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Abstract. 

Climate warming is simultaneously intensifying both dust activity and extreme 

precipitation (EP) in the arid and semi-arid regions. Meanwhile, dust aerosols further 

influence EP through complex cloud physical processes. However, significant uncer-

tainties remain regarding the modulating role of dust aerosols within the aerosol-cloud-20 

precipitation interaction system. There is a pressing need to quantitatively resolve this 

complex process to address disaster prevention challenges in arid regions. Based on 

long-term ground-based observations, satellite data, reanalysis data, and CMIP6 mod-

els, this study leverages a systematic analysis to investigate the impact of dust aerosols 

on EP in the Tarim Basin. Results reveal that dust-related extreme precipitation (D_EP) 25 

accounts for a relatively high proportion of EP (35.52% for frequency and 34.34% for 

precipitation amount) in the Tarim Basin. Dust weather provides the necessary lifting 
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for precipitation, while water vapor acts as a limiting factor. Accordingly, dust aerosols 

enhance precipitation efficiency by increasing cloud particle radius and promoting 30 

cloud water path, ice water path, and cloud top height under conditions of sufficient 

moisture. Furthermore, the regional average contribution of dust aerosols to EP events 

is quantified as 6.6% using long-term in situ observations. CMIP6 projections indicate 

that D_EP events will persist at relatively high values in the near term. These findings 

reveal that dust aerosols serve as a key regulator of the water cycle in arid regions, 35 

providing a new perspective for understanding the mechanisms driving EP. 

Keywords: Dust aerosol, Extreme precipitation, Dust-cloud-precipitation interactions, 

Tarim Basin 

 

1 Introduction 40 

Under climate warming, dust events are increasing in frequency and intensity as 

hazardous phenomena that severely impact the natural environment and human activi-

ties (Chen et al., 2023; Liu et al., 2022). Dust aerosols not only directly impair ambient 

air quality—with PM₂.₅ pollution responsible for approximately 4.2 million premature 

deaths annually (Shaddick et al., 2020), but also substantially influence the earth's en-45 

ergy balance and hydrological cycle through aerosol-radiation and aerosol-cloud inter-

actions (Kok et al., 2023; Song et al., 2024; Zhou et al., 2022, 2023). Climate change 

is amplifying extreme precipitation (EP) in arid regions, particularly the deserts of 

Northwest China. A significant wetting trend is observed, marked by increased fre-

quency and intensity of summer EP events and associated floods (Li et al., 2019; Li and 50 

Yao, 2023; Yao et al., 2022). These patterns suggest a complex interaction between dust 

activities and EP under climate change (Zhou et al., 2025), which poses significant 

challenges to disaster prevention and mitigation efforts. 

Current research has advanced our understanding of aerosol-cloud-precipitation 

interactions, yet a significant knowledge gap remains regarding how dust aerosols in-55 

fluence EP in arid regions under a warming climate. Based on multi-source observa-

tions and numerical simulations, existing research has preliminarily revealed that dust 

删除了: This 

删除了: –



3 

 

aerosols influence cloud lifetime and structure through cloud microphysical processes 60 

(e.g., ice-nucleating effects) and radiative processes (e.g., altering atmospheric stabil-

ity), thereby exerting complex influences on precipitation. On the one hand, dust aero-

sols can enhance precipitation by intensifying ice-phase processes and promoting the 

growth of solid hydrometeors (Dong et al., 2018; Pan et al., 2024). Additionally, 

through its radiative effects, the absorption of solar radiation by dust layers induces 65 

upper-level warming and surface cooling, which collectively accumulate convective 

instability and ultimately trigger more intense convective precipitation (Guo et al., 2018; 

Huang et al., 2014). On the other hand, they may also suppress convective development 

through radiative effects that induce lower-level cooling, enhance environmental wind 

shear, and reduce convective available potential energy. Furthermore, an increase in 70 

cloud particle number concentration may lead to competitive consumption of available 

moisture, restricting the effective growth of individual cloud droplets and thereby ex-

erting a suppressive effect on precipitation (Leung and Van Den Heever, 2023; Li et al., 

2017). In summary, the net impact of dust aerosols on precipitation is strongly depend-

ent on the ambient thermodynamic and dynamic conditions as well as the cloud type 75 

(Zhu et al., 2023). However, these studies are often limited by sparse observational data, 

uncertainties in model parameterizations, and inadequate representation of physical 

processes, making it difficult to accurately quantify the net effect of dust under varying 

meteorological conditions and thus hindering a mechanistic understanding and reliable 

prediction of EP (Li et al., 2024, 2011). 80 

This study aims to quantitatively assess the response of EP to dust aerosols in the 

