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Abstract. As crucial atmospheric components, aerosols influence precipitation through complex microphysi-
cal mechanisms and exhibit spatiotemporal heterogeneity. This study investigates aerosol effects on precipitation
vertical profiles and microphysical characteristics across four Chinese urban clusters (the Beijing–Tianjin–Hebei
(BTH), Yangtze River Delta (YRD), Yangtze River Middle Reaches (YRM), and Pearl River Delta (PRD)), in-
cluding sensitivities to meteorological factors. Initially, the principal findings elucidate three fundamental at-
tributes of precipitation differences: regional disparities surpass seasonal variations in magnitude; heightened
aerosol loadings mitigate regional precipitation discrepancies, particularly during the spring and summer sea-
sons; convective precipitation exhibits greater regional and seasonal variability than stratiform precipitation. Fur-
thermore, the findings indicate that aerosols exert an influence on precipitation through microphysical processes,
encompassing the growth via condensation on cloud condensation nuclei, coalescence growth, semi-direct ef-
fect, and moisture competition. These phenomena exhibit distinct variations that are influenced by spatial and
temporal factors, along with the particular type of aerosols present. Specifically, convective precipitation in the
BTH region is dominated by the semi-direct effect and invigoration effect of dust aerosols, whereas the YRD
and PRD are more influenced by hygroscopic sea salt aerosols and the YRM by fine aerosol particles. Further-
more, RH promotes condensation and coalescence processes by replenishing water vapor, particularly under low
aerosol loading. However, CAPE plays a dual role: it enhances precipitation by intensifying cloud development
and suppresses it through particle break-up driven by dynamics. The present study elucidates the mechanisms
of spatio–temporal modulation underlying aerosol–precipitation interactions, offering a scientific foundation for
the refinement of climate models within urban agglomerations.

1 Introduction

Aerosols modulate clouds and precipitation primarily
through Aerosol–Radiation Interactions (ARI) and Aerosol–
Cloud Interactions (ACI) (IPCC, 2013, 2021), which subse-
quently affect the intensity, frequency, and spatiotemporal
distribution of precipitation (Rosenfeld et al., 2008). These
interactions involve complex multiscale, multi-factor cou-
pling effects with profound implications for regional hydro-

logical cycles, extreme weather events, and climate systems
(Li et al., 2016, 2019; Ramanathan et al., 2001; Zhao et al.,
2018, 2020). Therefore, elucidating aerosol-driven precipi-
tation mechanisms remains one of the key objectives in at-
mospheric science (IPCC, 2013, 2021). As a central com-
ponent of this modulation framework, the ACI describes the
process by which aerosols function as ice nuclei (IN) and
cloud condensation nuclei (CCN), modifying cloud micro-
physical processes to indirectly modify the type and dis-
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tribution of precipitation intensity (IPCC, 2013; Gettelman,
2015). Specifically, these modified cloud microphysical pro-
cesses include cloud droplet spectrum distribution, phase
transition efficiency, and precipitation formation pathways
(Xie et al., 2013). The phenomenon known as the Twomey
Effect (the First Indirect Effect) describes how higher aerosol
loadings increase cloud droplet concentration while decreas-
ing their effective radius (re) and increasing cloud albedo
(Twomey, 1974). In addition, the Cloud Lifetime Effect (Sec-
ond Indirect Effect), aerosol-induced reduction in re, sup-
presses precipitation initiation, whereas prolonging cloud
lifetime (Albrecht, 1989). The subsequent Semi-Direct Ef-
fect shortens cloud lifetime through another mechanism: ab-
sorptive aerosols within clouds heat the atmosphere by ab-
sorbing shortwave radiation, thus promoting droplet evapo-
ration (Ackerman et al., 2000; Huang et al., 2014). Despite
the established understanding of primary mechanisms, sig-
nificant uncertainties remain in quantifying aerosol impacts
on precipitation. This complexity stems from the highly non-
linear and diverse nature of aerosol-precipitation responses
(Chang et al., 2015), which are modulated by aerosol load-
ing, type, vertical distribution, and local meteorological con-
ditions (Fan et al., 2007; Storer et al., 2010), leading to pro-
nounced regional variations (Li et al., 2025a; Xiao et al.,
2025). Furthermore, external synoptic conditions, entrain-
ment, and other in-cloud meteorological factors, particularly
that surrounding clouds and challenging to be measured, can
affect the aerosol effect on clouds and precipitation (Chen
et al., 2025; Lee et al., 2008; Stevens and Feingold, 2009;
Sun et al., 2023; Zhao et al., 2024).

Recent research has extensively examined aerosol-induced
modifications of precipitation structures in major urban
clusters across China (Guo et al., 2018; Sun and Zhao,
2021; Zhao et al., 2025). China’s major urban agglomer-
ations, Beijing–Tianjin–Hebei (BTH), Yangtze River Delta
(YRD), Pearl River Delta (PRD), and Yangtze River Middle
Reaches (YRM), characterized by dense populations, robust
economies, and severe aerosol pollution, are critical regions
for studying how aerosol effects manifest at regional scales.
Previous research has been conducted on aerosol-driven pre-
cipitation patterns in more general areas, such as the North
China Plain (Sun et al., 2023), South China (Chen et al.,
2025), and East China (Wen et al., 2023) under different sea-
sonal and precipitation type conditions (Day et al., 2018; Guo
et al., 2019). These studies have consistently confirmed that
the modulation effects of aerosols on clouds and precipita-
tion exhibit pronounced regional heterogeneity (Guo et al.,
2017, 2019; Li et al., 2019; Sun and Zhao, 2021). However,
the underlying physical mechanisms, particularly the cloud
microphysical processes responsible for these disparate re-
gional responses, are not yet fully understood. Moreover, nu-
merical models show substantial instability in precipitation
capture (Zhang et al., 2024), and simulation capabilities ex-
hibit inherent asymmetries (Snively and Gallus, 2014). The
comparability of findings across regions and seasons is of-

ten limited by methodological and data source differences,
which sustain scientific debates. Adopting a unified analyt-
ical framework is therefore essential to reconcile these dis-
crepancies and enable systematic comparison.

The Global Precipitation Measurement (GPM) mission ex-
tends and advances the Tropical Rainfall Measuring Mis-
sion (TRMM). Compared with TRMM’s single-frequency
Precipitation Radar (PR), the Dual-frequency Precipitation
Radar (DPR) onboard the GPM core observatory demon-
strates higher sensitivity and provides more accurate three-
dimensional precipitation structure. This increase markedly
enhances precipitation detection capabilities at mid-to high
latitudes (Hou et al., 2014). Furthermore, comparisons be-
tween GPM DPR precipitation data and observations from
ground-based radars and meteorological stations (Chan-
drasekar and Le, 2015; Lasser et al., 2019; Sun et al., 2020)
showed strong consistency across all three platforms. More-
over, a robust concordance in surface precipitation patterns
and bright band was noted between DPR data and the high-
resolution NICAM 3.5 km model (Kotsuki et al., 2023),
hence reinforcing data dependability.

