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Abstract. The Taklimakan Desert (TD) is a major dust-source region in East Asia, yet the dynamic and thermal 12 

processes associated with dust-storm development remain insufficiently understood from vertically resolved 13 

observations. This study combined dual-gradient tower observations from Tazhong (TZ) and Xiaotang (XT), ERA5 14 

reanalysis, and backward trajectories calculated with the Hybrid Single-Particle Lagrangian Integrated Trajectory 15 

(HYSPLIT) model to examine eight dust-storm events in spring and summer 2024. Three main pre-storm airflow 16 

pathways were identified: east-inflow transport through the northeastern Tarim Basin, mountain-crossing transport 17 

across the Tianshan–Pamir region, and south-to-north transport across the Tibetan Plateau and Kunlun Mountains. 18 

ERA5 anomaly diagnostics show that spring events maintained stronger mean sea-level pressure-gradient and 850 hPa 19 

geopotential-height-gradient anomalies throughout the pre-onset period, while 10 m wind-speed anomalies increased 20 

rapidly after approximately −12 h. In contrast, summer events showed stronger thermal signals before approximately 21 

−18 h, including enhanced surface–air temperature contrast, positive net shortwave radiation anomalies, and boundary-22 

layer growth. Tower observations further indicate stronger summer warming and closer-to-onset wind-speed and wind-23 

shear enhancement. Differences between TZ and XT suggest that local terrain modulates the near-surface response to 24 

regional dynamic and thermal forcing. These eight cases provide observational evidence that spring and summer dust-25 

storm processes in the TD may differ in their dominant dynamic and thermal preconditioning. 26 

Keywords: Dust storm; Taklimakan Desert; HYSPLIT; ERA5; dynamic and thermal anomalies; vertical observation 27 

1 Introduction 28 

Dust storms are among the major natural hazards in arid and semi-arid regions of East Asia, where they are often 29 

accompanied by strong winds, air pollution, and reduced visibility, affecting transportation, agriculture, ecosystems, and public 30 
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health (Achakulwisut et al., 2018; Bao and Fang, 2007; Manisalidis et al., 2020; Shao and Dong, 2006; Tong et al., 2023; Wen 31 

et al., 2024). Mineral dust can also influence atmospheric radiation, cloud processes, snow and ice albedo, and regional climate 32 

through long-range transport (Kok et al., 2023; Prospero, 1999).  33 

The Taklimakan Desert (TD) is located in the arid Tarim Basin and is surrounded by the Tianshan, Pamir, and Kunlun 34 

Mountains. Because of its extensive mobile sand surfaces, scarce precipitation, and unique basin topography, the TD is one of 35 

the major dust-source regions in East Asia (Ge et al., 2014; Shao and Dong, 2006; Wang et al., 2015; Xu et al., 2020; Yang et 36 

al., 2016; Zhang et al., 2025). 37 

The formation and development of dust storms are jointly controlled by atmospheric forcing and surface conditions. 38 

Among these controls, dynamic and thermal processes are particularly important because they determine whether surface 39 

particles can be lifted and whether the lifted dust can be transported vertically and horizontally (Bi et al., 2022; Su et al., 2024; 40 

Zhang et al., 2024). Dynamic forcing, represented by pressure-gradient-driven winds, cold fronts, cyclones, and low-level jets, 41 

provides the direct momentum for dust emission (Shao and Dong, 2006; Xu et al., 2020). Thermal forcing, mainly associated 42 

with strong surface heating, boundary-layer growth, turbulent mixing, and land–atmosphere temperature contrasts, can 43 

enhance vertical exchange and promote dust uplift, especially over inland deserts with intense surface heating (Wang et al., 44 

2025; Xiong et al., 2023). Surface factors such as particle-size distribution, soil moisture, vegetation cover, and aerodynamic 45 

roughness further regulate the threshold and intensity of dust emission (Iversen and White, 1982; Marticorena and Bergametti, 46 

1995; Raupach, 1992; Shao and Dong, 2006). Therefore, dust-storm processes cannot be explained by a single factor alone, 47 

but should be examined through the coupled effects of dynamic forcing, thermal instability, transport pathways, and terrain-48 

modified local surface conditions. 49 

Previous studies have shown that dynamic forcing is a key driver of many spring dust storms in East Asia. Mongolian 50 

cyclones, cold fronts, cold high-pressure systems, and strong pressure gradients can generate strong near-surface winds and 51 

rapidly activate dust sources over Mongolia, northern China, and the Tarim Basin (Gao et al., 2024; Liu et al., 2004; Wang et 52 

al., 2009; Xu et al., 2020). S. Chen et al. (2023a) showed that severe dust events in northern China during March and April 53 