Tarim Basin. Firstly, using ground observations and reanalysis data for March–August 

from 1975 to2024, we diagnose the climatic characteristics and environmental condi-

tions of D_EP events. Then we apply the observational minus reanalysis (OMR) ap-

proach to quantitatively reveal the net contribution of dust aerosols to EP at a climate 85 

observational scale. Finally, we leverage CMIP6 projections to project the future evo-

lution of D_EP events. The results would advance the understanding of aerosol-cloud-

precipitation interactions and provide scientific support for climate risk assessment and 
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disaster prevention in arid regions. 90 

2 Data and Methods 

2.1 Ground observations 

Daily observational data for March–August from 1975 to 2024 were obtained from 

27 national meteorological stations in the Tarim Basin, provided by the National Mete-

orological Information Center of the China Meteorological Administration. With Ta-95 

zhong Station (TZ) as the boundary, the areas to its south are Yingjisha (YJS), Maigaiti 

(MGT), Shache (SC), Zepu (ZP), Qiemo (QM), Yecheng (YC), Pishan (PS), Moyu 

(MY), Hetian (HT), Luopu (LP), Minfeng (MF), Cele (CL), and Yutian (YT); while the 

areas to its north are Ruoqiang (RQ), Yuepuhu (YPH), Kashi (KS), Jiashi (JS), Atushi 

(ATS), Keping (KP), Alar (ALE), Tieganlike (TGLK), Awati (AWT), Aksu (AKS), 100 

Shaya (SY), Xinhe (XH), and Korla (KEL). The datasets include variables such as 

weather phenomena, temperature, relative humidity, and precipitation. Any occurrence 

of floating dust, blowing sand, or dust storm was recorded as a dust event (Cheng et al., 

2023). 

2.2 Satellite observations 105 

For March–August from 2000 to 2024, the CERES_SYN1deg cloud dataset re-

leased by the National Aeronautics and Space Administration (NASA) was employed. 

Derived from observations by the CERES instrument, this dataset benefits from high 

pointing accuracy, rapid response, and low systematic error in its servo system 

(Wielicki et al., 1998), ensuring high reliability for cloud parameter retrieval. The da-110 

taset has a spatial resolution of 1° and an hourly temporal resolution. Selected variables 

from this dataset, including cloud top height, liquid water path, ice water path, and 

cloud water/ice particle radius, analyzed the influence of dust aerosols on cloud micro-

physical processes. 

2.3 Reanalysis data 115 

The dynamical fields and precipitation data were obtained from the ERA5 and its 
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derivative ERA5-Land datasets, respectively, both provided by the European Centre for 

Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020). With a horizon-

tal spatial resolution of 0.1°, the hourly reanalysis data were processed into daily aver-

ages for each March–August during 1975–2024. The analyzed variables included the 120 

u- and v-components of wind, vertical velocity, temperature, and precipitation. 

2.4 Climate projection data 

Projections from five global climate models (UKESM1-0, NorESM2-LM, MPI-

ESM1-2-LR, MPI-ESM1-2-HR, AWI-ESM-1-REcoM) from the Coupled Model Inter-

comparison Project Phase 6 (CMIP6) were analyzed under three Shared Socioeconomic 125 

Pathway (SSP) scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5) to assess changes in 

D_EP over the Tarim Basin (O’Neill et al., 2016; Riahi et al., 2017). It is noteworthy 

that only five to six models satisfy the requirement for daily scale output of both pre-

cipitation and aerosol optical thickness (AOD). The period 1995–2014 served as the 

historical baseline, while 2021–2100 was designated as the future projection period.  130 

2.5 Definition of EP events 

Extreme precipitation (EP) events were defined using the percentile threshold 

method, whereby daily precipitation values (≥0.1 mm) at each station were arranged in 

ascending order, and values exceeding a specific percentile were classified as EP (Liu 

et al., 2013). When an EP event occurs synchronously with a dust weather event, it is 135 

defined as a dust-related extreme precipitation (D_EP) event, with those occurring in 

the absence of dust events defined as non-dust extreme precipitation (N_EP) events. 

