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AT M O S P H E R I C  S C I E N C E

Dust storms: Hidden drivers of extreme rainfall and 
global precipitation shifts
Yuzhi Liu1,2, Weiqi Tang1, Tianbin Shao3, Run Luo4, Ziyuan Tan1, Dan Li1, Jianping Huang1,2*

Dust storms, while often seen as harmful, can play an unexpected role in enhancing rainfall. Global observations 
show that 7-day accumulated precipitation after dust storms exceeds dust-free conditions by up to 9.6 millime-
ters. Numerical simulations further confirm that dust particles act as ice nuclei, thereby promoting cloud forma-
tion and increasing rainfall through the ice crystal effect. Moreover, in regions with rising anthropogenic aerosols, 
dusts determine precipitation patterns. While elevated levels of anthropogenic aerosols alone tend to boost weak 
rainfall, the presence of dust aerosols reduces light precipitation and enhances heavier precipitation. Collectively, 
these findings reveal a dual role of dust storms in shaping global precipitation patterns while adversely affecting 
the human living environment. This research establishes a mechanistic framework for understanding how dust 
affects extreme precipitation at the global scale, advancing predictive capabilities for heavy precipitation.

INTRODUCTION
Dust storms represent a distinctive type of natural disaster, charac-
terized by the transport of vast quantities of dust particles from 
source regions, exerting far-reaching effects on broader regions. 
These dust events can cause extensive disruptions and pose substan-
tial risks to both socioeconomic systems and human health (1, 2). 
For example, dusts originating in Northwest China can travel as 
far as the North Pacific, Japan, and Korea. They may even cross the 
Pacific Ocean, reaching the western coast of North America (3–
5); dusts transported from North Africa and the Middle East can 
traverse vast distances, ultimately influencing atmospheric condi-
tions as far as East Asia (6, 7). While previous research has predom-
inantly examined the characteristics and trends of dust storms in 
specific areas, such as northern China (8–10) and North Africa (11), 
studies on the global variability of dust storms remain scarce.

Dust particles affect temperature and atmospheric stability by 
scattering and absorbing solar radiation (12–18). Besides, as cloud 
condensation nuclei (CCN) or ice nuclei (IN), they influence cloud 
properties and precipitation (19–30). In summary, dust aerosols exert 
both direct and indirect effects on Earth-atmosphere radiation bal-
ance and rainfall processes. Their absorptive properties enable them 
to trap shortwave solar radiation within dust-laden atmospheric lay-
ers, thereby exerting dual thermodynamic effects, cooling the surface 
while simultaneously heating the atmosphere (13, 31). Simultane-
ously, dust aerosols serve as efficient ice-nucleating particles, actively 
modulating precipitation processes and radiation budget indirectly 
through their ability to initiate ice formation in clouds (23, 25, 27, 29). 
Despite these impacts, the intricate interactions between dust and 
cloud microphysics make the effects of dust on precipitation poorly 
understood (32–35).

Overall, previous studies have examined the effects of dust on 
precipitation in specific regions, such as Northwest China (36), the 
Tibetan Plateau (25–29), the Tarim Basin (37), and the continental 

Northern Hemisphere (38). However, understanding of global dust 
event distribution and its influence on precipitation remains limit-
ed. In this study, we explore the global variability of dust events and 
their relationship with precipitation by integrating site observations, 
satellite data, reanalysis products, and numerical model simulations.

RESULTS
Interdecadal variability of global dust events
Figure  1 illustrates the observed frequency and primary types of 
“dust event” (including dust storms, blowing dust, and floating dust; 
definitions are detailed in Materials and Methods) across the global 
dust source regions (enclosed by the cyan line) and transport regions 
(outside the cyan line) (details regarding the delineation method 
and spatial distributions of source and transport regions are pro-
vided in text S1 and fig. S1). As shown in Fig. 1A, dust events predomi-
nantly occur within the dust source regions. In regions including 
North Africa, the Arabian Peninsula, the Iranian Plateau, and East 
Asia, the frequency of dust events surpasses 120 days annually. More-
over, dust source regions are mainly characterized by dust storms 
and blowing dust. Specifically, dust storms dominate in the Gobi Des-
ert, the Thar Desert, the Taklimakan Desert, and the deserts of the 
Arabian Peninsula. In contrast, the western Sahara Desert experi-
ences primarily blowing dust, while the eastern Sahara is dominated 
by dust storms.

The time series of global dust storms, blowing dust, and floating 
dust frequencies from 1979 to 2023 are shown in Fig. 1 (B to D). 
Globally, dust events exhibit an interdecadal oscillation with a cycle 
of approximately 14 years, with more pronounced cyclic patterns for 
floating and blowing dust in source regions (fig. S2). Over the first 
two decades of the study period, the frequency of dust storms de-
clined notably (Fig. 1B). However, unlike the global trend, dust 
storms in source regions increased after 1998 and then declined 
again after 2011 (fig. S2A). In contrast, in dust transport regions, the 
frequency of dust storms, blowing dust, and floating dust consis-
tently decreased between 1979 and 1998 (fig. S3).