Additionally, Modern-Era Retrospective Analysis for Re-
search and Applications Version 2 (MERRA-2) significantly
improves the accuracy of aerosol vertical distributions and
optical properties through assimilation of multi-source satel-
lite and ground-based observations (Buchard et al., 2017;
Chang et al., 2015). Building on the reliable precipitation
data from GPM DPR, researchers analyzed aerosol impacts
on precipitation vertical profile, microphysical characteris-
tics, and extreme hydrometeorological events using inte-
grated MERRA-2 aerosol and DPR precipitation datasets (Ji
and Tian, 2024; Jiang et al., 2023; Sun et al., 2022). Fur-
thermore, compared with the ECMWF Re-Analysis-Interim
(ERA-Interim), the European Centre for Medium-Range
Weather Forecasts Reanalysis Version 5 (ERA-5) offers sig-
nificantly improved spatiotemporal resolution, yielding supe-
rior environmental parameters (Zhao et al., 2021). This en-
hancement facilitates its widespread utilization in research
investigating the impact of aerosol on precipitation structure
(Dong et al., 2018; Guo et al., 2018; Pravia-Sarabia et al.,
2023).

Peng et al. (2025) conducted a focused investigation into
the effects of fine and coarse aerosols on summer precip-
itation processes within the YRD region. The results in-
dicated that coarse aerosols suppress convective precipita-
tion by competing for moisture, whereas fine aerosols en-
hance precipitation by forming small droplet clusters with
condensational and coalescence growth. However, precipi-
tation characteristics vary significantly across different re-
gions and seasons, which can be attributed to differences
in aerosol types, concentrations, and meteorological condi-
tions. Therefore, this study integrates precipitation, aerosol,
and environmental data from four major urban agglomera-
tions (the BTH, YRD, YRM, and PRD) between 2014 and
2023. A multi-source DPR-MERRA-2-ERA5 dataset was
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Figure 1. Geographical distribution of four urban agglomerations over (a) the Yangtze River Middle Reaches, (b) Beijing–Tianjin–Hebei,
(c) Pearl River Delta, and (d) Yangtze River Delta, which is superimposed with elevation. (source: GS(2024) 0650). Publisher’s remark:
please note that the above figure contains disputed territories.

constructed to systematically analyze the impact of aerosol
on precipitation properties and microphysical processes. In
addition, this study systematically examines how aerosol-
precipitation interactions are modulated by thermodynamic
and dynamic conditions. This unified methodology facilitates
a comprehensive, cross-regional, and cross-seasonal compar-
ison of aerosol impacts on precipitation and cloud micro-
physics across China’s major urban agglomerations.

The remainder of this paper is organized as follows: Sect. 2
introduces the data and methods. Section 3 examines aerosol
influences on precipitation structure and properties. Section 4
conducts an analysis of aerosol effects on the microphysi-
cal processes of precipitation. Section 5 investigates mete-
orological effects on aerosol-precipitation interactions. Sec-
tion 6 summarizes the conclusions of this study and Sect. 7
discusses the limitations and shortcomings of this research.

2 Data and Methods

2.1 Study area

The YRM urban cluster (Fig. 1a) is situated between 26–
32.5° N and 110.5–118.3° E, inside a humid subtropical mon-
soon region characterized by concentrated summer precipita-
tion. The BTH region (36–41.6° N, 113.5–119.9° E; Fig. 1b)
exhibits a temperate semi-humid continental monsoon cli-
mate, with summer comprising over 67 % of the annual pre-
cipitation and spring characterized by numerous dust events
(Zhai et al., 2022). The PRD cluster (21.7–23.8° N, 112–
115.4° E; Fig. 1c) exhibits a South Asian tropical marine
monsoon climate, characterized by 85 % of annual precip-

itation occurring from April to September, frequently ex-
acerbated by typhoons (Guo et al., 2018). Dominated by
the Taihu Plain (27.9–33.3° N, 117.5–122.7° E; Fig. 1d), the
YRD exhibits a humid subtropical monsoon climate char-
acterized by concentrated spring–summer precipitation, in-
cluding prolonged June–July Meiyu-front rainfall (Liu et al.,
2017). Figure 1 shows the spatial distribution of all four ur-
ban agglomerations. It is noteworthy that the selected urban
agglomerations are primarily situated in plains and basins,
thus minimizing the potential confounding effects of com-
plex terrain on the aerosol–cloud–precipitation interactions
analyzed in this study.

2.2 GPM DPR Precipitation Data

Mounted on the core satellite, the DPR transmits at the
Ku-band (13.6 GHz) and Ka-band (35.5 GHz) frequencies,
achieving a nadir horizontal resolution of 5 km to detect
three-dimensional precipitation structures from the surface
to an altitude of 22 km (Hou et al., 2014). This study uti-
lized the GPM Level 2 DPR (2ADPR) standard product, Ver-
sion 07, which employs two unique antenna scanning modes:
the High-Sensitivity Scan (HS) and the Full Scan (FS). A
significant alteration in Version 07, compared to Version 06,
entails a shift in the KaPR scanning pattern from the inner
swath to the outer swath configuration. This change aligns
the KaPR scanning mode with that of KuPR.

This study focuses on liquid precipitation processes de-
tectable by the GPM DPR during spring (March–May),
summer (June–August), and autumn (September–November)
from 2014 to 2023. The parameters analyzed in this study in-
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clude: The near-surface Rain Rate (nsRR), Rain Rate (RR),
Storm Top Height (STH), Liquid Water Path (LWP), Ice
Water Path (IWP), DSD, and radar reflectivity factor (Ze).
The DSD includes two parameters: mass-weighted diame-
ter (Dm) and normalized DSD intercepts (Nw).

2.3 MERRA-2 Aerosol Data

This study utilized the MERRA-2 atmospheric reanalysis
dataset, updated in 2017 and released by NASA’s Global
Modeling and Assimilation Office (GMAO). By assimilat-
ing multi-source observations with numerical modeling tech-
niques, this dataset characterizes the column mass concen-
trations of five aerosol types: dust (DU), sea salt (SS), sul-
fate (SO4), black carbon (BC), and organic carbon (OC), and
their corresponding AOD. The data feature a global spatial
coverage at a horizontal grid resolution of 0.625°× 0.5° (lon-
gitude× latitude), with temporal products available at hourly
intervals. It is noteworthy that the matched aerosol data are
those within 1 h prior to the onset of precipitation events.

The spatial and seasonal distributions of aerosol composi-
tion over China’s megacity clusters, are detailed in Figs. S3–
S8 in the Supplement. Overall, the BTH region is charac-
terized by a high burden of DUA (Figs. S3–S8b), partic-
ularly during spring. In contrast, the PRD region shows a
pronounced signal of SSA, especially in spring and summer
(Figs. S3–S8d). Figures S3–S8(f and g) show that loadings
of both absorbing and scattering aerosols are markedly ele-
vated in the BTH region, in contrast to the discernibly lower
concentrations observed in the PRD. These characteristic dis-
tributions provide a fundamental basis for interpreting the
region-specific aerosol-precipitation mechanisms discussed
in subsequent sections.

2.4 ERA-5 Data

Environmental data for this study were acquired from
the ERA5 reanalysis dataset. Through the coupled as-
similation of multi-source satellite observations, ground-
based measurements, and numerical forecasting systems, this
product provides multidimensional climate parameters that
span the surface-to-stratopause column spatial resolution of
0.25°× 0.25° and temporal resolution of 1 h (Hersbach et al.,
2020). This investigation utilizes two key parameters: Rela-
tive Humidity (RH) at 850 hPa and Convective Available Po-
tential Energy (CAPE).

