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Abstract. How aerosol physicochemical properties affect aerosol-cloud interactions (ACI) and when these impacts are
most pronounced represent an important source of ACI uncertainty. Targeting a representative liquid-phase cloud case over
the Eastern China Ocean (ECO) under the winter monsoon featuring abundant meteorological, aerosol, and cloud variations,
this study investigates the impacts of changes in aerosol size (volume-mean radius increased by 1.2 times and decreased
by 45%) and hygroscopicity (volume-mean hygroscopicity increased by 2.2 times and decreased by 62%) using a spectral-
bin cloud model. Results indicate that increased aerosol size and hygroscopicity generally enhance cloud development,
raising the averaged cloud droplet number concentration (Ng) by 92% and 53%, respectively. These impacts peak under
moderate aerosol concentrations (N,) and cold advection, where Ny increases up to 10-fold. Concurrently, increased aerosol
size raises cloud water by 1.3 times and extends cloud lifetime by 85%, whereas increased hygroscopicity has a much
weaker effect. By contrast, decreased aerosol size and hygroscopicity generally suppress cloud development, reducing the
averaged Nq by 49% and 43%, respectively. The former has a relatively strong impact, which is most notable in moderate-
to-high N, environments under cold advection, reducing Ng and cloud water by over 80% and 50%, respectively. While
changes in aerosol size generally exert a stronger overall impact than changes in hygroscopicity, specific conditions reveal
the opposite. Notably, the enhancement of Ng by increased hygroscopicity under high N,, and the preservation of cloud and
rainwater through evaporation suppression by decreased hygroscopicity, both surpass the effects caused by corresponding

aerosol size changes.

1 Introduction

Aerosols affect cloud formation and development by acting as cloud condensation nuclei (CCN) and ice nuclei (IN),
which is referred to as aerosol-cloud interactions (ACI; Zhao et al., 2023; Zhao et al., 2025a). These interactions are
governed by multiple factors and complex mechanisms, making them a key challenge in climate prediction and policy-
making (Anwar et al., 2022; Ma et al., 2018). Since the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report identified ACI as the dominant contributor to both aerosol radiative forcing and its uncertainty (IPCC,
2014), researchers have devoted tremendous effort and gained extensive knowledge of ACI over the past decade, but the
associated uncertainty has not been significantly reduced (Jackson and Forster, 2021; Jia et al., 2021; Patel and Jiang, 2021;
Zhao et al., 2023; Zhao et al., 2025a).

Deepening the understanding of the ability of aerosols to act as CCN and the cloud responses to CCN is essential for
reducing the ACI uncertainty (Schulze et al., 2020; Seinfeld et al., 2016). These are mainly affected by aerosol properties
(Dusek et al., 2006; Liang et al., 2026; Schulze et al., 2020; Zhao et al., 2025c) and meteorological conditions (Geresdi et
al., 2006; Li et al., 2025; Niu et al., 2026; Reutter et al., 2009; Zhang et al., 2012). Particle size distribution and chemical
composition are two key aerosol properties that control CCN activity. As described by the Kohler theory, increases in
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aerosol size and hygroscopicity (mainly determined by chemical composition) can reduce the supersaturation threshold
required for activation through the curvature and solute effects, respectively, thereby enhancing CCN activity (Hernandez
Pardo et al., 2019; Khain et al., 2000). Particle size distribution is generally considered to exert a stronger influence than
chemical composition. For example, the observational studies by Dusek et al. (2006) indicated that, when temporal
variations in chemical effects on CCN activation are neglected, variations in particle size distribution alone can explain 84%
to 96% of the variation in CCN concentration. The observational study by Patel and Jiang (2021) over the Southern Great
Plains of the United States also demonstrates that particle size is the most critical factor affecting CCN activity, while
chemical composition plays a secondary role. In addition, modeling studies indicate that the influence of hygroscopicity
diminishes with increasing aerosol particle size (Ward et al., 2010).