Observed enhancement of precipitation after dust events
To estimate the impact of dust aerosols on precipitation, we statisti-
cally calculate the difference in accumulated precipitation over the 7 
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days (hereafter termed 7-day accumulated precipitation) after dust 
events and dust-free days on a global scale (detailed methods are 
described in Materials and Methods and text S2). Figure 2A shows 
the 1979–2023 mean difference in 7-day accumulated precipitation 
between dust events and dust-free conditions, approximately reflect-
ing dust-precipitation interactions. Positive anomalies (cyan) indicate 
enhanced precipitation after dust events, while negative anomalies 
(brown) indicate suppressed precipitation. As shown in Fig. 2A, the 
predominance of cyan regions demonstrates systematic precipita-
tion increases following dust events, although with some regional 
heterogeneity. Within dust source regions, the 7-day accumulated 
precipitation after dust events is higher in regions including the 
southern Sahara Desert and the Taklimakan Desert while lower in 
the Gobi Desert, Thar Desert, Arabian Desert, and the deserts of the 
Iranian Plateau. In dust transport regions, the 7-day accumulated 

precipitation is higher in some areas with infrequent dust events, 
such as South America and South Asia (see Figs. 1A and 2A). How-
ever, despite regional variations, the overall enhancement of 7-day 
accumulated precipitation following dust events compared to dust-
free conditions remains statistically significant.

On average, the 7-day accumulated precipitation following dust 
events is higher than that without dust events, as illustrated in Fig. 2B. 
While the spatial distribution of 7-day accumulated precipitation 
after dust events and dust-free days remains similar, higher precipi-
tation is observed following dust events (fig. S4). At the global scale, 
the 7-day accumulated precipitation following dust events reaches 
up to 23.79 mm, which is 9.6 mm more than when no dust event 
occurs (calculation methods are provided in text S3). In dust source 
regions, although average precipitation is lower, the 7-day accumu-
lated precipitation following dust events shows an overall higher value 
than in dust-free conditions. In dust transport regions, precipitation 
following dust events is notably higher, with a maximum of 25.32 mm 
observed. Overall, the 7-day accumulated precipitation following 
dust events is remarkably higher than during dust-free periods, a 
phenomenon primarily attributed to the role of dust aerosols in 
affecting precipitation. From a physical perspective, dust aerosols 
act as efficient ice-nucleating particles, promoting the microphysi-
cal processes in ice-phase and mixed-phase clouds, thereby affecting 
precipitation (25, 27, 37).

Although 7-day accumulated precipitation after dust events is 
notably enhanced compared to dust-free periods, it is important to 
note that aerosols represent only one factor in cloud and precipitation 
formations, with other conditions, such as water vapor availability 
and dynamic conditions, also playing critical roles. To disentangle 
the meteorological confounding effects, days with the highest num-
ber of global sites simultaneously experiencing dust events (hereaf-
ter referred to as “dust-active days”) and those without dust events 
(hereafter termed “dust-inactive days”) are further selected for com-
posite analysis (statistical details are listed in table S1). As shown in 
fig. S5, 7-day accumulated precipitation systematically increases af-
ter dust events, with green markers consistently exceeding brown 
markers. This observed precipitation difference suggests a potential 
linkage between atmospheric dust loading and subsequent precipi-
tation processes. To clarify the impact of meteorological conditions 
on the differences in precipitation between dust-active days and dust-
inactive days, a composite analysis of the meteorological fields under 
both scenarios is conducted (the method is described in text S4).

Figure 3 presents the composite field anomalies of geopotential 
height, wind, and relative humidity between dust-active and dust-
inactive conditions, with significance assessed through both point-
wise and field significance tests (text S5). Negative geopotential 
height anomalies at 850 hPa over major dust source regions (e.g., the 
eastern Sahara Desert and Taklimakan Desert) indicate anomalous 
cyclonic activity during dust-active days (Fig. 3A and fig. S6A), sug-
gesting enhanced upward motion. However, low-level moisture ex-
hibits negative anomalies (850 hPa; Fig.  3C; similar at 700 hPa, 
figure omitted), implying drier lower-atmospheric conditions de-
spite stronger dynamical lifting. This moisture deficit likely limits 
the potential for enhanced precipitation, even with favorable vertical 
motion. At 500 hPa, dust-active days feature easterly wind anoma-
lies, cold advection (Fig. 3B and fig. S6B), and elevated relative hu-
midity (Fig. 3D) over dust source regions. Dust transport regions show 
similar but spatially variable patterns of the anomalies. Collectively, 
the composite analysis of meteorological fields demonstrates that, 