While many studies adopt the 90th percentile or higher thresholds (Hu et al., 2021; Ma, 

2021), such an approach yields limited samples in arid regions like our study area, 

where precipitation is scarce. At the 90th percentile, the average annual frequency of 140 

EP events per station is only 1.7 events, with D_EP events occurring merely 0.4 times, 

resulting in a sample size insufficient for robust statistical inference. Therefore, the 75th 

percentile was selected as the threshold to meet research needs. This threshold results 

删除了: aforementioned daily scale output specification.



6 

 

in 5,611 total EP events, including 1,588 D_EP events, accounting for 7% of all precip-145 

itation events. This choice maintains the extremity of events while significantly im-

proving sample representativeness. D_EP events in future climate projections are de-

fined based on the EP and AOD thresholds statistically derived from station observa-

tions (Zhou et al., 2025). 

2.6 Quantifying the contribution of dust aerosols on EP 150 

The OMR method was employed to quantitatively estimate the contribution of 

dust aerosols to EP. Initially, the OMR approach developed to quantify urbanization 

effects on climate systems (Cai and Kalnay, 2005; Kalnay and Cai, 2003; Yang et al., 

2011), it has been subsequently applied to reveal anthropogenic influences on the lower 

atmosphere and regional climate (Ding et al., 2013, 2016; Huang et al., 2018; Zhao et 155 

al., 2014). More recent applications have successfully uncovered aerosol impacts on 

daily weather forecast errors and effects of biomass burning aerosols on clouds (Ding 

et al., 2021; Huang and Ding, 2021). Therefore, this method could identify physical 

processes inadequately represented in models by calculating differences between ob-

servational and reanalysis data. 160 

The precipitation in the ERA5-Land reanalysis data used in this study originates 

from ERA5 and indirectly benefits from the assimilation of multi-source observations, 

yet it does not directly incorporate aerosol processes (Muñoz-Sabater et al., 2021). Fur-

thermore, ERA5-Land reanalysis data also contain the inherent model systematic biases 

along with factors such as local climate, topography, and precipitation intensity (Go-165 

mis-Cebolla et al., 2023; Li et al., 2022; Tan et al., 2023). Therefore, by comparing the 

discrepancies in D_EP events between observations and reanalysis data, while remov-

ing the associated systematic errors from the reanalysis, we can isolate the contribution 

of dust aerosols to EP. 

2.7 Methodology 170 

The evaluation and analysis of the dust aerosol effects on EP comprises four steps 

(Fig 1). Step 1. Statistical analysis of the spatiotemporal characteristics of EP. This step 
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involves analyzing the changes in the frequency and amount of EP, followed by identi-

fying the proportion and relationship of EP events influenced by dust aerosols relative 175 

to the total EP. Step 2. Uncovering the physical mechanisms through which dust aero-

sols affect clouds and precipitation. This step involves analyzing the background envi-

ronmental conditions from the perspectives of dynamic and water vapor conditions, and 

investigate the internal pathways of influence via cloud microphysical processes. Step 

3. Quantifying the contribution of dust aerosols to precipitation. Based on long-term 180 

observations from national meteorological stations and ERA5-Land reanalysis precip-

itation data, the OMR method is employed to quantitatively evaluate the contribution 

of dust aerosols to EP. Step 4. Projecting future trends in D_EP. Utilizing CMIP6 mod-

els, future changes in the frequency and amount of D_EP are projected under three 

different pollutant emission scenarios. 185 

 

Figure 1. Technical framework of this study. 

3 Results 

3.1 Characteristics of EP in the Tarim Basin 

Observational data indicate that a majority of stations in the Tarim Basin show 190 
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significant increasing trends in the frequency and amount of EP events, with 81% and 

74% of stations exhibiting such trends, respectively (Figs 2a, 2b). Their nine-year mov-

ing averages exhibit significant upward trends at rates of 0.43 d·10a⁻¹ and 3.31 

mm·10a⁻¹, respectively (Figs 2c, 2d). On average, EP events account for 24% of the 195 

total number of precipitation events but contribute up to 75% of the total precipitation 

amount. Furthermore, these proportions show significant increasing trends at rates of 

1.24%·10a⁻¹ and 1.18%·10a⁻¹, respectively (Figs 2e, 2f), highlighting the dominant role 

of EP in the regional precipitation structure. This phenomenon may be associated with 

moister atmospheric conditions and enhanced precipitation efficiency under global 200 

warming (Zhang et al., 2023). When the thresholds for EP are set at the 90th, 85th, and 

80th percentiles, the statistical characteristics of EP events exhibit a consistent increas-

ing trend (figure omitted), thereby confirming the rationality of the selected threshold 

and the overall robustness of the research findings. 