2023 were closely related to cold fronts and Mongolian cyclones, with Mongolia and the Taklimakan Desert both contributing 54 

substantially to dust concentrations. Li et al. (2023) further demonstrated that dust radiative feedback can influence the 55 

intensity and movement of Mongolian cyclones and cold fronts, indicating that dust storms are not only a response to weather 56 

systems but may also interact with them. More recently, Mu et al. (2025) quantitatively assessed the role of atmospheric 57 

depressions and Mongolian cyclones in spring dust activity over East Asia and found that Mongolian cyclones are a key driver 58 

of high-impact dust events. These studies highlight the importance of synoptic-scale dynamic forcing in East Asian dust-storm 59 

development. However, many of them focus on northern China and the Gobi source region, whereas the pre-storm dynamic 60 
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evolution over the Taklimakan Desert, especially its connection with local tower-based observations, remains less well 61 

documented. 62 

Compared with the relatively well-recognized role of dynamic forcing, the influence of thermal forcing is more complex 63 

and is particularly important for inland desert regions such as the TD. Strong solar heating over mobile sand surfaces can 64 

increase the surface–air temperature difference, deepen the atmospheric boundary layer, enhance turbulent mixing, and create 65 

favorable conditions for vertical dust uplift (Chen et al., 2023b; Xiong et al., 2023; Yuan et al., 2019; Zhang et al., 2025). Yuan 66 

et al. (2019) investigated the influence of dynamic and thermal forcing on the meridional transport of Taklimakan dust in spring 67 

and summer and emphasized that seasonal differences in dust transport are closely linked to changes in forcing mechanisms. 68 

Y. Chen et al. (2023b) used WRF-Chem simulations to investigate the radiative effects of dust aerosols on weather conditions 69 

and dust transport over the TD. Their results suggested that dust–radiation interactions can modify temperature, wind fields, 70 

and vertical dust transport, indicating the potential importance of thermal feedbacks in dust-storm evolution. X. Zhang et al. 71 

(2025) further indicated that spring Taklimakan dust transported toward the Tibetan Plateau is controlled by circulation patterns, 72 

dynamic lifting, thermal anomalies, and terrain effects. These findings suggest that distinguishing between dynamic and 73 

thermal controls is useful for understanding seasonal differences in dust-storm development. Nevertheless, how these seasonal 74 

differences are reflected in near-surface wind, temperature, and vertical meteorological profiles still requires further 75 

observational evidence, particularly from direct comparisons between spring and summer events. 76 

Transport pathways provide an important way to connect dynamic and thermal forcing with dust-storm evolution. They 77 

reflect not only where air masses and dust originate, but also how synoptic circulation, basin-scale airflow, and thermal lifting 78 

organize dust movement before and during dust storms. Kai and Huiwang (2007) identified major East Asian dust transport 79 

pathways toward eastern China, Korea, Japan, the western Pacific, and Central Asia. T. Bao et al. (2023) examined East Asian 80 

dust sources and transport ranges from 1980 to 2020 using ground observations and remote sensing data, and showed that 81 

southern Mongolia and the Taklimakan Desert are major source areas. For the TD, Aili et al. (2021) found that air masses 82 

during the dusty season at the northeastern desert margin mainly originated from the eastern and southern parts of the desert, 83 

indicating the importance of intra-basin transport. Aili et al. (2024) further used HYSPLIT trajectories to establish an early-84 

warning framework for dusty weather in peri-desert regions of the TD. These studies demonstrate the value of trajectory 85 

analysis, but pathway classification alone cannot fully explain why different dust storms develop under different dynamic or 86 

thermal backgrounds. 87 

Topography further modifies dust-storm occurrence, transport, and near-surface wind and temperature structures. The TD 88 

is enclosed by high mountains and connected to surrounding regions through limited basin openings, so airflow pathways are 89 

strongly constrained by terrain. The Tarim Basin and surrounding mountain systems can channel near-surface winds, favor 90 
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dust accumulation within the basin, and promote vertical lifting under suitable dynamic and thermal conditions (Sun and Liu, 91 

2006; Xing et al., 2024; Yuan et al., 2019; Zhang et al., 2025). Thus, topography is closely linked to both transport pathways 92 

and dynamic–thermal forcing rather than being only a static background condition. At the local scale, dune relief and 93 

underlying-surface differences can alter wind profiles, near-surface thermal structure, and sediment availability (Aili et al., 94 