Fig. 1. Spatial and temporal patterns of global dust events. (A) Global average 
frequency of dust events (including dust storms, blowing dust, and floating dust) 
from 1979 to 2023. The cyan lines in (A) delineate the boundaries between dust 
source regions and transport regions. The largest markers indicate stations where 
dust storms are the dominant type of dust events, medium-sized markers repre-
sent blowing dust, and the smallest markers denote floating dust. (B), (C), and (D) 
present the global frequency anomaly time series for dust storms, blowing dust, 
and floating dust, respectively, over the same period. The curves in [(B), (C), and (D)] 
are smoothed using a nine-point moving average.
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from a purely dynamical perspective, dust-active days do not exhibit 
more favorable meteorological conditions for precipitation forma-
tion compared to dust-inactive days.

Simulated enhancement of precipitation by 
dust-cloud interactions
To validate the statistical results in Fig. 2, several numerical simula-
tions are performed to examine the effects of dust aerosols on the 

precipitation process in both the dust source and transport regions 
(refer to Materials and Methods for details on model description). 
The Northwestern region of China, home to the Taklimakan Desert, 
is chosen as a representative dust source region, while North China 
is selected as the dust transport region (fig. S7).

Figure 4 presents the Weather Research and Forecasting (WRF) 
model simulated impact of dust on cloud microphysics and precipi-
tation during 14 to 17 April 2020 (Dust_1) in the source region 

Fig. 2. Impact of dust on 7-day accumulated precipitation. (A) Global differences in 7-day accumulated precipitation (in millimeters) between scenarios with and 
without dust events during 1979–2023. The green lines in (A) delineate the boundaries between dust source regions and transport regions (same as the cyan lines 
in Fig. 1A). (B) Regional averages of 7-day accumulated precipitation differences (in millimeters) under the same conditions, analyzed globally, in dust transport regions, 
and in dust source regions. Green boxes represent precipitation following dust events (prep_dust), while brown boxes represent precipitation without dust events 
(prep_no_dust). The boxes illustrate the interquartile range (25th to 75th percentiles), with the median marked by a line inside each box. The whiskers denote the mini-
mum and maximum values.

Fig. 3. Atmospheric anomalies associated with dust activity. (A and B) Composite differences in 850- and 500-hPa geopotential height (contours) between dust-active 
and dust-inactive periods. (C and D) Corresponding relative humidity anomalies (in percent; color shading). Black dots indicate anomalies significant at the 95% confi-
dence level in both pointwise and field significance tests.
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(model configuration is described in Materials and Methods and 
table S2). To quantify the dust-induced impacts on cloud and pre-
cipitation processes, paired ensemble simulations are conducted for 
the Dust_1 event under 1× dust (control experiment) and 2× dust 
(sensitive experiment) concentration conditions (detailed in text S6 
and table S3). Each 10-member ensemble used identical initial con-
dition perturbations across corresponding member pairs, enabling 
direct comparison between the two aerosol scenarios. Consequent-
ly, the differences between the control and sensitive ensembles dem-
onstrate the aerosol effects on cloud microphysics and precipitation. 
The statistical significance of these differences is confirmed through 
paired t tests applied to matched ensemble member differences 
(methods are detailed in text S7).

The model’s daily precipitation output is first validated against ob-
servational data from the Climate Prediction Center (CPC) (Fig. 4A). 
The results show that the regional daily mean precipitation ranges 
between 1.22 to 1.57 mm (WRF simulations) and 0.96 to 1.88 mm 
(CPC observations), demonstrating that the model accurately cap-
tures precipitation feature during the period. More comprehensive 
model evaluation results are presented in figs. S8 and S9. Further-
more, from a temporal perspective, as shown in Fig. 4B, the ice crys-
tal concentration demonstrates a continuous rise in this typical 
dust event, peaking at over 29%. Even after 17 April, the ice crystal 

concentration remains above the background level, although the 
rate of increase diminishes. On average, precipitation during dust 
events rises by 25.3% compared to conditions with background dust 
concentrations, demonstrating a statistically significant positive ef-
fect on precipitation enhancement.

From the perspective of the spatial distribution of ice particles in 
clouds, simulations for the dust source region reveal that higher dust 
concentrations lead to a notable enhancement in the concentration 
of ice crystals within clouds (Fig. 4, C and D) due to the dusts’ indi-
rect effect. Figure 4C quantifies dust-induced modifications to the 
mass mixing ratio of ice in clouds, indicating a robust enhancement 
throughout the atmospheric column, particularly pronounced be-
tween 450 and 250 hPa. This positive perturbation exhibits temporal 
consistency except for transient, spatially confined reductions ob-
served after 17 April. As shown in Fig. 4D, the concentration of ice 
crystals on the western side of the Taklimakan Desert can reach up 
to 10 × 104 kg−1 as dust concentration rises. While the effect of dusts 
on ice crystal concentration differs between the southern and north-
ern sides of the desert, overall, increased dusts remarkably enhance 
the number of ice particles in clouds.