删除了: (81%) and amount (74%) of EP events205 
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Figure 2. Spatiotemporal characteristics of EP events in the Tarim Basin during March–

August 1975–2024. (a) Spatial distribution of trends in the frequency of EP (units: 

d·10a⁻¹); (b) Spatial distribution of trends in the amount of EP (units: mm·10a⁻¹); (c) 

Interannual variation in the frequency of EP (units: d); (d) Interannual variation in the 210 

amount of EP (units: mm); (e) Interannual variation in the proportion of EP frequency 

to total precipitation frequency (units: %); (f) Interannual variation in the proportion of 

EP amount to total precipitation amount (units: %). The plus sign (+) and dot (·) in (a) 

and (b) denote trends that are statistically significant and non-significant at the 95% 

confidence level based on the Student’s t-test; the asterisk (*) in (c)–(f) indicates statis-215 

tical significance. 
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To investigate the impact of dust aerosols on EP, a statistical analysis was con-

ducted on EP events associated with dust events in the region. Over the past 50 years, 220 

the number of D_EP days has shown a significant positive correlation with the total 

number of EP events days (R = 0.64*; Fig. 3a), while the correlation for precipitation 

amounts is even stronger (R = 0.65*; Fig. 3b). By averaging the annual percentages of 

D_EP frequency and precipitation from each station relative to total EP, the multi-year 

average contribution is obtained as 35.52% (34.34%). Before the year of 2000, D_EP 225 

events were dominant at 21% of the stations, with contribution rates exceeding 90%, a 

phenomenon particularly pronounced in areas south of TZ Station (Figs. 3c, 3d). The 

more pronounced contribution of D_EP events in the southern region may be attributed 

to two factors: firstly, the spatial pattern of summer moisture transport in the Tarim 

Basin, which is greater in the southwest and lesser in the northeast (Ma et al., 2025a); 230 

secondly, the basin's dust activity exhibits a spatial distribution of higher frequency in 

the south and lower frequency in the north, providing more abundant aerosol conditions 

in the southern area (Cheng et al., 2023). 

删除了: Overall, the multi-year average contribution of D_EP 

frequency (amount) to total EP is 35.52% (34.3).235 
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Figure 3. Statistical relationship between D_EP and total EP during March–August 

1975–2024. (a) Scatter plot and fitted line of D_EP frequency versus total EP frequency 

(units: d). (b) Scatter plot and fitted line of D_EP amount versus total EP amount (units: 

mm). (c) Heatmap of the interannual variation in the percentage contribution of D_EP 240 

frequency at each station (units: %). (d) Heatmap of the interannual variation in the 

percentage contribution of D_EP amount at each station (units: %). The asterisk (*) in 

删除了: spring and summer, 



12 

 

(a) and (b) indicates statistical significance. 

3.2 Impact Mechanisms of Dust Aerosols on EP  245 

To reveal the underlying causes of D_EP events, the following section will sys-

tematically analyze key influencing factors, including dynamic conditions, moisture 

conditions, and cloud microphysical characteristics. 

3.2.1 Dynamic Conditions 

Given the vast area of Tarim Basin, applying a regional average within a geograph-250 

ically fixed coordinate system to spatially dispersed rainfall centers can introduce sig-

nificant biases. To address this limitation, the study area was reconstructed using a mov-

ing coordinate system centered on the stations experiencing D_EP events, thereby more 

accurately capturing the dynamic characteristics of the core rainfall region (Xue et al., 

2025). 255 

The synergistic effect of dynamic and thermodynamic processes establishes a 

weather background conducive to precipitation. One day prior to the occurrence of 

D_EP events, an ascent center is observed north of the station at the 500 hPa level, 

while at the 850 hPa level, the ascent center is located south of the station (Figs. 4a, 4b). 

This vertical misalignment between the upper- and lower-level ascent centers favors 260 

the development of a baroclinically unstable atmospheric stratification, thereby provid-

ing favorable dynamic lifting conditions for the onset of D_EP events. Simultaneously, 

the low-level (850 hPa) horizontal wind field exhibits convergence features near the 

station, and a local warm core supplies thermodynamic instability energy for convective 

development, which collectively sustain and intensify the unstable conditions in the 265 

region (Fig. 4c). The macroscale process of synergistic dynamical and thermodynamic 

lifting directly modulates the response of extreme precipitation to dust aerosols. It does 

so by providing the sustained ascent that simultaneously transports moisture and acti-

vates the microphysical effects of dust. Once activated, dust particles serve as efficient 

ice nuclei, enhancing ice-phase processes and latent heat release, which intensifies con-270 

vection and precipitation efficiency (Xu et al., 2025; Sun et al., 2022). This interaction 

删除了: southern Xinjiang
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establishes a positive feedback loop, whereby the large-scale conditions amplify the 

microphysical impact of dust on precipitation. 