2023).  95 

2 Study Area, Data, and Methodology 96 

2.1 Study Area 97 

The TD is located within the Tarim Basin in the southwestern part of the Xinjiang Uyghur Autonomous Region in China. 98 

It is the second-largest shifting sand desert in the world. Surrounded by mountain ranges such as the Tianshan and Kunlun 99 

Mountains, the region experiences a highly arid climate. Key characteristics of the desert include its remoteness from the ocean, 100 

sparse vegetation, diverse dune types with high mobility, extensive and thick shifting sand areas, and fine sand particles. This 101 

region is subject to frequent dust storms year-round and is one of the major dust-source regions in East Asia (Sun and Liu, 102 

2006). 103 

 104 

Figure 1. Location and topography of the Taklimakan Desert, showing the Tazhong (TZ) and Xiaotang (XT) observation towers 105 

and site photographs. The base map was prepared using ArcGIS Online; attribution and copyright information follow the 106 

requirements of Esri and its data providers. Site photographs were taken by the authors. 107 

2.2 Observational Data 108 

The observational data were obtained from two stations: Xiaotang (XT), located on the northern edge of the TD, 109 

representing flat terrain, and Tazhong (TZ), situated in the desert interior, representing undulating terrain. The observation 110 



 

 5 

tower height is 80 m at TZ and 100 m at XT. Both stations are equipped with meteorological gradient observation systems and 111 

dust collection systems. The observation levels at TZ are 1 m, 2 m, 5 m, 8 m, 16 m, 24 m, 32 m, 47 m, 63 m, and 80 m, whereas 112 

those at XT are 1 m, 2 m, 5 m, 10 m, 24 m, 32 m, 47 m, 63 m, 80 m, and 100 m. 113 

The meteorological gradient observation system records meteorological variables at each layer, including hourly and 114 

minute-based measurements of temperature, relative humidity, wind speed, wind direction, and atmospheric pressure. The dust 115 

collection system gathers dust samples during dust storms using BSNE dust collectors installed at each layer. In the present 116 

analysis, the meteorological gradient observations were mainly used to examine wind-speed, wind-shear, and temperature-117 

profile responses during dust-storm development. 118 

Nine dust-storm events were observed between 31 March and 18 June 2024, and the corresponding dust samples were 119 

collected from 3 April to 10 July 2024 (Table 1). All times listed in Table 1 are in UTC, and duration values are rounded where 120 

necessary. The final column gives the event-level reference time used for the trajectory, ERA5, and composite analyses, rather 121 

than the exact onset time recorded at each station. When the station-recorded dust-storm onset was not exactly on the hour, the 122 

reference time was adjusted to the analysis hour. The complete station records in Beijing Time and the basis for selecting the 123 

event-level reference time are provided in Supplementary Table S1. During the second observation, data from TZ were missing, 124 

preventing a complete paired record; therefore, the remaining eight complete dust-storm events were used as the primary 125 

samples for this study.  126 

To reduce the influence of seasonal variation and diurnal cycles on the station-based meteorological profiles, a 127 

background-removal procedure was applied to the observational data from both TZ and XT. For each dust-storm event, 128 

observation height, and variable, the background value was calculated separately for the two stations using records from 2023 129 

and 2025. Specifically, for a given observation time in 2024, all available records at the same hour of the day within a ±15-130 

day calendar window in 2023 and 2025 were averaged to represent the corresponding background state. The anomaly was then 131 

obtained by subtracting this station-specific background value from the observed value during the 2024 dust-storm process. 132 

This approach reduces the effects of normal seasonal progression and daily temperature or wind-speed cycles, allowing the 133 

analysis to focus on meteorological anomalies directly associated with dust-storm development. 134 

Table 1. Summary of observed dust-storm events and sample collection information 135 

Event ID Station 

Start time of selected event 

window (UTC) 

Duration (h) 

Reference time of selected dust 

event (UTC) 

Dust1 TZ 2024-03-31 12:00 21 

2024-03-31 12:00 

Dust1 XT 2024-03-31 12:40 17.3 

Excluded event XT 2024-04-05 01:00 5 2024-04-05 01:00 
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Event ID Station 

Start time of selected event 

window (UTC) 

Duration (h) 

Reference time of selected dust 

event (UTC) 