2.5 Classification Methods

Prior to data analysis, the DPR, MERRA-2, and ERA5
datasets were subjected to spatiotemporal matching using
the best-proximity method. Subsequently, precipitation pix-
els were screened using the connectivity method (Hu et al.,
2022, 2024; Peng et al., 2025; Wang et al., 2024), applying a
minimum threshold of four contiguous pixels (nsRR) to de-

fine valid precipitation systems (Liu and Zipser, 2015). This
study categorized precipitation into stratiform and convective
types based on the 2ADPR classification criteria, excluding
shallow convection events (defined by the 0° isotherm atti-
tude below STH more than 1 km) from convective precipi-
tation (Liu and Zipser, 2015). It is noteworthy that shallow
convection precipitation constitutes a non-negligible propor-
tion of the convective events in our dataset (Table S1 in the
Supplement). This prevalence underscores the necessity of
our methodological decision to exclude these events. Aerosol
classification followed the total AOD thresholds: Low AOD,
[0,0.3); Medium AOD, [0.3,0.6); and High AOD, [0.6,∼).
In terms of aerosol classification, BCA, OCA, and SO4A
were categorized as fine aerosol particles, whereas SSA and
DUA were classified as coarse aerosol particles.

Figure S1 illustrates the cumulative distribution functions
(CDFs) of the RH and CAPE throughout the four urban
agglomerations for meteorological conditioning. Given the
higher similarity in RH distributions among the YRD, YRM,
and PRD versus distinct BTH characteristics, the YRD–
YRM–PRD RH data were unified (red dashed line; Fig. S1a–
c). Conversely, the BTH–YRD–YRM exhibited compara-
ble CAPE distributions, and the PRD showed significantly
higher values. Thus, the BTH–YRD–YRM CAPE data were
combined (red dashed line; Fig. S1d–f). To balance method-
ological consistency with regional specificity, the classifica-
tion strategy implemented distinct groupings: RH was classi-
fied separately for the BTH region, whereas the YRD, YRM,
and PRD shared a unified RH classification. Similarly, CAPE
maintained independent classification for the PRD, whereas
BTH, YRD, and YRM employed combined CAPE classifica-
tion, as visualized by the red dashed lines in Fig. S1. More-
over, to prevent feature ambiguity from adjacent samples,
three percentile tiers were defined using the CDFs thresholds:
low (0 %–30 %), medium (35 %–65 %), and high (70 %–
100 %), with 30 %–35 % and 65 %–70 % as buffer zones to
avoid adjacent-sample ambiguity.

2.6 Normalized difference calculation

To quantify regional and seasonal differences in precipitation
parameters, the BTH region and spring season were set as the
benchmark for normalizing variations. The X denote target
precipitation parameter, which includes nsRR, STH, LWP,
IWP, and precipitation efficiency index (PEI). The fractional
changes (DIFFregion, in %) for each parameter in the YRD,
YRM, and PRD regions relative to BTH were calculated as
follows:

DIFFregion =
Xregion−XBTH

XBTH
× 100% (1)

Beyond regional differences, the fractional seasonal
changes (DIFFseason, in %) for precipitation parameters were
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Figure 2. Spearman correlation coefficients between AOD and precipitation parameters for convective precipitation across regions and
seasons under the three AOD regimes. Color gradients (from yellow to blue) encode the correlation strength and direction, and asterisks
denote statistical significance (∗: p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001).

calculated as:

DIFFseason =
Xseason−Xspring

Xspring
× 100% (2)

where DIFFregion represents the normalized differences for
the YRD, YRM, and PRD relative to BTH, respectively;
DIFFseason denotes the normalized seasonal differences when
comparing summer and autumn to spring. XBTH and Xspring
represent the reference value of the target precipitation pa-
rameter in the BTH and spring, respectively. Xregion denotes
the precipitation parameter values for the YRD, YRM, and
PRD regions, respectively, and Xseason represents the precip-
itation parameter values in the seasons being compared to
spring.

3 Influence of aerosols on precipitation structure
and properties

3.1 Correlation changes of precipitation parameters with
aerosols

To investigate aerosol impacts on convective and stratiform
precipitation characteristics across the four urban agglom-
erations, five precipitation parameters were selected: nsRR,

STH, LWP, IWP, and the precipitation efficiency index (PEI).
The PEI is quantifies the efficiency of cloud water to precipi-
tation conversion, with higher values denoting a greater pro-
portion of cloud water being transformed into rainfall. Fol-
lowing Hu et al. (2022) and scaled by 1000 for enhanced
readability, PEI is defined as:

PEI=
nsRR
CWP

=
nsRR

(LWP+ IWP)
× 1000 (3)

In the resulting heat map of convective precipitation
(Fig. 2), individual cells exhibit Spearman correlation co-
efficients that quantify the relationship between AOD and
key meteorological parameters. For spring convective pre-
cipitation (Fig. 2a–c), the BTH exhibits significant negative
correlations with the STH and IWP under low aerosol load-
ing, whereas showing a significant positive correlation with
PEI. The YRD displays patterns similar to those of the BTH:
negative correlations at low aerosol loading shift to positive
correlations with precipitation parameters as aerosol load-
ing increases. In contrast, both the YRM and PRD show
consistently positive correlations under low aerosol loading
(Fig. 2a). However, the PRD demonstrates pronounced neg-
ative correlations at moderate loading, whereas the YRM
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Figure 3. Average point line plots of nsRR, STH, LWP, IWP, and PEI under three AOD conditions for convective precipitation across the
four regions and three seasons. Each subplot employs color-coding (BTH – red, YRD – yellow, YRM – green, and PRD – purple) with the
x-axis denoting AOD bins ([0,0.3), [0.3,0.6), [0.6,∼)) and the y-axis representing parameter magnitudes. “–” indicates dimensionless (after
scaling by 1000).

maintains positive correlations at high aerosol loading. Sum-
mer (Fig. 2d–g): Under low (high) AOD conditions, consis-
tent positive (negative) correlations prevail across all study
regions (Fig. 2d). At moderate aerosol loading levels, the
PRD shifts to a negative correlation, whereas the other
three regions retain a positive correlation (Fig. 2e). Autumn
(Fig. 2g–i): the YRD exhibits pronounced negative corre-
lations under low-to-moderate AOD thresholds. Conversely,
the BTH and YRD (PRD) demonstrate positive (negative)
correlations under high AOD levels. Overall, the precipita-
tion under varying aerosol loading exhibits pronounced sea-
sonal and regional disparities, demonstrating nonlinear char-
acteristics in their relationships.

Spearman correlation coefficients are computed to charac-
terize the precipitation parameters in stratiform precipitation
(Fig. S9), similar to that of convective precipitation (Fig. 2).
Overall, the PRD exhibits the strongest similarity between
the stratiform and convective precipitation parameters in the
correlation with AOD. In contrast, the BTH, YRD, and YRM
resemble convective precipitation characteristics under mod-
erate to high aerosol loading, but show reduced similarity un-
der low aerosol loading, particularly in the BTH.

Given the dominant roles of DUA in BTH and SSA in
PRD (Figs. S2–S8), this study further investigated how these
key aerosol types distinctly modulate precipitation. Corre-
lation analyses reveal that DUA is significantly positively
correlated with both IWP and STH in the convective pre-
cipitation (Fig. S10), indicating an invigoration of ice-phase
processes. This suggests that DUA, acting as efficient IN,
promote the glaciation and vertical development of convec-
tive clouds, consistent with the invigoration effect (Rosenfeld

et al., 2008). In contrast, the impact of DUA on stratiform
precipitation is substantially weaker and more variable. This
promotional mechanism, facilitated by ice-nucleating ability
of DUA, stands in contrast to precipitation-suppressing semi-
direct effect, highlighting the complex and multi-faceted na-
ture of DUA impacts on different precipitation types.