 275 

Figure 4. Dynamic conditions for D_EP events during March–August 1975-2024, com-

posited using a moving coordinate system. (a) Vertical velocity at 500 hPa (units: 

Pa·s⁻¹). (b) Vertical velocity at 850 hPa (units: Pa·s⁻¹). (c) Thermodynamic field at 850 

hPa: vectors represent wind field (units: m·s⁻¹), and shading represents temperature 

field (units: °C). The star symbol (★) denotes the origin of the composited stations. 280 

3.2.3 Moisture Conditions 

Humidity is a key limiting factor for the formation of D_EP events in the Tarim 

Basin. Although the regional atmospheric total precipitable water vapor (TPW) shows 

a consistent increasing trend (Fig. 5a), observational data indicate that 78% of the sta-

tions experienced a significant decrease in relative humidity (RH; Fig. 5b), while 89% 285 

of the stations recorded a significant increase in saturation specific humidity (qs; Fig. 

5c). Under climate warming, arid regions in northern China exhibit a pronounced 

warming trend (Huang et al., 2016). Rising temperatures lead to an increase in satura-

tion vapor pressure, which enhances the air's capacity to hold moisture. Consequently, 

despite the overall increase in TPW, RH decreases, resulting in a reduction in actual 290 

atmospheric moisture levels and making it more difficult for the air to reach saturation 

and condensation conditions (Figs. 5d, 5e). However, the observed increase in EP 

events within the Tarim Basin (Fig 2), which underscores that dust aerosols play a sig-

nificant role in EP events. 

删除了: spring and summer from295 
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Figure 5. Characteristics of moisture condition variations during March–August 1975–300 

2024. (a) Spatial distribution of the interannual trend in TPW (black dots denote obser-

vational station locations; units: mm·a⁻¹). (b) Trend in relative humidity 

(units: %·10a⁻¹). (c) Trend in saturation specific humidity (units: g·kg-1·10a⁻¹). (d) Scat-

ter plot and linear fit of relative humidity versus temperature. (e) Scatter plot and linear 

fit of saturation specific humidity versus temperature. The shaded areas in (a), and the 305 

plus signs (+) in (b) and (c), indicate statistical significance at the 95% confidence level, 

whereas the dots (·) denote non-significant trends. 

Figure 6 compares the normalized distributions of the difference between RH and 
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qs across three types of events, providing further insight into the moisture conditions 310 

associated with different events. The results show that for D_EP events, the RH at all 

stations is significantly higher than during Dust events, with 85% of the stations more 

prone to saturation. Compared to N_EP events, although the RH at all stations is rela-

tively lower, 52% of the stations still exhibit a relatively higher tendency toward satu-

ration. The results indicate that compared to Dust events, both D_EP events and EP 315 

events exhibit significantly more favorable moisture conditions. Furthermore, when 

comparing D_EP events and EP events, the former demonstrates a higher level of mois-

ture saturation, providing more favorable conditions for dust aerosols to act as ice nu-

clei or condensation and thereby promote precipitation. 

 320 

Figure 6. Normalized differences in RH and qs for D_EP, Dust (Ds), and EP events 

during March–August 1975–2024. Black dots represent mean values, red solid lines 

indicate medians, and gray dashed lines denote the zero reference. 

3.2.4 Cloud Physical Properties 

The formation and intensity of precipitation are critically constrained by cloud 325 

microphysical properties, which govern the growth and conversion efficiency of hydro-

meteors within clouds and are macroscopically manifested in parameters such as cloud-

top height and cloud water path, both positively correlated with precipitation (Song et 

删除了: nuclei 

删除了: spring-summer330 

删除了: Microphysical 



16 

 

al., 2019; Zhao et al., 2024). Satellite observations reveal that during D_EP events, the 

average cloud top height (CTH) can reach approximately 8 km, exhibiting more pro-

nounced vertical development compared to N_EP events (Fig. 7a, f). Accompanying 

this is a notable increase in hydrometeor content, with ice water path and ice-phase 335 

particle effective radius approximately twice their liquid counterparts (Fig. 7b–e). Fur-

ther comparison with N_EP events shows that 63% of stations observed larger liquid 

water path values, while 85% of stations exhibited higher ice water path values (Fig. 