Dust2 XT 2024-04-12 04:00 7.5 

2024-04-12 04:00 

Dust2 TZ 2024-04-14 04:00 11 

Dust3 XT 2024-04-17 11:00 25 

2024-04-17 11:00 

Dust3 TZ 2024-04-18 10:00 36 

Dust4 TZ 2024-04-26 21:00 16.5 

2024-04-26 21:00 

Dust4 XT 2024-04-26 22:00 11 

Dust5 TZ 2024-05-12 07:00 24 

2024-05-12 07:00 

Dust5 XT 2024-05-12 07:30 7 

Dust6 TZ 2024-05-20 11:00 14 

2024-05-20 11:00 

Dust6 XT 2024-05-20 11:00 3.5 

Dust7 TZ 2024-06-04 04:00 12 

2024-06-04 04:00 

Dust7 XT 2024-06-04 04:00 3 

Dust8 TZ 2024-06-18 07:00 2 

2024-06-18 07:00 

Dust8 XT 2024-06-18 07:20 3.7 

2.3 ERA5 Reanalysis Data   136 

To further investigate the meteorological conditions associated with dust-storm occurrence, this study used the ERA5 137 

reanalysis dataset. ERA5, provided by the European Centre for Medium-Range Weather Forecasts (ECMWF), is the fifth 138 

generation of global atmospheric reanalysis data, with a spatial resolution of 0.25° × 0.25° and a temporal resolution of 1 h. 139 

In this study, ERA5 data were used in two ways. First, the original ERA5 fields were used to describe the synoptic-scale 140 

meteorological background before and during each dust-storm event. Mean sea-level pressure, 10 m wind vectors, 2 m air 141 

temperature, and 850 hPa geopotential height were selected to characterize pressure configuration, near-surface airflow, 142 

thermal background, and lower-tropospheric circulation around the Taklamakan Desert. These fields were displayed over the 143 

regional domain of 70–100° E and 30–50° N. 144 

Second, selected ERA5-derived diagnostic indicators were used for anomaly analysis after background removal. The 145 

dynamic indicators included mean sea-level pressure-gradient magnitude, 850 hPa geopotential-height-gradient magnitude, 146 

and 10 m wind speed, which together represent synoptic-scale pressure forcing, lower-tropospheric circulation contrasts, and 147 

near-surface momentum directly related to dust emission. These indicators were averaged over the regional domain of 70–100° 148 

E and 30–50° N to represent the large-scale dynamic background around the TD and its surrounding mountains. The thermal 149 
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indicators included 2 m air temperature, skin temperature, surface–air temperature difference, surface net shortwave radiation, 150 

and boundary-layer height, which were used to characterize surface heating, thermal contrast, radiative forcing, and vertical 151 

mixing before dust-storm occurrence. These indicators were averaged over the Taklamakan Desert core region, which was 152 

defined using a Taklamakan Desert polygon mask within 72–92° E and 35–43° N. Grid cells outside the desert mask were 153 

excluded from the thermal averaging. 154 

For each dust-storm event and each lead time relative to the event-level reference time, the corresponding 2024 ERA5 155 

value was extracted. The background value was calculated from ERA5 records during 2015–2025, excluding 2024, using the 156 

same hour of the day within a ±3-day calendar window. The anomaly was then obtained by subtracting this background value 157 

from the corresponding 2024 event value. Area-mean values were calculated using latitude-weighted averaging with 158 

cos(latitude) as the weight. This treatment reduced seasonal, diurnal, and grid-area effects, allowing the analysis to focus on 159 

dynamic and thermal departures during dust-storm development. 160 

2.4 HYSPLIT Model 161 

The study used the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to analyze the transport 162 

pathways of each dust-storm event. This model uses grid data from the Global Data Assimilation System (GDAS) dataset to 163 

compute backward trajectories (Stein et al., 2015). The GDAS1 data have a horizontal resolution of 1° × 1° and a temporal 164 

interval of 3 h. Model vertical velocity was used for the vertical motion calculation. 165 

For each event, backward trajectories were initialized at the event-level reference time listed in Table 1. The trajectory 166 

endpoint was set at 39.43° N, 85.97° E, corresponding to the observation region used in this study. Three starting heights, 100, 167 

500, and 1500 m above ground level (AGL), were selected to represent airflow transport at different lower-tropospheric levels. 168 

Each trajectory was traced backward for 48 h. The trajectory ending times for Dust1–Dust4 were 12:00 UTC on 31 March, 169 

04:00 UTC on 12 April, 11:00 UTC on 17 April, and 21:00 UTC on 26 April 2024, respectively. For Dust5–Dust8, the 170 

corresponding times were 07:00 UTC on 12 May, 11:00 UTC on 20 May, 04:00 UTC on 4 June, and 07:00 UTC on 18 June 171 