In the dust transport region of North China, characterized by 
intense human activity and widespread anthropogenic aerosols, the 
influence of transported dust aerosols on cloud precipitation exhibits 

Fig. 4. Ensemble-mean effects of dust doubling on cloud microphysics and precipitation from perturbed initial conditions during the 14 to 17 April 2020 dust 
storm (Dust_1). (A) illustrates model-simulated and observed regional average daily accumulated precipitation (unit: in millimeters). (B) presents the percentage differ-
ences in daily average ice crystal number concentrations and precipitation in the dust source region between the doubling dust experiment and the control experiment. 
(C) indicates the impacts of dust aerosols on ice mixing ratios (unit: in milligrams per kilogram) during period from 14 to 17 April 2020. (D) shows the effects of dust serv-
ing as IN on ice crystal number concentrations (units: 104 kg−1) during period from 14 to 17 April 2020. In (B), single asterisk (*) above bars denote significance at the 90% 
confidence level in paired tests, while double asterisks (**) indicate 95% confidence. In (C) and (D), black dots represent results passing paired t tests at the 95% signifi-
cance level. RMSE, root mean square error.

D
ow

nloaded from
 https://w

w
w

.science.org at L
anzhou U

niversity on A
pril 30, 2026



Liu et al., Sci. Adv. 12, eadw6864 (2026)     29 April 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 11

notable variability. To investigate this, a representative dust trans-
port event occurring from 22 to 27 April 2014 (Dust_2) is simulated 
using the same modeling framework applied to the Dust_1 event. 
Random perturbations in the initial fields are included too, follow-
ing the approach described in Materials and Methods and tables S2 
and S3. During this period, a severe Mongolian dust event trans-
ported substantial dust aerosols to North China, peaking on 24 to 
25 April. In the simulations, anthropogenic aerosols, given their sub-
stantial background levels, are parameterized as hydrophilic particles 
at fixed concentrations across experiments, ensuring that differenc-
es between double-dust and control simulations resulted solely from 
dust perturbations.

Dust aerosols exert both direct effects by altering radiative bal-
ance through absorption and scattering processes and indirect ef-
fects by serving as IN that modify cloud microphysical processes. 

Specifically, the indirect effects of dust aerosols enhance ice deposi-
tion while simultaneously increasing the evaporation of cloud drop-
lets (Fig.  5A). This process facilitates the transformation of larger 
cloud droplets into smaller ones, promoting coalescence growth and 
the subsequent formation of raindrops exceeding 40 μm in diameter. 
Furthermore, sustained cloud droplet evaporation maintains elevated 
water vapor content and relative humidity within the clouds, thereby 
inhibiting the evaporation of large raindrops. In contrast, the direct 
radiative effect of dust—mediated through its limited solar absorp-
tion capacity—induces lower atmospheric warming (fig. S10). This 
warming suppresses ice nucleation and deposition processes while 
intensifying the evaporation of cloud droplets (Fig. 5D). When both 
the direct and indirect effects of dust are taken into account, the in-
crease in ice deposition caused by dust is also the highest during the 
peak rainfall period (fig. S11A).

Fig. 5. Ensemble-mean effects of dust doubling on cloud microphysics and precipitation from initial-condition perturbation experiments during the dust event 
from 22 to 27 April 2014 (Dust_2). Indirect effects: (A) changes in cloud droplet evaporation (purple), ice deposition (cyan), and freezing (yellow); (B) change in ice 
crystal number concentrations; (C) change in precipitation. Direct effects: (D to F) corresponding changes as in (A) to (C). In (A), (C), (D), and (F), open circles (○) indicate 
statistical significance at the 90% confidence level in paired tests, while solid dots (•) in (B) and (E) denote significance at the 95% confidence level. In (B) and (E), black dots 
represent results passing paired t tests at the 95% significance level. PREP, precipitation.
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Furthermore, as illustrated in Fig. 5B, the dust indirect effect en-
hances the concentration of ice crystals in clouds, with the most 
pronounced increase observed in the upper troposphere. In con-
trast, the direct radiative effect alone tends to reduce ice crystal con-
centrations (Fig. 5E). As shown in Fig. 5D, the indirect effect of dust 
aerosols on precipitation evolves over time: Before 25 April, the 
dusts reduce precipitation, whereas after 25 April, they substantially 
enhance precipitation. This shift is primarily attributed to the Bergeron 
process. Specifically, the heating effect of dust aerosols induces the 
evaporation of nearby cloud droplets, and the resulting water vapor 
subsequently condenses on ice crystal surfaces, leading to ice crystal 
decreases. Overall, the combined direct and indirect effects of dust 
lead to an increase in ice crystal number concentration (fig. S11B). 
Consequently, it can be found that during periods of weaker pre-
cipitation, the contributions of both the direct and indirect effects of 
dust to precipitation are relatively small. However, around 25 April, 
when precipitation begins to intensify, the direct radiative effect en-
hances precipitation earlier than the indirect effect, and together 
contribute positively to the peak precipitation observed on the 25th. 
After the 26th, the indirect effect of dust continues to increase pre-
cipitation, while the direct effect suppresses precipitation (Fig. 5, C 
and F). The indirect effect of dust enhances precipitation by 0.34% 
over 6 days under doubled dust concentrations, with a more pro-
nounced increase (0.42%) during the final 3 days (Fig. 5F). When 
both the direct and indirect effects of dust are considered, the dust-
induced precipitation increment is also the largest during the heavi-
est rainfall period (fig. S11C), which is consistent with the statistical 
results presented in Fig. 2.