7g, h). This enhancement can be attributed to the role of dust aerosols acting as efficient 

ice nuclei. Their insoluble surfaces provide a solid-liquid interface that facilitates the 340 

formation of ice embryos, thereby promoting the freezing of supercooled droplets 

(Zhang et al., 2012). The resulting ice crystals then grow through processes such as 

collision-coalescence, leading to a significant increase in the size of ice-phase particles, 

as indicated by the ice water radius (IWR; Fig. 7j). Notably, the mean liquid water 

radius (LWR) is also larger during D_EP events (Fig. 7i), which is likely attributable to 345 

strong updrafts supplying abundant moisture that enhances condensation concurrent 

with ice growth. This ultimately enhances precipitation efficiency by increasing the 

sedimentation velocity of precipitation particles. These microphysical processes can 

suppress the formation of light precipitation while promoting the occurrence of heavy 

precipitation, consequently leading to an increased frequency of extreme weather 350 

events (Shao et al., 2022; Zhao et al., 2025). 

删除了: Satellite observations reveal that D_EP events ex-

hibit more intense vertical development, as evidenced by 

higher cloud top heights (CTH) compared to N_EP events 

(Fig 7a)…355 

删除了: This is accompanied by a significant increase in 

cloud hydrometeor content, with 63% of stations showing a 

larger liquid water path (LWP) and 85% of stations showing a 

larger ice water path (IWP; Figs. 7b, 7c). This enhancement 

can be attributed to the role of dust aerosols acting as efficient 360 

ice nuclei. Their insoluble surfaces provide a solid-liquid in-

terface that facilitates the formation of ice embryos, thereby 

promoting the freezing of supercooled droplets (Zhang et al., 

2012). The resulting ice crystals then grow through processes 

such as collision-coalescence, significantly increasing the par-365 

ticle size of hydrometeors such as liquid water radius (LWR) 

and ice water radius (IWR; Figs. 7d, 7e).
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Figure 7. Cloud physical properties during D_EP events and their differences from 

N_EP events in March–August 2000–2024. (a-e) Absolute values during D_EP events: 370 

(a) CTH (km), (b) LWP (g·m⁻²), (c) IWP (g·m⁻²), (d) LWR (µm), (e) IWR (µm). (f-j) 

Differences (D_EP minus N_EP): (f) CTH (m), (g) LWP, (h) IWP, (i) LWR, (j) IWR. 

Black dots represent mean values, red solid lines indicate medians, and gray dashed 

lines denote the zero reference line. 

In summary, Figure 8 illustrates the mechanisms by which dust influences EP 375 

events. Dust events provide strong dynamic lifting and concurrently transport copious 

amounts of dust aerosols (Ma et al., 2023, 2025b; Meng et al., 2025; Zhou et al., 2020). 

When moisture is insufficient, abundant dust aerosols acting as condensation nuclei 

"compete" for the limited available water vapor. This increases cloud droplet number 

concentration while reducing the cloud droplet effective radius, and may shorten cloud 380 

lifetime by enhancing droplet evaporation, ultimately suppressing effective precipita-

tion and resulting in a pure dust event (Fig 8a). In contrast, under sufficient moisture 

conditions, the hygroscopicity of dust aerosols promotes the hygroscopic growth of 

删除了: 

删除了: Differences in cloud microphysical parameters be-385 

tween D_EP events and N_EP events during spring and sum-

mer, 2000–2024. (a) CTH difference (units: m). (b) LWP dif-

ference (units: g m⁻²). (c) IWP difference (units: g m⁻²). (d) 

LWR difference (units: μm). (e) IWR difference (units: μm). 

Black dots represent mean values, red solid lines indicate me-390 

dians, and gray dashed lines denote the zero reference.
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cloud droplets, and their efficacy as ice nuclei activates ice crystal processes. These ice 

crystals then grow by deposition and riming, releasing latent heat and accelerating par-395 

ticle collision-coalescence, thereby fostering cloud vertical development and precipita-

tion formation (Figure 8b). 

 

Figure 8. Mechanisms of dust aerosol effects on clouds and precipitation (TB, Tarim 

Basin; CWP, cloud water particles; IP, ice particles; PRE, precipitation; DA, dust aero-400 

sols; AM, ascending motion; CTH, cloud top height; LWP, liquid water path; IWP, ice 

water path; LWR, liquid water radius; IWR, ice water radius). 