3.2 Changes in the characteristics of precipitation
parameters associated with aerosols

Figure 3 illustrates the seasonal mean values of the convec-
tive precipitation parameters for nsRR, STH, LWP, IWP, and
PEI across AOD intervals. During spring (Fig. 3a–e), the
BTH and YRD regions exhibit similar responses, with nsRR,
STH, LWP, and PEI demonstrating persistent enhancement
as the aerosol burden increases. In contrast, the YRM and
PRD manifest nonlinear features: nsRR, LWP, and IWP ex-
perience initial suppression before rebounding at elevated
AOD levels. Summer observations (Fig. 3f–j) reveal predom-
inantly linear positive relationships between aerosol loading
and precipitation parameters in the BTH, YRD, and YRM
regions. However, the PRD diverges sharply, displaying in-
verted V-shaped responses in the nsRR, STH, LWP, and PEI.
Autumn analysis (Fig. 3k–o) reveals consistent increases in
the YRM and PRD with aerosol enhancement, whereas the
BTH and YRD exhibit a pattern of initial decline followed
by a subsequent increase.

The regional comparisons indicate that the differences of
the precipitation parameters are mitigated under moderate to
high aerosol loading conditions (Table 1). For instance, at
low aerosol loading, the fractional changes in spring nsRR
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Table 1. Normalized regional differences in convective precipitation during the spring season. Units: nsRR (mmh−1), STH (km), LWP
(g m−2), IWP (gm−2).

AOD BTH YRD DIFFYRD YRM DIFFYRM PRD DIFFPRD

nsRR [0,0.3) 3 4.23 %+ 41.00 % 10.42 %+ 247.33 % 21.4 %+ 613.33 %
[0.3,0.6) 3.23 9.1 %+ 181.73 % 7.75 %+ 139.94 % 11.76 %+ 264.09 %
[0.6, ∼) 6.19 10.01 %+ 61.71 % 9.26 %+ 49.60 % 15.82 %+ 155.57 %

STH [0,0.3) 6.99 6.97 %− 0.29 % 8.87 %+ 26.90 % 10.35 %+ 48.07 %
[0.3,0.6) 6.79 7.46 %+ 9.87 % 8 %+ 17.82 % 9.78 %+ 44.04 %
[0.6, ∼) 7.17 7.44 %+ 3.77 % 7.93 %+ 10.60 % 8.93 %+ 24.55 %

LWP [0,0.3) 355.11 892.42 %+ 151.31 % 1593.58 %+ 348.76 % 3501.97 %+ 886.16 %
[0.3,0.6) 414.57 1622.99 %+ 291.49 % 1242.87 %+ 199.80 % 2019.85 %+ 387.22 %
[0.6, ∼) 765 1639.19 %+ 114.27 % 1415.35 %+ 85.01 % 2407.82 %+ 214.75 %

IWP [0,0.3) 584.6 199.12 %− 65.94 % 596.38 %+ 2.02 % 800.57 %+ 36.94 %
[0.3,0.6) 466.54 319.12 %− 31.60 % 381.24 %− 18.28 % 552.17 %+ 18.35 %
[0.6, ∼) 518.72 362.2 %− 30.17 % 419.48 %− 19.13 % 685.27 %+ 32.11 %

PEI [0,0.3) 3.7 3.49 %− 5.68 % 4.01 %+ 8.38 % 4.17 %+ 12.70 %
[0.3,0.6) 4.01 3.9 %− 2.74 % 4.21 %+ 4.99 % 3.75 %− 6.48 %
[0.6, ∼) 4.61 4.27 %− 7.38 % 4.37 %− 5.21 % 4.33 %− 6.07 %

reach DIFFPRD= 613 % and DIFFYRM= 247.33 %, whereas
high aerosol loading reduces these to DIFFPRD= 155 % and
DIFFYRM= 49.6 % (Table 1). These results highlight that in-
creasing aerosol loading can moderately alleviate regional
disparities in precipitation characteristics. Furthermore, the
BTH exhibits notably higher IWP and PEI values, indicating
enhanced ice-phase processes and superior precipitation con-
version efficiency, as evidenced by the negative DIFFYRD,
DIFFYRM, and DIFFPRD values.

To further characterize the stratiform precipitation param-
eters (nsRR, STH, LWP, IWP, and PEI), the seasonal mean
values across aerosol loading levels are presented in Fig. S11
through point-line plots that were formatted consistently with
those in Fig. 3.

For spring (Fig. S11a–e), the BTH, YRD, and YRM ex-
hibit continuously increasing trends in nsRR, LWP, and IWP
with increasing aerosol loading. Conversely, the PRD shows
overall decreasing trends across most precipitation param-
eters. In summer (Fig. S11f–j), the BTH, YRD, and YRM
demonstrate linear increases in nsRR and LWP means as
aerosol loading rises. However, the PRD exhibits nonlinear
trends: initial increases followed by decreases in nsRR, STH,
LWP, and IWP means, a pattern consistent with its convec-
tive precipitation behavior. In autumn (Fig. S11k–o): mono-
tonically rising trends in nsRR, LWP, and IWP are shown
by the YRD and YRM, whereas the BTH and PRD dis-
play decreasing and then increasing trends in nsRR, IWP,
and PEI, indicating an increase in aerosol loading. Addi-
tionally, the fractional changes in stratiform precipitation
indicate that an increase in aerosol loading moderately re-
duces regional disparities during regional normalized dif-
ference comparisons, particularly in the spring and sum-

mer (Tables S4–S6). For instance, in the PRD region during
spring (Table S4), the DIFFPRD values for IWP are 208.16 %,
141.06 %, and 34.13 %, corresponding to AOD ranges of
[0,0.3), [0.3,0.6), and [0.6,∼), respectively. The seasonal
normalized differences indicate significant ice-phase pro-
cesses but weak liquid-phase processes across various re-
gions during spring.To summarize, aerosols influence the
average values of precipitation parameters, displaying char-
acteristics that differ across spatiotemporal scales and pre-
cipitation types. Furthermore, precipitation parameters ex-
hibit greater regional than seasonal variation. In particular,
within the 270 DIFFregion samples, 41 (constituting 15.2 %)
exhibited values exceeding 100 %, whereas among the 240
DIFFseason samples, only 10 (representing 4.2 %) demon-
strated such a phenomenon (Tables S2–S8). Additionally,
convective precipitation shows larger magnitude changes
across seasons and regions than stratiform precipitation.

3.3 Changes in the vertical profiles of precipitation
associated with aerosols

To further investigate the vertical structure of precipitation,
Fig. 4 presents the vertical distributions of the mean Ze, Dm,
Nw, and RR for convective precipitation under varying AOD
loadings and seasons. Overall, the mean Ze, Nw, and RR
values generally increase with decreasing height, whereas
Dm exhibits an initial decrease followed by an increase. In
addition, the PRD displays a markedly higher RR than the
BTH, YRD, and YRM in spring, but lower RR in summer.
This seasonal contrast may be attributed to the abundant
moisture supply during the pre-rainy season in South China
(Chen and Luo, 2018), versus significant precipitation sup-
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Figure 4. Vertical profiles of the average convective precipitation parameters Ze, Dm, Nw and RR for different regions in different seasons
under three AOD conditions ([0,0.3) – blue lines; [0.3,0.6) – green lines; [0.6,∼) – magenta lines ). Within each subplot, line profiles are
categorized into four regions: BTH, YRD, YRM, and PRD.

pression in summer caused by hygroscopic aerosol-induced
moisture competition (Guo et al., 2017). Furthermore, Chen
et al. (2025) observed that a moderate CAPE in the PRD
summer may lead to diminished precipitation.