Competitive impact of dust and anthropogenic aerosols 
on precipitation
To further understand the influence of coexisting dust and anthro-
pogenic aerosols on precipitation from an observational perspective, 

we examined precipitation characteristics under varying levels of 
anthropogenic aerosol concentrations, both with and without dust 
aerosols, on a global scale. First, to establish a threshold for identify-
ing dust aerosol presence, we analyzed the global distribution of 
dust aerosol optical depth (AOD) and its regional variations in ex-
treme values. On the basis of the delineation of dust source and trans-
port regions (fig. S1), the spatial distribution of global dust AOD 
across these regions is examined, along with the extreme values 
(maximum and minimum) in representative regions. The analysis 
reveals notably higher dust AOD in source regions relative to dust 
transport regions. Furthermore, dust AOD shows a distinct decrease 
with increasing distance from source regions within dust transport 
regions (Fig. 6, A and B).

Quantitative assessment of dust AOD extremes reveals distinct 
contrasts between source and transport regions. In dust source re-
gions, minimum (maximum) dust AOD values span 0.003 to 0.096 
(0.28 to 0.59) (Fig. 6C), whereas dust transport regions exhibit sub-
stantially lower ranges of 0.0008 to 0.0058 (0.02 to 0.49) (Fig. 6D). 
These findings indicate the considerable spatial heterogeneity in 
dust AOD at the global scale. Therefore, on the basis of the afore-
mentioned extremal characteristics, a threshold of dust AOD ≥ 0.001 
is adopted to define the dust presence, while values < 0.001 are clas-
sified as dust-free conditions, ensuring that the threshold is neither 
too small to be meaningful nor too large to overlook transport re-
gion samples with extremely low AOD in the statistical analysis.

Using the defined threshold, precipitation data are categorized by 
different anthropogenic AOD bins under both dust presence and 
dust-free conditions. These data are further classified by precipita-
tion intensity, and occurrence frequencies are calculated for each 
precipitation intensity range. On the basis of stratified statistical 
analysis, the influence of dust aerosols is then isolated by comparing 
anthropogenic AOD-precipitation relationships between dust pres-
ence and dust-free conditions.

Fig. 6. Global dust AOD distribution and regional extremes (2000–2019). (A) Spatial pattern of dust AOD in source regions. (B) Dust AOD distribution in transport 
regions. (C) Statistical distribution of dust AOD in source regions [cyan box in (A)], showing mean (bars), maximum (purple crosses), and minimum values (yellow dots). 
(D) Dust AOD statistics in transport regions [cyan box in (B)], showing mean (bars), maximum (purple crosses), and minimum values (yellow dots). Error bars (black lines) 
represent mean ± 1 SD.
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Globally, regions with high dust AOD values are predominantly 
observed over major desert regions, including the Arabian Desert, 
Thar Desert, and Taklimakan Desert, with statistically significant 
increasing trends (Fig. 7A and fig. S12A; trend significance testing 
methodology is detailed in text S8). In contrast, although the Sahara 
Desert also exhibits high dust AOD, it has experienced a declining 
trend since the early 21st century. Anthropogenic aerosols, includ-
ing black carbon, organic carbon, and sulfate, are predominantly 
concentrated in East Asia, South Asia, and central Africa, with a 
marked increase since the start of this century (Fig. 7B and fig. S12B); 
trend significance testing methodology is detailed in text S8. In ad-
dition, rising trends are evident in northwestern North America and 
northern South America, while substantial declines are observed in 
eastern North America and Europe. In key dust source regions such 
as the Arabian Desert, Iranian Plateau, and Taklimakan Desert, an-
thropogenic aerosols show modest growth. In contrast, the Sahara 
Desert exhibits a declining trend in anthropogenic aerosol levels.