2024, respectively. 172 

The method assumes that the trajectory of a particle moving within the wind field is calculated by integrating its position 173 

changes over time and space, with its vector velocity determined by linear interpolation in both space and time. The first-guess 174 

position of the air mass is calculated using the following equation: 175 

𝑃1(𝑡 + 𝛥𝑡) = 𝑃(𝑡) + 𝑉(𝑃, 𝑡)𝛥𝑡                                                       (1) 176 

The corrected position is then calculated as: 177 

𝑃(𝑡 + 𝛥𝑡) = 𝑃(𝑡) + 0.5[𝑉(𝑃, 𝑡) + 𝑉(𝑃1 , 𝑡 + 𝛥𝑡)]𝛥𝑡                                      (2) 178 

In Eq. (1) and (2), P represents the initial position, P1 is the first guessed position, Δt is the time interval, and V is the 179 
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velocity of the air mass or particle. The simulation was conducted online using the HYSPLIT platform provided by NOAA. 180 

The resulting trajectories were used to characterize the main pre-storm airflow histories reaching the observation region 181 

and to support the interpretation of airflow transport pathways together with ERA5 10 m wind fields. 182 

3 Results and Analysis 183 

3.1 Dust-Storm Trajectory Analysis 184 

 185 

Figure 2. Backward trajectories of the eight dust-storm events. 186 
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 187 

Figure 3. ERA5 10 m wind-vector fields during the eight dust-storm events. 188 

As shown in Fig. 2, the HYSPLIT backward trajectories indicate that the analyzed dust-storm events were associated with 189 

three main types of pre-storm airflow transport pathways. Dust1, Dust3, Dust4, Dust5, and Dust6 mainly showed east-inflow 190 

transport, with air masses entering the TD through the northeastern opening of the Tarim Basin. Dust2 was characterized by a 191 

south-to-north pathway related to airflow crossing the Tibetan Plateau and Kunlun Mountains. Dust7 and Dust8 were 192 

associated with northwestern transport, with air masses passing over southern Russia and eastern Uzbekistan before crossing 193 

the Tianshan Mountains toward the TD. 194 

The ERA5 10 m wind fields provide regional support for the trajectory results (Fig. 3). For most east-inflow events, the 195 

near-surface wind field shows organized airflow entering the basin through the eastern or northeastern opening. For Dust7 and 196 

Dust8, part of the airflow shows a north-to-south component, consistent with mountain-crossing transport across the Tianshan 197 

Mountains. Dust2 differs from the other events, with southerly airflow from the Tibetan Plateau toward southern Xinjiang. 198 

These results suggest that the TD dust-storm events were influenced by multiple airflow pathways, among which east-inflow 199 

transport was the most frequent in the analyzed cases. 200 

3.2 Dust-Storm Dynamic and Thermal Meteorological Background 201 

Figure 4 shows the regional mean sea-level pressure, 850 hPa geopotential height, and 10 m wind vectors before the 202 

analyzed dust-storm events. In the spring cases, especially Dust1, Dust3, and Dust4, clearer pressure differences appear 203 

between northern Xinjiang, surrounding high-pressure regions, and the TD. These pressure and circulation patterns are 204 

consistent with the east-inflow and mountain-crossing pathways identified from the trajectory analysis. Dust2 shows a different 205 

circulation background, with more evident influence from the southern and southwestern margins of the basin, corresponding 206 

to its south-to-north transport pathway. 207 
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 208 

Figure 4. Mean sea-level pressure, 10 m wind vectors, and 850 hPa geopotential height before the analyzed dust-storm events. 209 

 210 

Figure 5. 2 m air temperature, 10 m wind vectors, and 850 hPa geopotential height during the analyzed dust-storm events. 211 

In the summer cases, especially Dust7 and Dust8, the pressure-gradient signal is weaker and the dominant wind direction 212 

is less clear from the pressure field alone. This indicates that dynamic forcing was less spatially organized than in the spring 213 

cases. At the same time, Fig. 5 shows that 2 m air temperature over the TD was higher and more spatially continuous in the 214 

May–June events. Stronger surface heating may have enhanced the surface–air temperature difference, promoted boundary-215 

layer development, and provided favorable thermal conditions for dust mobilization. 216 

