red line in (b). And (c) shows 735 

the variations of spring AI during 1997-2004. In (a), red (yellow) lines represent the 736 

average of dust deposition flux in MGGQ (Tanggula) during 1990-1999 and 2000-2009 737 

(2000-2004). In (c), red lines represent the average of AI during 1997-1999 and 2000-738 

2004. 739 

 740 

Figure 9. Time series of the ensemble mean of spring dust concentration averaged 741 

between 400 hPa and 300hpa over the TP in 1990-2009. (a) is obtained from the 742 

HadGEM3-GC31-LL model, and (b) is from UKESM1-0-LL model. Linear trends of 743 

dust concentration are shown by red lines. 744 

 745 