Precipitation is further statistically analyzed across distinct aerosol 
conditions, comparing anthropogenic-dominated scenarios (dust 
AOD < 0.001) with mixed anthropogenic-dust environments (dust 
AOD ≥ 0.001), with spatiotemporal sampling variability rigorously 
evaluated (text S9 and fig. S13). Both temporal and spatial analyses 
demonstrate no systematic sampling bias between dust presence 
and dust-free conditions (Significance testing by bootstrap resam-
pling is described in text S9 and fig. S13). As illustrated in Fig. 7C, 
in the absence of dust, when the anthropogenic AOD is below 0.1, 

precipitation predominantly falls within the 10- to 30-mm range, 
with notable occurrences in the 30- to 40-mm range and occasional 
events exceeding 50 mm. However, as the anthropogenic AOD in-
creases, precipitation events below 10 mm become more frequent. 
Specifically, when the AOD surpasses 0.2, more than 80% of pre-
cipitation events fall below 10 mm, and this proportion exceeds 90% 
when the anthropogenic AOD exceeds 0.3. These findings indicate 
that in the absence of dust aerosols, higher concentrations of an-
thropogenic aerosols are associated with an increased likelihood of 
light precipitation. When dust aerosols are present, heavier precipi-
tation occurs more frequently (Fig.  7D). Compared to conditions 
without dust, when the anthropogenic AOD is below 0.2, precipi-
tation under 10 mm is almost absent, the proportion of precipita-
tion between 10 and 20 mm decreases, and precipitation exceeding 
30 mm increases substantially. However, as the concentration of an-
thropogenic aerosols rises, even with dust present, light precipita-
tion gradually increases while heavier precipitation decreases. Once 
the anthropogenic AOD surpasses 0.3, precipitation above 40 mm 
no longer occurs.

Similar to the spatial heterogeneity observed in dust AOD (Fig. 7A), 
anthropogenic aerosol loading also exhibits pronounced regional 
variations (Fig. 7B). To examine aerosol-precipitation interactions 
more systematically, a refined binning approach (0 to 0.002 AOD 
increment) is implemented for the 0 to 0.02 concentration bin of an-
thropogenic aerosols (fig. S14). The analysis reveals that the dust pres-
ence remarkably amplifies heavier precipitation frequency, particularly 

Fig. 7. Contrasting effects of dust and anthropogenic aerosols on precipitation. (A) Spatial distribution of dust aerosols and (B) spatial distribution of anthropogenic 
aerosols during 2000–2019. (C) and (D) illustrate the influence of varying anthropogenic AOD levels on precipitation under different conditions: (C) dust free (dust 
AOD < 0.001) and (D) dust presence (dust AOD ≥ 0.001). The frequency distribution of precipitation across six ranges (0 to 10, 10 to 20, 20 to 30, 30 to 40, 40 to 50, and 
>50 mm) is analyzed for different anthropogenic AOD intervals (0 to 0.1, 0.1 to 0.2, 0.2 to 0.3, 0.3 to 0.4, 0.4 to 0.5, and >0.5) under both dust-free (C) and dust presence 
(D) conditions. The dotted bars in (C) and (D) represent values that are statistically significant at the 95% confidence level, as determined by bootstrap resampling.
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when anthropogenic aerosol loading approaches the dust threshold 
(AOD = 0.001). This enhancement effect persists across varying back-
ground concentrations of anthropogenic aerosols, as consistently dem-
onstrated through high-resolution AOD stratification analysis.

Overall, the statistical analysis results (Fig. 7, C and D, and fig. S14) 
align with the conclusions derived from the numerical simulations 
in Figs. 4 and 5. The mechanistic interpretation of statistical patterns 
in Fig. 7 (C and D) requires consideration of both dust aerosols’ ice-
nucleating role (Fig. 4) and anthropogenic aerosols’ effects on pre-
cipitation. By comparing Coupled Model Intercomparison Project 
Phase 5 model simulations under Greenhouse Gases and anthropo-
genic aerosol forcing scenarios, we found that, on a long-term tim-
escale, anthropogenic aerosols are the primary driver of the observed 
subtropical precipitation reduction during 1970–2005 (30). On the 
basis of this, we have investigated the influence of anthropogenic 
aerosols on short-term weather processes. It demonstrates that, on 
synoptic timescales, anthropogenic aerosols reduce total precipita-
tion, with aerosol-radiation interactions and aerosol-cloud interac-
tions jointly weakening light precipitation, thereby dominating the 
overall precipitation decline (39). The patterns in Fig. 7 (C and D) 
are attributed to the dominant influence of anthropogenic aerosols, 
which systematically increase light precipitation frequency while 
suppressing heavier precipitation events, irrespective of dust aerosol 
loading, thereby corroborating the mechanistic insights established 
in our previous studies (30, 39). However, the critical distinction lies 
in the role of dust. Under identical anthropogenic aerosol concen-
trations, dust reduces light precipitation frequency while enhancing 
heavier precipitation, resulting in a net increase in total precipita-
tion, as demonstrated by the mechanisms illustrated in Figs. 4 and 5. 
Mechanistically, acting as IN, dust particles promote the Bergeron 
effect, accelerating the growth of small raindrops and ultimately 
triggering precipitation through collision-coalescence (fig.  S11). 
This is consistent with the findings from the numerical simulations 
(Figs. 4 and 5).