3.3 Contribution of Dust Aerosols to EP and Future Projections 

Previous studies have confirmed that the OMR method can effectively reveal aer-

osol effects not captured by reanalysis data (Ding et al., 2021; Huang et al., 2020; 405 

Huang and Ding, 2021). A broad consensus supported by robust theoretical evidence 

indicates that aerosol-radiation interactions and aerosol-cloud interactions are key driv-

ers of precipitation changes (Zhao et al., 2024). Whether these interactions result in an 

enhancement or suppression of precipitation depends on the specific physical mecha-

nisms dominated by dust aerosols. Consistently, as shown in Fig 9a, the probability 410 

density distribution of the dust aerosol contribution to EP, derived from bias-corrected 

删除了: Therefore
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ERA5-Land precipitation data, spans both negative and positive values, but exhibits a 

unimodal pattern with a peak interval of 5% to 25%. Locally observed negative contri-

butions may be related to warming, drying, and enhanced evaporation caused by the 415 

accumulation of absorbing aerosols in the lower atmosphere (Sun et al., 2023). From a 

net effect perspective, the mean contribution of 6.6% demonstrates an overall positive 

influence of dust aerosols on regional EP.  

To further understand the impact of dust aerosols on EP, analyzes of CMIP6 model 

projections are conducted for future changes in D_EP events under different emission 420 

scenarios. Historical simulations indicate that D_EP events were low probability occur-

rences prior to 1950, after which their frequency increased continuously and gradually 

evolved into a regionally common weather phenomenon. This finding is consistent with 

the results of Zhou et al. (2025) based on ground-based observations, confirming the 

model capability to reproduce historical climate states. Under future scenarios, the fre-425 

quency of D_EP events in the Tarim Basin shows a strong dependence on emission 

scenarios. Under the low-emission scenario (SSP126), the annual frequency exhibits a 

significant decreasing trend (trend = -1.2 d·10a⁻¹), which is particularly pronounced in 

the near term (2021–2040; -2.76 d·10a⁻¹). In contrast, under the medium- and high-

emission scenarios (SSP245 and SSP585), the declining trend weakens considerably (-430 

0.85 and -0.19 d·10a⁻¹). Notably, the downward trend under SSP585 is statistically in-

significant, and frequency remains high with fluctuations in the near term, reflecting 

the complex modulation of cloud microphysical processes by high aerosol concentra-

tions. Correspondingly, a decreasing trend with diminishing rates (-4.77, -4.36, and -

3.46 mm·10a⁻¹) is observed for D_EP precipitation from 2015 to 2100 as the emission 435 

scenario intensifies. It is noteworthy that during the near-term period, only SSP126 

shows a significant reduction in precipitation (-10.97 mm·10a⁻¹), whereas SSP245 and 

SSP585 exhibit increasing trends (1.67 and 1.58 mm·10a⁻¹, respectively). This suggests 

that under future high-emission backgrounds, dust aerosols may partly offset or even 

reverse the precipitation reduction caused by declining event frequency, likely through 440 
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enhanced ice-nucleating effects. These results highlight the nonlinear response charac-

teristics of aerosol-cloud-precipitation interactions across different emission pathways. 

 

Figure 9. Contribution of dust to EP and projected future changes in D_EP events. (a) 

Probability density distribution of the dust contribution rate to EP. (b) Time series of 445 

the annual D_EP days from historical observations and multi-scenario future projec-

tions (units: d). (c) Time series of the total annual D_EP events from historical data and 

multi-scenario future projections (units: mm). 

删除了: The annual frequency of D_EP days in the Tarim Ba-

sin region shows distinct differences across scenarios: it ex-450 

hibits a significant decreasing trend under the SSP126 sce-

nario, while the trend is weakest and statistically non-signifi-

cant under the SSP245 and SSP585 scenario, maintaining 

high-level fluctuations in the near-term (2021–2040) (Fig 9b). 