These background fields indicate a seasonal contrast in the pre-storm environment. The March–April events were more 217 

closely associated with stronger pressure-gradient and lower-tropospheric circulation signals, whereas the May–June events 218 

showed a more evident thermal background. Therefore, the analyzed events were grouped into spring cases and summer cases 219 

for the following dynamic and thermal anomaly analysis. 220 

3.3 Analysis of Dynamic and Thermodynamic Factors 221 

Figures 6 and 7 show the temporal differences in sea-level pressure between the selected dust-event reference time and 222 

four lead times, namely 24, 12, 6, and 3 h before onset, for spring and summer events, respectively. For each grid cell, the 223 

difference was calculated as the sea-level pressure at the selected event reference time minus the sea-level pressure at the 224 
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corresponding lead time. Therefore, positive values indicate that sea-level pressure increased from the lead time to the event 225 

reference time, whereas negative values indicate a pressure decrease over the same interval. These fields represent temporal 226 

changes relative to the selected event reference time, rather than absolute pressure anomalies. 227 

 228 

Figure 6. Sea-level pressure differences before spring dust-storm onset. 229 
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 230 

Figure 7. Sea-level pressure differences before summer dust-storm onset. 231 

In spring, the pressure-difference fields show stronger and more continuous spatial contrasts than in summer. For Dust1, 232 

Dust3, and Dust4, evident pressure changes appear around northern Xinjiang, the northern TD, or the eastern basin margin, 233 

indicating that the pressure-gradient system had already adjusted before onset. This agrees with the large-scale dynamic 234 

background described above, in which stronger pressure gradients and 850-hPa circulation differences favored airflows 235 

entering the TD through the eastern basin gap or crossing the Tianshan Mountains. Dust2 differs from the other spring cases, 236 

with more evident pressure changes along the southern and southwestern margins of the TD, corresponding to its south-to-237 

north transport pathway across the plateau and mountain regions. 238 

In summer, the pressure-difference fields are generally weaker and less spatially organized. Dust5 and Dust6 still show 239 

moderate pressure changes near the eastern or northeastern TD, consistent with their partial east-inflow characteristics. 240 

However, Dust7 and Dust8 show scattered and weak pressure-difference signals, suggesting that pressure-gradient forcing 241 

alone cannot explain their occurrence. This is consistent with the previous trajectory and background-field analysis, which 242 

indicated that summer dust storms were more likely affected by local thermal adjustment and boundary-layer development. 243 

Figures 8 and 9 show the temporal changes in surface–air temperature difference between the selected dust-event reference 244 

time and the same four lead times before onset. The surface–air temperature difference was defined as skin temperature minus 245 

2 m air temperature. For each grid cell, its temporal change was calculated as the value at the selected event reference time 246 
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minus the value at each lead time. Positive values therefore indicate that the surface–air thermal contrast strengthened from 247 

the lead time to the event reference time, whereas negative values indicate that the contrast weakened over the same interval. 248 

These maps describe temporal changes in thermal contrast, rather than the absolute surface–air temperature difference at each 249 

time. 250 

  251 

Figure 8. Changes in surface–air temperature difference before spring dust-storm onset. 252 
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 253 

Figure 9. Changes in surface–air temperature difference before summer dust-storm onset. 254 

In spring, the changes in surface–air temperature difference are relatively irregular. Dust1 shows a localized increase in 255 

the thermal contrast at -12 h, but the signal weakens later. Dust2 presents a clearer increase near the southern TD, which may 256 

be related to its plateau-crossing pathway and local thermal instability. Dust3 and Dust4 show mixed positive and negative 257 

areas, indicating that the near-surface thermal structure was not consistently strengthened before all spring events. This 258 

suggests that thermal contrast may have contributed to individual spring cases, but it was not the common dominant pre-onset 259 

signal. 260 

In summer, the increase in surface–air temperature difference is more evident. Dust5 and Dust6 show positive changes 261 

over the TD or its surrounding regions during -12 to -6 h, while Dust7 and Dust8 show broader positive areas closer to onset. 262 

These results indicate that, compared with spring, the summer cases experienced a stronger enhancement of surface–air thermal 263 

contrast before dust-storm occurrence. This pattern is consistent with the large-scale thermal background discussed above, in 264 

which stronger surface heating in May and June favored unstable stratification, turbulent mixing, and boundary-layer 265 

development. 266 

Figure 10 further compares the composite evolution of dynamic and thermal anomalies from -24 to +3 h relative to dust-267 

storm onset. The dynamic indicators are consistent with the spatial pressure-difference maps. The mean sea-level pressure-268 

gradient anomaly and 850-hPa height-gradient anomaly remain higher in spring throughout the pre-onset period, indicating a 269 



 