By modulating CCN activity, aerosols with different sizes have different effects on cloud properties, which is further
governed by environmental backgrounds. Satellite retrievals of marine warm clouds show that at a fixed cloud liquid water
path (CLWP), an increase in small particles reduces precipitation and cloud droplet effective radius (CER) by 25% and
40%, respectively, whereas an increase in large particles enhances them by 400% and 35%, respectively (Liu et al., 2022).
In this situation, the enhancement of precipitation caused by an increase in large particles leads to cloud disruption
(Hoffmann and Feingold, 2021; Liu et al., 2022; McCoy et al., 2024), and the rapid consumption of supersaturated water
near the cloud base by large particles at the beginning of the cloud cycle also suppresses cloud development (Ekman et al.,
2011). However, Hernandez Pardo et al. (2019) found an opposite response of CER to large particles, namely that an
increase in large particles increases cloud droplet number concentration (Ng), intensifies competition for water vapor, and
reduces CER. The study also suggested that the cloud susceptibility to large particles depends strongly on atmospheric
pollution and meteorological conditions. Similarly, the response of clouds to small particles varies under different
environments. The increase in the number of small particles typically reduces Nq and strengthens entrainment and cloud
water evaporation, leading to a decrease in CLWP and cloud lifetime (Hoffmann and Feingold, 2021). However, in some
cases, such as in the pristine Arctic region where supersaturation frequently exceeds 0.5%, small aerosol particles
effectively maintain cloud existence (Bulatovic et al., 2021). In mid-latitude boundary layer clouds, small particles can also
buffer precipitation-driven cloud break-up by replenishing CCN and cloud droplets, thereby prolonging cloud lifetime
(McCoy et al., 2024).

Although aerosol chemical composition has been reported to have an overall relatively minor effect compared to size
distribution (Dusek et al., 2006; Reutter et al., 2009; Ward et al., 2010), in certain environments, it still plays a role in ACI.
In-situ measurements of Zhang et al. (2012) showed that at 0.1% supersaturation, CCN activity is highly sensitive to
changes in aerosol composition, and when the organic mass fraction decreases from 30—40% to 10-20%, CCN activity
increases by approximately 184%. Quinn et al. (2008) found that at 0.44% supersaturation, composition changes
represented by hydrocarbon-like organic aerosols can explain 40% of the variation in critical activation diameter. Similarly,
Patel and Jiang (2021) highlighted the importance of aerosol chemical composition at low supersaturation and showed that
its influence diminishes markedly at high supersaturation.

While previous studies have provided a broad understanding of the effects of aerosol properties, a systematic and
quantitative understanding is still lacking. Specifically, the comprehensiveness and accuracy of our understanding
regarding cloud responses to aerosol properties can be further enhanced by exploring how the mechanisms and magnitudes
of these impacts vary with meteorological, aerosol, and cloud conditions, as well as by quantitatively evaluating the relative
contributions of aerosol particle size and chemical composition. Due to the difficulty in accurately isolating the net effects
of individual aerosol properties and the high costs associated with data acquisition, achieving this goal through purely
observational approaches is highly challenging. Therefore, a more feasible approach is to utilize limited observational data
to validate model simulations and subsequently conduct analyses based on the simulations. In terms of simulations, global
circulation models and regional models based on bulk cloud microphysical parameterizations exhibit limitations in
simulating ACI due to (1) coarse resolution, (2) simplified treatment of CCN budgets, (3) reduced cloud susceptibility to
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aerosols caused by the use of the saturation adjustment approach, and (4) simplified treatment of the conversion from cloud
water to rainwater and hydrometeor fall velocities (Fan et al., 2012; Fan et al., 2015; Fan et al., 2016; Khain et al., 2015;
Zhang et al., 2021). Therefore, this study employs high-resolution simulations with the online-chemistry version of the
Weather Research and Forecasting model coupled with the spectral-bin microphysics scheme (WRF-Chem-SBM), which
couples a sectional aerosol module with the spectral-bin cloud microphysics (SBM) scheme, to revisit the effects of aerosol
size and chemical composition on ACI. Although computationally expensive, it can meaningfully reproduce the ambient
environment of clouds, represent aerosol—cloud physical and chemical processes in detail, and effectively track variations
in the microphysical and chemical properties of aerosols and clouds (Gao et al., 2016). In this study we focus on liquid-
phase clouds, which are spatially extensive, optically thick, and relatively long-lived, and exhibit pronounced susceptibility
to aerosol perturbations, thereby contributing substantially to cloud radiative forcing (Andersen et al., 2017; Chen et al.,
2011; Jia et al., 2019). Spatially and temporally, the Eastern China Ocean (ECO) region during winter is selected as the
study domain and period since transport from East China (EC) under the winter monsoon provides the region with abundant
aerosols (Zhao et al., 2025b). Furthermore, stable and widespread low clouds, which are highly favorable for ACI analysis,
reach their maximum occurrence frequency over the ECO during this season (Niu et al., 2022).