Despite a complex influence that varies with season and
precipitation type, DUA in the BTH region exhibit a consis-
tent negative correlation with Nw (Fig. S12b–e). This neg-
ative correlation could be attributed to the semi-direct ef-
fect of DUA, whereby the absorption of solar radiation heats
the atmosphere, thus promoting cloud droplet evaporation
and suppressing droplet concentrations. The negative rela-
tionship with RR and Dm is particularly evident in strat-
iform precipitation under low-to-medium aerosol loadings
(Fig. S12d). For convective precipitation, the influence of
DUA is seasonally modulated, showing a negative correla-
tion in summer but a positive correlation in spring and au-
tumn. Meanwhile, in the PRD region (Fig. S12g–l), SSA dur-
ing spring and summer are consistently positively correlated

with precipitation parameters. These statistically significant
relationships further corroborate the proposed type-specific
mechanisms.

As shown in Fig. 4a and b, in spring, the RR and Ze for the
lower layers (< 5 km) increase linearly with aerosol loading
in the BTH and YRD but display non-monotonic trends (ini-
tial suppression followed by enhancement) in the YRM and
PRD, consistent with Fig. 3a–e. In the BTH region, which
is characterized by a high concentration of DUA (Figs. S2–
S8). Sun and Zhao (2021) attributed similar phenomena to
the radiative effect of aerosols enhancing atmospheric in-
stability and triggering earlier precipitation. However, ab-
sorptive DUA can also suppress precipitation through the
semi-direct effect, whereby radiative heating promotes cloud
droplet evaporation. Furthermore, DUA can serve as effi-
cient IN, promoting the glaciation and vertical development
of convective clouds. These findings highlight the dual role
of DUA, with the net precipitation effect being determined by
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the balance between invigoration and suppression. The YRD
exhibits a more abundant water vapor supply (Fig. S1a): In-
creased aerosol loadings supply additional CCN and IN, pro-
viding more condensation nuclei for cloud droplet forma-
tion and thereby enhancing precipitation. With increasing
aerosol loadings, the aerosol population in the YRM region
shifts from low-concentration large cloud particles to high-
concentration small cloud particles dominance (Fig. 4c–d).
The resulting reduction in re suppresses initial precipita-
tion, thereby prolonging cloud lifetime, which in turn fos-
ters further cloud development and ultimately enhances pre-
cipitation. The PRD precipitation patterns resemble those of
the YRM, although hygroscopic SSA exert a stronger in-
fluence (Fig. S2a). At low AOD (with an SSA proportion
of 26.32 %), moisture from South China’s pre-rainy season
and hygroscopic giant CCN derived from sea salt promote
spring precipitation growth (Guo et al., 2022). As AOD in-
creases, the SSA contribution declines rapidly, weakening its
precipitation-promoting effect. However, with further AOD
growth, the proportion of fine (notably hygroscopic OCA)
aerosols rises (Fig. S2a), supplying more effective CCN to
enhance the precipitation. Additionally, under low aerosol
loadings, the lower atmosphere in the YRD (YRM) is domi-
nated by high concentrations of smaller (larger) raindrop par-
ticles (Fig. 4c and d).

During summer (Fig. 4e–h), average vertical profiles (be-
low 5 km) of RR and Ze in the BTH, YRD, and YRM gen-
erally exhibit increasing linear trends with rising aerosol
loading. Conversely, the PRD shows an initial increase fol-
lowed by a decrease, which is consistent with the findings
in Fig. 3f–j. Within the BTH, YRD, and YRM, low pro-
portions of hygroscopic giant CCN (SSA) mean increasing
aerosols boost Nw and Dm, supplying more CCN and IN for
cloud droplet formation. Coupled with ample summer mois-
ture supply and dynamic forcing, cloud droplets are trans-
ported to higher altitudes (Fig. 3g), enhancing precipitation.
During summer in the PRD, ample moisture is derived from
the Indian Ocean. With low aerosol loading, the proportion
of sea salt particles is elevated (23.83 %). An increase in gi-
ant sea salt CCN loading triggers an anti-Twomey effect,
characterized by a rise in Dm and a decline in Nw, leading
to intensified precipitation. Nevertheless, as aerosol loading
escalates further, fine-mode particles predominate (93.9 %;
Fig. S2b), resulting in moisture competition becoming the
principal mechanism inhibiting precipitation.

Consistent with Fig. 3k–o, during autumn the convective
precipitation in the BTH and YRD initially decreases and
then increases with rising aerosol loading (Fig. 4i–l). The
magnitude of this increase is greater in the BTH than in
the YRD. Conversely, RR exhibits monotonically increasing
trends in the YRM and PRD. The underlying mechanisms are
as follows. The BTH and YRD: Initial aerosol increase ele-
vates Nw while reducing Dm (Fig. 4k–l), suppressing precipi-
tation via the Twomey effect. In contrast, the prolonged cloud
lifetime promotes further cloud development (Fig. 3l and m;

Albrecht, 1989; Rosenfeld et al., 2008; Zhao et al., 2024).
Consequently, when aerosol loading continues rising, abun-
dant CCN and IN become available for cloud–precipitation
processes, ultimately enhancing precipitation. The YRM and
PRD: The monotonic trends stem from greater autumn mois-
ture availability versus the BTH and YRD (Fig. S1c), which
supports cloud droplet condensational growth (Fig. 4k and l)
and enhances collision–coalescence (Fig. 5a), collectively fa-
cilitating precipitation.

To enhance the characterization of the vertical profile and
microphysical processes of stratiform precipitation, Fig. S13
displays the mean vertical profiles of Ze, Dm, Nw, and RR,
similar to those in Fig. 4. A notable Ze peak at an altitude of
5 km corresponds to the 0 °C bright band signature, which
is a distinctive indicator of the hydrometeor phase transi-
tion and stratiform precipitation. Figure S13a illustrates that
the PRD exhibits declining trends in RR and Ze, diverging
from the characteristics of convective precipitation depicted
in Fig. 4a and b. In the PRD, increasing aerosol loading in-
duces a Twomey effect: Nw increases, accompanied by a de-
crease in Dm (Fig. S13c–d). This dominance of particle com-
petition mechanisms at higher AOD loadings aligns with in-
creasing OCA contributions (Fig. S2c–d), as light-absorbing
OCAs suppress precipitation via semi-direct effects of short-
wave radiation absorption.

During summer (Fig. S13e–h), the BTH region displayed
distinct patterns compared to the other three regions: RR
decreases with increasing aerosol loading, whereas Ze and
Dm increase simultaneously. This suggests that higher
aerosol loads increase cloud albedo (Garrett and Zhao, 2006;
Twomey, 1974), thereby intensifying the smaller cloud parti-
cles evaporation and break-up (Fig. 5b), resulting in a decline
in PEI (Fig. S11j). Concurrently, the increased abundance of
hygroscopic SO4A further depletes the atmospheric mois-
ture. These combined effects lead to a notable reduction in
precipitation within the BTH region. The summer stratiform
precipitation responses of the PRD to aerosol loading resem-
ble those of convective precipitation, whereas the YRD and
YRM show negligible alterations in the vertical profiles, sug-
gesting a low sensitivity of stratiform precipitation to aerosol
loading.