Our findings correspond with established understanding from 
air mass models and large-eddy simulation (LES) studies. Previous 
works have demonstrated that increased CCN concentrations re-
duce cloud droplet size while enhancing droplet number concentration 
(40, 41), suppressing warm-rain processes through microphysical 
modifications. More recent LES modeling by Erfani et al. (42) 
showed that anthropogenic aerosols not only reduce droplet effec-
tive radius but also intensify evaporation, decreasing cloud optical 
depth. Calderón et al. (43) further revealed that high aerosol load-
ings enhance boundary layer turbulence, promoting droplet evapo-
ration during subsidence, particularly near cloud base. Notably, when 
dust mixes with anthropogenic aerosols, the combined effects of spec-
tral broadening and ice nucleation facilitate collision-coalescence and 
phase transitions, ultimately enhancing precipitation efficiency.

DISCUSSION
This study examines global variations in dust events and their im-
pacts on precipitation by integrating ground-based weather obser-
vations, reanalysis data, and the WRF model. The findings reveal 
that dust aerosols can enhance precipitation to varying extents 
worldwide, both in dust source and transport regions. Unlike prior 
qualitative studies on dust’s effects on precipitation, our research 
aims to quantify dust’s contribution under different scenarios. A key 

discovery is that in typical dust-affected regions, dust increases pre-
cipitation by affecting the cloud microphysics through amplifying 
the Bergeron process. Specifically, dust particles heat the surround-
ing atmosphere, inducing the evaporation of nearby cloud droplets 
and the subsequent release of water vapor (Fig. 5D). This vapor then 
condenses onto ice crystals (due to lower saturation vapor pressure 
over ice than that over liquid water), promoting their rapid growth 
(Fig. 5A). Through collision and coalescence, these ice crystals ulti-
mately evolve into precipitation.

However, the influence of dust and anthropogenic aerosols on 
precipitation remains highly debated. The role of anthropogenic 
aerosols in modulating rainfall continues to be a contentious issue in 
climate science, with substantial evidence supporting both enhance-
ment (44, 45) and suppression (30, 46–48) effects. The net effect de-
pends on atmospheric conditions (49) and anthropogenic aerosol 
loading (50, 51). Regional studies highlight this complexity, for in-
stance, Menon et al. (52) demonstrated that anthropogenic aerosols 
increase precipitation in southeastern China but suppress it in north-
eastern China. Giorgi et al. (53) found that anthropogenic aerosols 
could potentially reduce precipitation across China; however, their 
study did not account for aerosol indirect effects, nor did it include 
organic carbon aerosols. Fan et al. (49) revealed a critical transition 
mechanism whereby increasing aerosol absorption efficiency can 
shift precipitation enhancement from indirect effects to suppression 
dominated by direct radiative forcing. Therefore, the impact of an-
thropogenic aerosols on precipitation exhibits remarkable regional 
variability and is also influenced by meteorological conditions.

Meanwhile, dust aerosols exhibit a dual influence on precipita-
tion. On one hand, some studies have shown that dust can enhance 
precipitation by acting as IN, thereby intensifying convection—a 
finding consistent with our results. On the other hand, Min et al. 
(54) argued that the microphysical properties of dust aerosols can 
shift the precipitation spectrum from intense to weaker events, ulti-
mately suppressing precipitation in regions like the Sahara Desert. 
In convective systems, dust aerosols can reduce the average size of 
cloud droplets, inhibiting the formation of warm rain (55). To vali-
date this conclusion, further observations and additional regional 
simulations are required.

Aerosols are only one of three key factors influencing precipita-
tion, alongside water vapor conditions and atmospheric uplift. The 
formation of precipitation is a complex physical process shaped by 
the interplay of these factors. In the broader context of climate studies, 
meteorological field discrepancies are not considered when assess-
ing the impact of dust on precipitation. Dust influences precipita-
tion through two contrasting mechanisms in meteorological systems. 
First, surface cooling caused by dust weakens the lower-tropospheric 
monsoon circulation, suppressing water vapor transport and rain-
fall (37). Conversely, adiabatic warming induced by dust enhances 
precipitation via the elevated heat pump (EHP) effect in the upper 
troposphere (56). On the basis of the EHP effect, the rising airflow 
over the desert is transported at high altitudes, forming a secondary 
circulation in surrounding regions and enhancing precipitation 
(57, 58). While the precise meteorological mechanisms underlying 
dust-precipitation interactions remain unquantified, our composite 
analysis of contrasting circulation regimes reveals that dust-laden 
atmospheres tend to enhance precipitation compared to dust-free 
meteorological conditions (Fig. 2). Future work will address and ex-
pand on this aspect.
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MATERIALS AND METHODS
Observational data and reanalysis datasets
In this study, surface site observations are sourced from the Inte-
grated Surface Data (ISD; ISD v2.0, accessed November 2024) pro-
vided by the National Centers for Environmental Information. These 
observations include hourly records of weather phenomena such as 
freezing rain, dust events, and haze, collected from 35,000 global sta-
tions. The period from 1981 to 2010 serves as the standard climato-
logical baseline to analyze the temporal patterns of dust anomalies in 
this study.