The structure of this paper is as follows: Chapter 2 introduces the model and experimental design used in this study,

Chapter 3 presents the evaluation and discussion of the simulation results, and Chapter 4 provides a summary of the study.

2 Research methods

2.1 Model description

In this study, we employ the WRF-Chem-SBM model for ACI modeling, in which the aerosol-cloud module is built
upon the coupling of the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC, four-bin version) with the
SBM scheme (Gao et al., 2016). The model enables online tracking of size distributions and mass variations of major
aerosol species (sulfate, nitrate, chloride, ammonium, sodium, black carbon, primary organics, and other inorganics) and
hydrometeors (droplets, ice/snow, and graupel), as well as detailed representation of aerosol-cloud physical and chemical
processes (Khain et al., 2004; Sha et al., 2022; Zaveri et al., 2008).

In the model, the four-bin aerosols processed by the MOSAIC aerosol physicochemical parameterizations are
remapped into 33 CCN bins of the SBM scheme according to aerosol physical and chemical properties, and then undergo
aerosol activation, resuspension, and in-cloud scavenging parameterizations within SBM. Aerosol activation is
parameterized based on Kohler theory, which calculates the critical supersaturation (Sri¢) at the boundary size of each CCN
bin. If the predicted supersaturation falls between the Scri; at the lower and upper boundaries of a specific size bin, then the
CCN in that bin are activated proportionally. Meanwhile, CCN in all larger bins are fully activated, and those in all smaller
bins remain unactivated (Gao et al., 2016). The parameterization of St follows the k framework of Petters and Kreidenweis
(2007), where the surface tension is treated as a constant, and the aerosol composition is averaged within each of the four
MOSAIC bins prior to activation (McFiggans et al., 2006; Ovadnevaite et al., 2017; Xu et al., 2026).

In order to investigate the effects of aerosol size and chemical composition on ACI under varying meteorological
conditions, we conducted sensitivity experiments using the coupled model mentioned above. For aerosol size, the focus is
placed on the remapping of aerosols from MOSAIC to CCN in SBM. In this process, each MOSAIC aerosol bin is assumed
to follow a normal distribution and is remapped into 33 CCN bins defined by different Sy thresholds, based on its
geometric mean dry radius (rg) and volume-weighted hygroscopicity (hy). The rqg is calculated from the volume-mean
radius (rv) and the geometric standard deviation (c,; given the log-normal distribution framework of this module, since the
total aerosol number and dry volume of a size bin constrain two of the three distribution parameters, o, is set to 1.492; Gao
et al., 2016). By increasing or decreasing r,, the CCN size distribution is shifted toward larger or smaller sizes. This
approach minimizes modifications to the original coupled system and avoids potential computational errors when

simulating aerosol size variations. For aerosol composition, hy in the MOSAIC-SBM interface module is adjusted. This
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adjustment directly affects only the remapping of MOSAIC aerosols into SBM CCN bins and aerosol activation, while the
hygroscopicity parameters in other modules remain unchanged. This approach reduces interference from non-ACI
processes and reasonably represents the impacts of changes in aerosol composition on ACI.

2.2 Experimental design

Constrained by the high computational expense of WRF-Chem-SBM, we selected the liquid-phase cloud case over
the ECO region from 1 to 5 February, 2019 for simulation. As shown in Fig. 1, under the winter monsoon background, the
ECO region received massive continental aerosol transport from EC. During this period, temperature advection (ADYV,

calculated as — (U +V )) over the ECO region underwent a transition from warm to cold, accompanied

correspondingly by significant changes in vertical velocity, supersaturation, aerosols, clouds, and precipitation (Fig. 2). By
encompassing such abundant meteorological, aerosol, and cloud variations, this representative case ensures a highly
comprehensive analysis of ACI responses to aerosol physicochemical properties.
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Figure 1. Topographic map of the outer domain (a, in m) and the distribution of column-mean N, of the Control experiment
(b, in cm) during the simulation period. The locations of EC and ECO are highlighted in red text, with the ECO extent
(i.e., the inner domain) indicated by a red box. The time-averaged wind fields in (a) and (b) are derived from MICAPS data
and the Control simulation, respectively. The values r, and 1, in the upper-right corner of (b) denote the Pearson product-

moment correlation coefficients for the U and V wind components between MICAPS and the simulation.