4 Influence of aerosols on precipitation
microphysical processes

To validate the aforementioned microphysical processes, this
study assesses near-surface precipitation mechanisms below
the melting layer. The melting layer refers to the region
where the ice phase of the hydrometeors transitions to the
liquid phase during precipitation (Hu et al., 2024), and the
analysis employs the categorization approach established by
Kumjian and Prat (2014). This approach employs radar re-
flectivity (1Ze = Z1 km

e −Z3 km
e ) and raindrop size (1Dm =

D1 km
m −D3 km

m ) differences between 1 and 3 km above ground
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Figure 5. Average point line plots of coalescence and break-up processes in precipitation across different regions and seasons (Spr. – Spring,
Sum. – Summer, and Aut. – Autumn) under three AOD conditions. Here, (a) represents convective precipitation, and (b) represents stratiform
precipitation. And “–” indicates dimensionless.

level. These metrics classify processes into four categories:
size sorting evaporation, coalescence, break-up, and break-
up coalescence balance. The extensive application of this
methodology in precipitating cloud systems demonstrates
that coalescence and breakup processes are key mechanisms
in cloud microphysics (Chen et al., 2025; Hu et al., 2022;
Wen et al., 2023; Zhou et al., 2022). Consequently, this anal-
ysis focuses exclusively on coalescence and break-up mech-
anisms. Figure 5 displays the coalescence and break-up pro-
cesses for convective and stratiform precipitation across re-
gions and seasons.

In convective precipitation (Fig. 5a), coalescence consis-
tently dominates over break-up across all regions, particu-
larly during spring and autumn. With rising AOD concen-
trations, the YRD, YRM, and PRD exhibit enhanced coales-
cence in spring, whereas the PRD shows a decreasing-then-
increasing trend in coalescence. In summer, the proportions
of coalescence and break-up remain comparable, whereas au-
tumn exhibits nonlinear responses in the BTH and YRD.

In stratiform precipitation (Fig. 5b), break-up generally
exceeds coalescence, with distinct seasonal patterns: in
spring, the BTH exhibits increasing-then-decreasing coales-
cence, whereas the PRD shows the opposite trend (aligning
with divergent RR patterns in Fig. S13a). During summer
and autumn, BTH consistently shows notably lower break-
up than coalescence, which is one of the reasons why pre-
cipitation continues to decline with increasing AOD loading
in summer. The specific microphysical influence process is
explained in detail in Sect. 3.

5 Meteorological effects

5.1 Sensitivity of precipitation macroscopic parameters

Since precipitation processes are equally influenced by ther-
modynamic and dynamic environments, this study employs
RH at 850 hPa as a thermal influence factor and CAPE as
a dynamic influence factor to examine aerosol sensitivity to
these meteorological elements. Following the classification
criteria established in Sect. 2.5, RH and CAPE values were
categorized into low, medium, and high levels.

First of all, as shown in Fig. 6a–d, an increase in RH gener-
ally enhances the near-surface rain rate (nsRR), and the com-
bination of high RH× high CAPE (indicated by ?) tends to
produce heavier precipitation. However, as the CAPE values
(Fig. 6e–h) continue to rise beyond 4000 Jkg−1, the nsRR
shows a decreasing trend. Moreover, extremely high CAPE
values are most often observed alongside moderate to low
RH (indicated by ◦ and 4) conditions.

Following the format of Fig. 3, Fig. 7 displayed point-line
plots of convective precipitation parameters across regions
under different RH and aerosol loading conditions. Notably,
higher RH values consistently enhance mean precipitation
parameters (nsRR, LWP, PEI) across all regions, whereas
STH and IWP show inconsistent seasonal and regional vari-
ations. This suggests that elevated RH supplies additional
moisture, thereby mitigating moisture competition effects.

In spring (Fig. 7a–e), rising RH values do not interfere
with the established trends of the BTH across varying aerosol
loadings: nsRR and LWP continue to rise with aerosol load-
ing, yet STH and IWP exhibit persistent decrease-then-
increase trajectories. Precipitation parameters in the YRD
and YRM remain consistent with the characteristics observed
in Fig. 3a–e. By contrast, the PRD displays distinct charac-
teristics under moderate RH conditions. This indicates that
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Figure 6. nsRR as a function of RH at 850 hPa (CAPE), stratified by season (color) and CAPE (RH) level (symbol), for all precipitation
types (convective and stratiform) in the four regions. The symbol size is proportional to the sample size ([0,20), [20,45), [45,90), [90,∼)).

aerosols exhibit greater sensitivity to RH in the spring con-
vective precipitation of the PRD, whereas aerosol effects
dominate over RH influences in the BTH, YRD, and YRM.

Under high RH during summer (Fig. 7f–j), the BTH re-
sponse differs from that shown in Fig. 3f–j (characterized by
a general increase in macroscopic precipitation parameters
with aerosol loading); however, other regions remain consis-
tent with prior trends in Fig. 3f–j. In autumn, observations
(Fig. 7k–o) highlight inconsistent aerosol–precipitation rela-
tionships across the RH levels in the PRD. By contrast, the
BTH, YRD, and YRM maintain nearly identical parameter
responses.

The results indicate that RH sensitivity significantly influ-
ences aerosol-precipitation effects on convective precipita-
tion in the PRD, whereas aerosol loading is the main factor
affecting precipitation parameters in the other three regions.

Figure S14 presents point-line plots illustrating mean pre-
cipitation parameters associated with stratiform precipita-
tion. Increased RH consistently enhances these parameters,
particularly nsRR, LWP, and PEI, in BTH, YRD, and YRM.
However, the PRD exhibits differing parameter responses
across seasons under varying relative humidity conditions,
similar to convective precipitation, as aerosol loading rises.

In addition to the thermodynamic conditions, CAPE was
selected as a dynamic factor. Similar to the RH, the precip-
itation parameter characteristics across regions were investi-
gated under varying CAPE conditions. As indicated by the
red dashed arrows in Fig. 8, increasing CAPE values pro-
vide favorable dynamic conditions for convective precipita-
tion, leading to rising STH, increased IWP, and enhanced ice-
phase processes.

Spring (Fig. 8a–e) shows that in the PRD, the charac-
teristics of nsRR, LWP, and PEI under varying AOD load-

ing remain consistent across different CAPE conditions. In
contrast, the BTH, YRD, and YRM exhibit distinct varia-
tions in these parameters under different CAPE levels. Sum-
mer (Fig. 8f–j) reveals that aerosol effects in the BTH re-
gion demonstrate heightened sensitivity to CAPE variations.
However, during autumn convective precipitation (Fig. 8k–
o), aerosols across the four regions exhibit substantial sensi-
tivity to CAPE, indicating different seasonal response mech-
anisms to atmospheric instability in these areas.

Figure S8 presents point-line plots of the mean precip-
itation parameters for stratiform precipitation. Increasing
CAPE enhances the STH and IWP parameters, which is con-
sistent with the convective precipitation patterns in Fig. 7.

5.2 Sensitivity of precipitation vertical profiles

Furthermore, to examine aerosol sensitivity to thermody-
namic conditions and their effects on the vertical profiles of
precipitation components, mean vertical profiles of precipi-
tation parameters (Ze, Dm, Nw, RR) at varying RH levels are
illustrated, according to the technique shown in Fig. 4. No-
tably, as the parameter profile variations in Fig. 5 are con-
centrated within 0–10 km, the vertical coordinate range is
limited to 0–10 km to emphasize the core precipitation pro-
cesses. Moreover, where the curves intersect, dashed lines
are employed to distinguish the selected profiles while main-
taining the same representational integrity as the solid lines.