 15 

persistent dynamic background. The 10-m wind-speed anomaly increases more sharply near onset, especially after about -12 270 

h, suggesting that the earlier pressure-gradient adjustment was gradually transferred to near-surface wind enhancement. 271 

 272 

Figure 10. Composite evolution of dynamic and thermal anomalies from −24 to +3 h relative to dust-storm onset. 273 

The thermal curves support the spatial characteristics shown in the surface–air temperature-difference maps. In summer, 274 

the net shortwave-radiation anomaly is strongly positive during the early pre-onset stage, and the surface–air temperature-275 

difference anomaly is also positive before about -18 h. Meanwhile, the boundary-layer-height anomaly reaches approximately 276 

200–300 m, indicating that stronger radiation and surface heating promoted boundary-layer growth before summer dust storms. 277 

After about -12 h, the summer thermal anomalies weaken, while the near-surface wind anomaly begins to increase. This 278 

suggests that summer thermal forcing mainly provided early preconditioning, and the final onset still required near-surface 279 

wind enhancement. 280 

Overall, the spring dust storms were more closely linked to persistent dynamic forcing, including pressure-gradient 281 

adjustment, 850-hPa circulation differences, and subsequent wind enhancement. These features correspond well to the east-282 

inflow and mountain-crossing pathways. In contrast, the summer cases showed weaker pressure signals but stronger early 283 

thermal preconditioning, expressed as enhanced surface–air temperature contrast, positive radiation anomalies, and boundary-284 

layer growth. Therefore, the seasonal difference reflects a shift from dynamic-dominated spring processes to thermally 285 
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preconditioned summer processes, rather than a complete separation between dynamic and thermal mechanisms. 286 

3.4 Tower-observed wind and temperature anomaly profiles 287 

The tower observations further support the regional dynamic and thermal characteristics identified from the ERA5-based 288 

analysis. Fig. 11 shows the composite evolution of 10 m wind-speed anomaly, 2–10 m wind-shear anomaly, 0.5–10 m air-289 

temperature-difference anomaly, and 2 m air-temperature anomaly from −24 to +3 h relative to dust-storm onset. The 2 m air-290 

temperature anomaly is generally positive before onset, indicating that near-surface warming had already developed during 291 

the pre-onset stage. However, this warming signal weakens as onset approaches, whereas the 10 m wind-speed and wind-shear 292 

anomalies increase rapidly near onset. This pattern suggests a transition from early thermal preconditioning to enhanced near-293 

surface momentum and wind shear immediately before dust-storm occurrence. 294 

 295 

Figure 11. Composite evolution of tower-observed wind-speed, wind-shear, air-temperature-difference, and 2 m air-temperature 296 

anomalies from −24 to +3 h relative to dust-storm onset. 297 

Figure 12 shows the vertical profiles of wind-speed anomalies at TZ and XT. Wind-speed anomalies generally increase 298 

before and around dust-storm onset, but their vertical structures differ between the two stations. At XT, especially in summer, 299 

positive anomalies become more evident in the lower and middle layers, suggesting stronger near-surface momentum exchange 300 

over relatively flat terrain. At TZ, the profiles are more irregular, which may reflect the influence of undulating dune 301 

topography and local flow disturbance. 302 
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 303 

Figure 12. Vertical profiles of wind-speed anomalies at TZ and XT during spring and summer dust-storm events. 304 

Figure 13 presents the vertical profiles of air-temperature anomalies. In summer, both TZ and XT show stronger positive 305 

temperature anomalies than in spring, particularly at XT, where the warming signal is more vertically continuous. This is 306 

consistent with the stronger surface heating and boundary-layer development indicated by the ERA5 thermal diagnostics. In 307 

spring, the temperature profiles are more irregular, suggesting that thermal forcing was not a common pre-onset signal for all 308 

spring events. 309 
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 310 

Figure 13. Vertical profiles of air-temperature anomalies at TZ and XT during spring and summer dust-storm events. 311 

Overall, the tower observations indicate that summer events were more clearly thermally preconditioned in the early stage, 312 

while wind-speed and wind-shear enhancement became more evident closer to onset. This station-scale pattern is consistent 313 

with the ERA5-based interpretation, but the contrast between TZ and XT also indicates that regional forcing was locally 314 

modified by surface and terrain conditions. Although both towers are located within the Taklamakan Desert, differences in 315 

dune morphology, surface roughness, and station exposure can influence near-surface wind acceleration, turbulent mixing, and 316 

temperature profiles. Therefore, the tower-observed anomalies should be interpreted as the combined response to regional 317 

dynamic–thermal forcing and local surface modulation. 318 

4 Discussion 319 

The HYSPLIT pathway analysis, ERA5 diagnostics, and tower observations provide complementary evidence for 320 

interpreting dust-storm development over the Taklimakan Desert. HYSPLIT identifies the pre-storm airflow pathways reaching 321 

the observation sites, ERA5 explains the regional pressure, circulation, and thermal backgrounds behind these pathways, and 322 

the tower observations show how these regional conditions are expressed in near-surface wind, temperature, wind shear, and 323 
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vertical profiles. 324 