4/ 30



150

155

160

165

(a) ADV (b) W 0.0204(c) SUP
40 0.06
~05 0.03 0.015
= N =
x ® &
s 0.0 £ 0.00 & 0010
[a) = t%
<05 -0.03
0.005
10 0.06
0.000
02/00 £ 03/00 04/00 05/00 02/00 03/00 04/00 05/00 02/00 £ 03/00 04/00 05/00
Time (DD/HH) Time (DD/HH) Time (DD/HH)
(d)N, (e) Ny 32{(f) CER
100
1200
"?'E\ 900 a
§ &
=" 600 - N
300
0 e 0
02/00 03/00 04/00 05/00 02/00 03/00 04/00 05/00 02/00 03/00 04/00 05/00
Time (DD/HH) Time (DD/HH) Time (DD/HH)
(g) CLWP 75{(h) RWP
400
—~ 60
& o~
£ Q
51 € 45
~ =}
g o
200
] = 30
(&) x
100 15
LN o
02/00 03/00 04/00 05/00 02/00 03/00 04/00 05/00
Time (DD/HH) Time (DD/HH)
control s, = SIZE_LARGE .,y = SIZE_SMALL .,
Control »y,-759, SIZE_LARGE 550,750 SIZE_SMALL p50,750,

Figure 2. Temporal variations (lines, ECO regional mean) and the 25-75% interquartile range (shading, regional variability)
of vertically weighted average temperature advection (a), vertical velocity (b) and supersaturation (c) from near the surface
up to 1300 m (this height range is selected because over 97% of cloud droplets during the simulation period exist within
this range, ensuring an accurate representation of the meteorological influence on ACI), column-mean N, (d) and Ny (e),
as well as CER (f), CLWP (g) and RWP (h) over ECO from the Control, SIZE LARGE, and SIZE_SMALL experiments.

We conduct two-layer nested simulations, with the outer domain covering EC and its surrounding regions, and the
inner domain focusing on ECO (Fig. 1). The outer domain provides the inner domain with high-resolution, online-updated
aerosol and meteorological boundary conditions. The spatial (temporal) resolutions of the outer and inner domains are 12
km (60 s) and 2.4 km (12 s), respectively, with model outputs once per hour. The analysis in this study is based on results
from the inner domain (ECO) simulation, which provides a more accurate representation of ACI. Regarding the model
driving data, the meteorological initial and boundary conditions are derived from the National Center for Environmental
Prediction (NCEP) FNL reanalysis, providing a temporal resolution of 6 h and a spatial resolution of 0.25 degrees.
Furthermore, data assimilation is implemented based on the NCEP operational global surface and upper air observation
subsets to enhance the model performance in simulating meteorological fields (Hu et al., 2022; Liu et al., 2005; Zhao et al.,
2020). The chemical initial and boundary conditions are obtained from the Community Atmosphere Model with Chemistry
(CAM-chem; Buchholz et al., 2019; Emmons et al., 2020). For anthropogenic emissions, the Multi-resolution Emission
Inventory for China (MEIC, 2016 version) developed by Tsinghua University is utilized (Li et al., 2017; Zheng et al., 2018).

The model parameterization settings are shown in Table 1.
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170 Table 1. Model parameterization settings for the Control experiment. “Number” refers to the WRF-Chem namelist switch.

Process Number Name

Cloud microphysics 30 SBM (Khain et al., 2004)

Longwave radiation 4 RRTMG (Mlawer et al., 1997)

Shortwave radiation 4 RRTMG (Iacono et al., 2008)

Surface layer 1 MMS5 Monin-Obukhov (Pahlow et al., 2001)
Land surface 2 Unified Noah (Chen et al., 2010)

Boundary layer 1 YSU (Shin et al., 2012)

Cumulus 5 Grell-3 (Grell and Freitas, 2014)

Chemistry and aerosols 9 CBMZ and four-bin MOSAIC (Sha et al., 2022)
Photolysis 2 Fast-J (Wild et al., 2000)

Sea salt emission 2 MOSAIC/SORGAM (Fuentes et al., 2011)
Dust emission 13 GOCART (Zhao et al., 2010)

Biogenic emission 3 MEGAN (Guenther et al., 2006)