Spring convective precipitation (Fig. 9a–l) exhibits region-
specific responses to RH, and in the BTH and YRD, in-
creasing RH from low to medium ranges significantly el-
evates precipitation under high aerosol loading but sup-
presses it under medium loading (Fig. 9a). This discrepancy
arises because abundant particles under elevated RH condi-
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Figure 7. Point-line graphs of mean values for convective precipitation parameters (nsRR, STH, LWP, IWP, and PEI) across seasons and
regions. The analysis is based on three AOD intervals and various RH conditions. Each subpanel displays RH gradients from left to right:
low RH (blue background), medium RH (yellow background), and high RH (red background). The red dashed arrow represents the overall
variation trend of precipitation parameters with the increase of RH.

tions undergo accelerated condensational growth, which in-
creases Dm (Fig. 9f). In contrast, the YRM and PRD show
that RH enhancement primarily boosts precipitation, under
low aerosol loading (blue curves). This is because in the
YRD and YRM, particle competition continues to dominate
at high loading, whereas added moisture at low loading facil-
itates condensational growth and enhances Nw (Fig. 9g).

For the stratiform precipitation (Fig. 9m–x), the BTH,
YRD, and YRM show consistent rightward shifts in RR
curves across aerosol gradients as RH increases. This sug-

gests that RH enhances moisture availability without modi-
fying microphysical competition mechanisms. The PRD ex-
hibits a response analogous to its convective precipitation
feature.

Additionally, similar characteristics are observed in
convective and stratiform precipitation during summer
(Fig. S16) and autumn (Fig. S17) with variations in RH. In
general, increasing RH provides moisture conditions, accel-
erates cloud particle condensational growth, and simultane-
ously increases both Dm and Nw, thereby enhancing precip-
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Figure 8. Point-line graphs of mean values for convective precipitation parameters across seasons and regions. The analysis is based on three
AOD intervals and varying CAPE scenarios. The form of this expression is similar to that shown in Fig. 7.

itation. However, this process also depends on the content of
CCN and various physical competition mechanisms.

Similarly, vertical profiles of precipitation parameters un-
der varying CAPE conditions are presented. Figure S18 il-
lustrates consistent patterns between convective and strati-
form precipitation during spring, echoing the fundamental
characteristics in Fig. 8. This consistency suggests that RH
and CAPE exert analogous influences on precipitation across
aerosol loading gradients during spring.

Summer convective precipitation (Fig. S19a–l) reveals dis-
tinct regional responses. In the BTH region, CAPE elevation
significantly enhances low-AOD precipitation, likely driven

by improved dynamic forcing that promotes cloud devel-
opment (red point line in Fig. S15g). In contrast, the PRD
exhibits pronounced precipitation suppression, most evident
under moderate aerosol loading, where heightened CAPE in-
tensifies particle break-up processes (Fig. S21h). These find-
ings indicate that RH and CAPE exert divergent influences
across regions. For RH, increasing moisture availability pro-
motes particle growth via condensation under suited parti-
cle concentrations, but the Twomey effect dominates under
high AOD loading, where particle competition for cloud wa-
ter prevails. CAPE provides favorable dynamic conditions
for cloud development, but simultaneously intensifies parti-
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Figure 9. Vertical profiles of mean precipitation parameters for convective (a–l) and stratiform (m–x) precipitation in spring across four
regions. The profiles are shown under three AOD scenarios and RH conditions (arranged left to right as low, medium, high RH; e.g.,
panels (a–c) correspond to low, medium, high RH, respectively). To differentiate overlapping curves, selected profiles are plotted as dashed
lines while retaining the same representational validity as solid lines.

cle break-up through dynamic forces, which hinders the con-
stant growth of cloud droplets and suppresses precipitation.

5.3 Sensitivity of precipitation microphysical processes

To validate the aforementioned inferences, the proportions
of break-up and coalescence processes in convective and
stratiform precipitation are further investigated. Figure S21
reveals that in convective precipitation, an increase in RH
generally correlates with enhanced coalescence (white-green
bars in the upper half; the trend is shown by the blue ar-
rows) and reduced break-up (white-green bars in the lower
half). Conversely, increasing CAPE is associated with de-

creased coalescence (green line in the upper half) and in-
tensified break-up (yellow line in the lower half; the trend
is shown by the red arrows), particularly in summer and the
PRD region. As illustrated in Fig. S22, stratiform precipita-
tion demonstrates similarities to convective precipitation, and
the increase in RH makes the enhancement of coalescence
processes more universal.

6 Discussion

This study systematically examined the impact of aerosols on
precipitation parameters, vertical profiles, and microphysical
processes in convective and stratiform precipitation across
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Figure 10. Theoretical framework of aerosol impact on convective precipitation in the BTH, YRD, YRM, and PRD: (a) spring, (b) summer,
and (c) autumn. Symbol conventions, ↑: Enhancement of process; ↓: Weakening of process;→: Transition from left-side process dominance
to right-side process dominance; Right-side CAPE arrows: ↗ promotes precipitation; ↘ suppresses precipitation; Right-side RH arrows:
↗ enhances precipitation processes. Arrow length reflects the relative process intensity.

China’s four major urban clusters (the BTH, YRD, YRM,
and PRD) – during spring, summer, and autumn, utilizing the
DPR-MERRA-2-ERA5 dataset. It further explores aerosol
sensitivity to RH and CAPE, revealing regional heterogene-
ity, seasonal dependency, and the underlying microphysi-
cal processes of aerosol effects. The research indicates that
physical processes, including condensational growth, coales-
cence growth, semi-direct effects, and moisture competition
effects from aerosol-sourced CCN, trigger the Twomey ef-
fect, Anti-Twomey effect, and cloud lifetime effect, result-
ing in varied precipitation alterations. Additionally, an in-
crease in aerosol loading diminishes the regional disparities
in precipitation characteristics, with a more pronounced ef-

fect during the spring and summer. The precipitation parame-
ters exhibit greater regional variability than seasonal variabil-
ity, and convective precipitation experiences more significant
seasonal and regional changes compared to stratiform pre-
cipitation. Based on the findings in Sects. 3–5, the physical
mechanisms by which aerosols at varying concentrations in-
fluence convective precipitation (Fig. 10) and stratiform pre-
cipitation (Fig. 11) are illustrated, with the following specific
conclusions:

For convective precipitation (Fig. 10): Precipitation in the
BTH region is influenced by seasonal variations in dust
aerosols. During spring (Fig. 10a) and summer (Fig. 10b),
dust aerosols exert significant impacts, whereas their con-
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Figure 11. Theoretical framework of aerosol impact on stratiform precipitation in the BTH, YRD, YRM, and PRD. The form of this
expression is similar to that shown in Fig. 9.