The pathway types are closely related to the ERA5 circulation patterns. East-inflow events are generally accompanied by 325 

clearer pressure differences between northern Xinjiang, surrounding high-pressure regions, and the Tarim Basin, together with 326 

organized 10 m winds entering the desert through the northeastern basin opening. Mountain-crossing events correspond more 327 

closely to lower-tropospheric circulation differences around the Tianshan–Pamir region, while the south-to-north pathway is 328 

related to pressure and wind configurations along the southern and southwestern margins of the desert. These results indicate 329 

that the transport pathways were not isolated trajectory features, but were linked to regional dynamic backgrounds and basin 330 

topographic constraints. 331 

ERA5 further reveals a seasonal shift in the pre-onset conditions. Spring events show stronger and more persistent mean 332 

sea-level pressure-gradient and 850 hPa height-gradient anomalies, consistent with the more distinct dynamic pathways. 333 

Summer events show weaker pressure-gradient organization but stronger early thermal anomalies, including enhanced net 334 

shortwave radiation, surface–air temperature difference, and boundary-layer height. This suggests that spring dust storms were 335 

more closely related to regional dynamic forcing, whereas summer events were more strongly influenced by early thermal 336 

preconditioning. 337 

The tower observations provide station-scale support for this interpretation. Summer events show more continuous 338 

vertical warming, while wind-speed and wind-shear anomalies strengthen closer to onset, indicating that thermal 339 

preconditioning alone is insufficient and that near-surface momentum enhancement remains necessary. The differences 340 

between TZ and XT further suggest that local terrain can modify the near-surface response to regional forcing. XT shows more 341 

regular vertical structures, whereas TZ exhibits more variable profiles, likely related to dune-induced flow disturbance and 342 

heterogeneous roughness. 343 

Several uncertainties remain. The analysis is based on eight events from one field season, and the identified pathway and 344 

seasonal characteristics need to be tested using longer-term samples. In addition, the lack of direct turbulence, vertical velocity, 345 

and lidar observations limits the interpretation of vertical transport processes. Future studies should combine multi-year 346 

observations, turbulence measurements, lidar data, and high-resolution simulations to better distinguish the roles of synoptic 347 

forcing, thermal instability, and local terrain heterogeneity. 348 

5 Conclusion 349 

Based on eight complete dust-storm events observed in 2024, this study provides case-based evidence for seasonal 350 

differences in dynamic and thermal preconditioning over the Taklimakan Desert. The main conclusions are as follows. 351 

The analyzed events exhibited three main types of pre-storm airflow transport pathways: east-inflow transport through 352 
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the northeastern opening of the Tarim Basin, mountain-crossing transport across the Tianshan–Pamir region, and south-to-353 

north transport related to airflows crossing the Tibetan Plateau and Kunlun Mountains. 354 

ERA5 analysis shows that these pathways were closely linked to regional dynamic and thermal backgrounds. Spring 355 

events were associated with stronger pressure-gradient and 850 hPa height-gradient anomalies, corresponding to more distinct 356 

dynamically driven pathways. Summer events showed weaker pressure-gradient signals but stronger early thermal anomalies, 357 

indicating more evident thermal preconditioning before onset. 358 

The dual-gradient tower observations provided direct near-surface evidence for the vertical expression of regional forcing. 359 

In the analyzed summer cases, temperature anomalies were stronger and more vertically coherent, whereas wind-speed and 360 

wind-shear anomalies intensified closer to onset. This vertical structure suggests a staged process, with early thermal 361 

preconditioning followed by stronger momentum enhancement near onset. The two stations showed different vertical responses. 362 

XT displayed more regular wind and temperature anomaly structures, whereas TZ showed more variable profiles, suggesting 363 

that local terrain heterogeneity may modulate the near-surface response to regional dynamic and thermal forcing. 364 

Together, the results show that Taklimakan dust-storm development depends on regional transport pathways, dynamic 365 

and thermal background conditions, near-surface wind response, and local terrain effects. 366 
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