The projected trends for D_EP events amount are similar to 455 

those for frequency, showing significant decreasing trends 

across all three scenarios, with a more gradual decline under 

the high-pollution scenario (Fig 9c).
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4 Discussion and Conclusion 

This study demonstrates that despite the overall increase in atmospheric moisture 460 

content under global warming, the actual atmospheric humidity in the study region 

shows a declining trend, making it more difficult for the air to reach saturation. How-

ever, dust events can promote a positive precipitation feedback by transporting abun-

dant dust aerosols and coupling with the dynamic-thermodynamic processes that en-

hance vertical moisture transport. Observational statistics confirm that over the past 50 465 

years, D_EP accounts for 35.52% in frequency and 34.34% in precipitation amount of 

the total regional EP. Notably, 21% of stations in the southern part contributed over 90% 

before the year of 2000. Quantitative assessment further indicates that the average net 

contribution of dust aerosols to EP is 6.6%. Given this overall promotive effect on pre-

cipitation, D_EP events are projected to persist at elevated levels throughout the near-470 

term 21st century under high-emission scenarios. The results reveal the amplifying 

mechanism of dust aerosols on EP through the combined effects of ice nucleation and 

condensation under favorable moisture conditions, and highlight the particularly sig-

nificant role of dust in promoting ice-phase particle growth, thus emphasizing its func-

tion as an efficient ice nucleus.  475 

However, as this study is primarily based on observations and statistics from a 

specific region, the generalizability of the dust aerosol-precipitation feedback mecha-

nism to other arid and semi-arid regions remains limited. Future work could extend the 

CMIP6 models to broader arid and semi-arid areas to thoroughly evaluate the regional 

commonalities and differences in the dust aerosol-precipitation feedback mechanisms 480 

under different climatic backgrounds, thus advancing a more holistic understanding of 

the interaction mechanisms between the water cycle and climate change in global dry-

lands. 

 

Code availability. The data and data analysis method are available upon request. 485 

 

删除了: This study indicates that the actual atmospheric hu-535 

midity in the study region has decreased despite increased 

water vapor content under climate warming, making satura-

tion more difficult to achieve. This conclusion aligns with the 

analysis of moisture conditions during the Meiyu period by 

Sun et al. (2023). However, the occurrence of dust events not 540 

only provides favorable dynamic conditions for precipitation 

but also supplies abundant aerosols (Ma et al., 2023, 2025b; 

Meng et al., 2025; Zhou et al., 2020, 2025). Dust aerosols can 

act as both cloud condensation nuclei and ice nuclei, thereby 

influencing clouds and precipitation. On one hand, they can 545 

increase cloud particle number concentration, competing for 

available water vapor and potentially reducing precipitation. 

On the other hand, the dusty environment also favors the 

rapid growth of precipitation particles and can enhance pre-

cipitation by promoting water vapor saturation (Li et al., 550 

2024; Sun et al., 2022; Zhu et al., 2023). Observational evi-

dence confirms that dust aerosols are a significant factor af-

fecting the regional water cycle. In specific years at certain 

stations, their contribution to EP events exceeds 90%, high-

lighting their crucial role in the formation of EP events.555 

CERES satellite observations reveal that dust aerosols lead to 

increases in both the number concentration and size of cloud 

droplets and ice crystals. In practical observations, the physi-

cal characteristics of clouds or precipitation are influenced by 

both aerosol indirect effects and atmospheric thermodynamic 560 

and dynamic effects. Isolating these two types of effects rep-

resents the most challenging aspect in observational studies of 

cloud-aerosol interactions (Zhu et al., 2023). The OMR 

method can quantify physical processes not fully represented 

in models while, by focusing the analysis on specific precipi-565 

tation events, effectively mitigating potential biases caused by 

systematic differences between observations and reanalysis 

data on climatic scales (Wang et al., 2013). Results show that 

the average net contribution of dust aerosols to EP events is 

6.6%. Negative contributions at some stations may also origi-570 

nate from the accumulation of absorbing aerosols in the lower 

layers, which can intensify near-surface evaporation through 

warming and drying. This evaporation process, governed 

jointly by temperature, humidity, and aerosol content, exerts a 

greater influence on near-surface precipitation rates than other 575 

factors (Sun et al., 2023). Nevertheless, since dust aerosols 

generally exert a promotive effect on precipitation, D_EP 
...
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Data availability. Meteorological observation data were provided by the National Me-

teorological Information Center at http://data.cma.cn under a restricted license and are 

thus not publicly distributable. The CERES dataset can be obtained from 580 

https://ceres.larc.nasa.gov/Data/. The ERA5 reanalysis dataset is accessible via the 

ECMWF at https://cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-lev-

els?tab=overview. Daily precipitation data from five CMIP6 models are available 

through the Earth System Grid Federation’s CMIP6 archives at https://esgf-

node.llnl.gov/projects/cmip6/.  585 
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