tributions declines in autumn (Fig. 10c), resulting in dis-
tinct precipitation characteristics. Specifically, DUA play a
dual role: it suppresses precipitation through the semi-direct
effect (by evaporating cloud droplets), yet also invigorates
deep convection by serving as efficient IN. This compet-
itive dynamic between the suppression of warm-rain pro-
cesses and the invigoration of cold-rain processes is cen-
tral to the complex aerosol-precipitation relationship. In au-
tumn, when the DUA constitutes a minor fraction, rising
aerosol loadings initially suppress precipitation through the
Twomey effect, while simultaneously promoting cloud de-
velopment, subsequently enhancing precipitation through in-
creased CCN availability. The YRD exhibits a persistent pre-
cipitation increase with increasing aerosol loadings owing
to the ample moisture supply. While sharing similar sea-

sonal trends with the BTH, its underlying mechanisms dif-
fer significantly: abundant water vapor enables continuous
precipitation growth during spring (Fig. 10a) and summer
(Fig. 10b), primarily attributable to enhanced droplet con-
densation and coalescence processes. The PRD exhibits the
most pronounced seasonal variability, attributable to shifts
in the composition of hygroscopic aerosols (SSA). During
spring (Fig. 10a), precipitation in the PRD is significantly
higher than in other regions under low aerosol loading due
to SSAs. As aerosol loadings increase, diminishing SSA
proportion weakens this enhancement until rising hygro-
scopic organic carbon subsequently reinforces precipitation.
In summer (Fig. 10b), sufficient moisture initially promotes
droplet growth through condensation-coalescence under low
aerosol loadings. However, the subsequent aerosol accu-
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mulation intensifies moisture competition and suppresses
precipitation. Monsoon-influenced sea-salt high abundance
(Xiao et al., 2025) further amplifies this competition effect,
resulting in overall lower precipitation rates compared to
other regions.

For stratiform precipitation (Fig. 11): Overall, stratiform
and convective precipitation share fundamental similarities
yet exhibit distinct microphysical processes due to differ-
ing cloud formation conditions. With a lower moisture sup-
ply than convective systems, stratiform precipitation in the
BTH region is suppressed during summer (Fig. 11b) through
aerosol semi-direct effects and moisture competition. Sim-
ilarly, in the PRD, spring precipitation is reduced by or-
ganic carbon aerosols (Fig. 11a), which act as both hygro-
scopic and light-absorbing particles (Zhuang et al., 2025).
This occurs when an insufficient moisture supply enhances
the radiation-absorbing effect, dominating the precipitation
reduction mechanism.

Furthermore, variations in RH and CAPE modulate
aerosol-precipitation interactions, as shown in Figs. 10
and 11. Specifically, elevated RH indicates enhanced mois-
ture availability, which facilitates rapid droplet growth
through condensation and coalescence under suitable aerosol
loading. Regarding dynamic influences, increased CAPE
provides favorable conditions for cloud development while
simultaneously enhancing droplet break-up through inten-
sified turbulence, hindering cloud droplet growth, and sup-
pressing precipitation, particularly in summer and the PRD
region.

Overall, aerosol impacts on precipitation result from com-
plex couplings among regional aerosol composition, mois-
ture transport patterns, atmospheric stability, and precipita-
tion types, generating both linear and nonlinear responses.
These complex dynamics establish essential theoretical un-
derpinnings for formulating atmospheric cleanup techniques
in significant metropolitan centers, enhancing early warning
systems for extreme precipitation occurrences, and refining
regional climate models.

7 Conclusions

Building on the findings of Peng et al. (2025), which inves-
tigated the effects of fine and coarse aerosols on summer
precipitation structure and microphysics in the YRD region,
the present study expands the scope of analysis to examine
aerosol impacts on precipitation vertical profiles and micro-
physical processes across multiple regions and seasons in
China. This expanded scope, combined with a unified ana-
lytical methodology, enables a systematic cross-regional and
cross-seasonal comparison that mitigates inconsistencies of-
ten associated with disparate data sources or methods, yield-
ing the following key findings: (1) Enhanced aerosol loading
reduces regional precipitation disparities, most pronounced
in spring and summer. (2) Precipitation exhibits stronger re-

gional than seasonal variability. (3) The BTH precipitation
is dominated by dust aerosols, whereas the YRD and PRD
are influenced by sea salt aerosols. These conclusions are
primarily derived from analyses of satellite-based datasets,
which provide extensive spatial coverage, high spatiotempo-
ral resolution, and continuous temporal monitoring.

The results provide further evidence for several estab-
lished mechanisms: The dominant role of dust aerosols in
the BTH region aligns with existing research (Xi et al., 2024;
Xiao et al., 2025), manifesting as impacts on precipitation
through ARI (Sun and Zhao, 2021) and semi-direct effects,
and also serving as effective IN to promote convective cloud
development (Xi et al., 2025). Furthermore, the precipitation-
enhancing effect of sea salt aerosols in the PRD region is con-
sistent with prior observations (Chen et al., 2025; Guo et al.,
2022).

However, as noted by Stier et al. (2024) and Zhao et al.
(2024), aerosol impacts on precipitation remain highly com-
plex, and their net effects are still subject to considerable un-
certainty across different scales. Multiple factors are known
to modulate precipitation processes, such as vertical wind
shear (Riemer et al., 2010), cloud properties (Shao and Liu,
2005; Zhao et al., 2012), and latent heating (Zhu et al., 2025).
Therefore, a critical challenge for future research lies in bet-
ter disentangling the influence of such environmental meteo-
rological factors from the overall aerosol effect.

In addition, it is important to acknowledge that consid-
erable uncertainties persist in satellite data processing and
retrieval algorithms, especially under complex atmospheric
and surface conditions. Additionally, spatiotemporal reso-
lution and format discrepancies across multisource data in-
troduce unavoidable uncertainties. This study primarily fo-
cuses on the vertical structural characteristics of precipita-
tion, whereas the analysis of aerosol data lacks comprehen-
sive three-dimensional matching. Currently, vertical profil-
ing of aerosols relies primarily on aircraft sounding (Zhou
et al., 2023) and simulated radar signals (Fajardo-Zambrano
et al., 2022), which remain spatially limited. Satellite remote
sensing is hindered by inadequate resolution and deficiency
in three-dimensional information (Li et al., 2022). However,
the successful launch and stable operation of EarthCARE
now facilitates accurate three-dimensional vertical profiling
of clouds and aerosols via lidar (ATLID) and cloud pro-
filing radar (CPR) (Irbah et al., 2023). The integration of
high-precision vertical profiles from ATLID (aerosols), CPR
(clouds), and GPM DPR (precipitation) will enable future
researchers to quantify how aerosol layers at different al-
titudes modulate cloud microphysics and precipitation for-
mation (Li et al., 2025b). For instance, this multi-source
dataset provides an unprecedented opportunity to systemat-
ically unravel the distinct roles aerosols play in the micro-
physics of different hydrometeor phases, including the ice
layer, melting layer, and liquid layer. This layered investi-
gation will provide a clear path toward the mechanistic un-
derstanding of aerosol impacts on precipitation evolution,
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thereby addressing a critical gap stemming from insufficient
3D aerosol–cloud–precipitation co-location. Additionally, a
more complete understanding of aerosol-precipitation inter-
actions must account for the complex synergies among en-
vironmental factors, leveraging advanced statistical or mod-
eling methods in a multi-factor analytical framework. No-
tably, as Zhao et al. (2025) revealed distinct aerosol-cloud
interaction patterns over land versus ocean in the YRD, the
absence of cloud parameter products in this study may inher-
ently limit the depth of the aerosol-precipitation mechanism
analysis. This methodological constraint thus necessitates the
future integration of high-resolution cloud parameter datasets
to refine research findings, enabling a comprehensive explo-
ration of aerosol–cloud–precipitation coupling mechanisms,
specifically encompassing dry and wet aerosol removal pro-
cesses and precipitation feedback loops.
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