Bare soil areas are identified using average land use data from the 
International Geosphere-Biosphere Programme (IGBP) for the years 
2001 to 2020. These data are derived from the Moderate-resolution 
Imaging Spectroradiometer. The identified bare soil areas are consid-
ered potential dust source regions, while regions outside these areas 
are classified as dust transport regions.

Global daily precipitation data from the CPC of the National 
Oceanic and Atmospheric Administration are analyzed for the pe-
riod 1979–2023. These data are derived from 16,000 global stations, 
integrated with satellite observations, and processed using the op-
timal interpolation method to generate daily precipitation analysis 
products. The precipitation values are represented on a 0.5° latitude/
longitude grid, providing area-averaged daily precipitation estimates 
for each grid.

AOD data from 2000–2019 are obtained from the Modern-Era 
Retrospective Analysis for Research and Applications, Version 2 
(MERRA-2). These data are used to classify atmospheric conditions 
into two categories: dust presence (dust AOD ≥ 0.001) and dust-free 
(dust AOD < 0.001).

The Tropical Rainfall Measuring Mission (TRMM), a collabora-
tive space mission by the NASA and Japan’s National Space Develop-
ment Agency, provides precipitation data at a resolution of 0.5° × 0.5° 
for the period 2000–2019. These data are interpolated to align with 
the resolution of the MERRA-2 AOD data (0.5° × 0.625°) for statisti-
cal analysis. This analysis investigates the impact of dust aerosols on 
global precipitation under varying levels of anthropogenic aerosol 
influence.

Definition of dust event
We analyzed data from the ISD database, encompassing 21,124 glob-
al sites with at least 1 month of observation records between 1979 and 
2023. A dust event is defined as any day on which dust phenomena, 
including dust storms, blowing dust, or floating dust, are observed. 
Dust storms are characterized by visibility dropping below 1 km due 
to dense dust concentrations around the station. Blowing dust occurs 
when wind-driven particles in the vicinity of the station reduce visi-
bility to between 1 and 10 km. Floating dust refers to widespread par-
ticulate matter suspended in the air near the observation station 
under low wind speed conditions. In addition, separate statistics are 
compiled for dust storms, floating dust, and blowing dust. If multiple 
types are observed on the same day, only the most severe type is re-
corded. For instance, if both a dust storm and floating dust occur on 
the same day, it is classified as a dust storm day. This study calculates 
the 45-year frequency of dust events for each station and examines 
annual patterns in dust event frequency on the global scale.

Definition of accumulated precipitation
The CPC precipitation data are used to calculate accumulated pre-
cipitation. Precipitation influenced by dust events (prep_dust) refers 

to the total precipitation over the 7 days following a dust event, as 
identified using weather phenomena data from ISD. The difference 
between the global 7-day cumulative precipitation and prep_dust is 
calculated as prep_no_dust. The impact of dust events on precipitation 
is determined by the difference between prep_dust and prep_no_dust.

Model description
The precipitation processes following two distinct dust storm pro-
cesses are simulated using the WRF model to evaluate the impact 
of dust on precipitation in both a typical dust source region and a 
transport region (see fig. S7 for the specific simulation area). For the 
dust source region, we analyzed a dust event that occurred from 14 
to 17 April 2020, in Northwest China (Dust_1). In addition, a dust 
event accompanied by precipitation, occurring from 22 to 27 April 
2014, in North China (Dust_2), is selected as a representative case 
for the dust transport region. Both events are simulated using a two-
layer nested domain structure. The model configurations are pro-
vided in table S2. To evaluate the robust impacts of doubled dust 
concentrations on cloud microphysics and precipitation, the sensi-
tivity simulations using initial condition perturbation ensembles are 
performed (see text S6 and table S3).

Significance testing
Composite meteorological field anomaly is assessed using the Monte 
Carlo field significance test, as described in text S5. A paired signifi-
cance testing is used for ensemble perturbation experiment simula-
tions, as detailed in text S7. The statistical relationship between 
aerosols and precipitation is assessed for significance testing using a 
bootstrap resampling method, outlined in text S9.

Supplementary Materials
This PDF file includes:
Supplementary Text S1 to S9
Figs. S1 to S15
Tables S1 to S3
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