In addition to the Control experiment, which serves as the baseline, four sensitivity experiments are performed:

SIZE LARGE (1, fixed at the upper size bound of each MOSAIC aerosol bin) and SIZE SMALL (1, fixed at the lower

size bound of each MOSAIC aerosol bin) to examine the effects of aerosol size distribution, and CHEM_HIGH (h, fixed

175 at 1.16) and CHEM _LOW (h, fixed at 0.14) to investigate the effects of aerosol chemical composition. Detailed

descriptions of the experiments are provided in Table 2. Relative to the Control, the mean r, of aerosol particles in

SIZE LARGE and SIZE SMALL is increased by 1.2 times and decreased by 45%, respectively, while the mean h, in
CHEM_HIGH and CHEM_LOW is increased by 2.2 times and decreased by 62%, respectively.

180  Table 2. Experiment descriptions.

Experiment name Description

Control Control experiment represents realistic conditions, where r, and h, are dynamically
calculated online based on aerosol size distribution and chemical composition.

SIZE LARGE The experiment with r, fixed at the upper size bound of each MOSAIC aerosol bin
to test the effect of enlarged aerosol sizes.

SIZE SMALL The experiment with r, fixed at the lower size bound of each MOSAIC aerosol bin
to test the effect of reduced aerosol sizes.

CHEM_HIGH The experiment with h, fixed at 1.16 (the same as for the highly hygroscopic
ammonium and sodium salts) to test the effect of increased hygroscopicity.

CHEM_LOW The experiment with h, fixed at 0.14 (the same as for the lowly hygroscopic other

inorganics) to test the effect of reduced hygroscopicity.

3 Results and discussion
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3.1 Isolation of aerosol effects from meteorological background

In our previous study (Zhao et al., 2025b), multisource observational data for meteorology, aerosol, and cloud were
used to qualitatively and quantitatively evaluate the simulations of the Control experiment, and our evaluation demonstrated
the accuracy of meteorology-aerosol-cloud modeling by WRF-Chem-SBM for the studied case, thus providing a credible
basis for the results of the sensitivity experiments in this study.

To isolate the effects of aerosol properties from the external conditions, primarily the meteorological conditions in all
experiments should be kept as similar as possible. Therefore, we nudged the meteorological fields of all experiments toward
the same observational data (Hu et al., 2022; Zhao et al., 2020) and further turned off the aerosol and cloud radiation effects
in the model to prevent any radiation feedback caused by aerosol changes (Zhao et al., 2025b). The statistical analysis
(Table S1) indicates that the main meteorological fields (height, temperature, dewpoint depression, zonal wind, and
meridional wind) remain highly consistent among all experiments. In particular, the correlations of height (altitude of each
vertical layer), temperature, meridional wind, and zonal wind between each sensitivity experiment and the Control
experiment reach 1.0, while the normalized mean differences (NMDs) are all within +0.07% (with an average absolute
value of only 0.01%). Since ACI have a relatively strong feedback on atmospheric humidity, the consistency of dewpoint
depression among the experiments is slightly lower than that of other meteorological fields. Even though the largest
deviation from the Control occurs in the dewpoint depression of the SIZE LARGE experiment, the NMD is only -0.92%.
The NMDs of SIZE_ SMALL, CHEM_HIGH, and CHEM_LOW relative to the Control are even smaller, at 0.13%, 0.03%,
and 0.03%, respectively. This also implies that increased aerosol size exerts the strongest feedback on the meteorological
fields. Nevertheless, the correlations of dewpoint depression between each sensitivity experiment and the Control remain
1.0, demonstrating consistent spatiotemporal variability. To conclude, changes in aerosol size and composition introduce
only minor perturbations to the meteorological fields without altering its overall spatiotemporal evolution, confirming that
external confounders are well constrained and that the differences of aerosol-cloud properties across experiments robustly

reflect the influence of aerosol properties.

3.2 Influence of aerosol size on ACI

As one of the most important aerosol properties, particle size exerts a significant influence on ACI (Hernandez Pardo
et al., 2019; Hoffmann and Feingold, 2021; Liu et al., 2022). Several studies have utilized land-sea contrasts to illustrate
how aerosol size modulates microphysical processes to affect clouds and their radiative effects (Liang et al., 2026; Zhao et
al., 2025c). In parallel to these efforts, our study also investigates the microphysically driven impacts of aerosol size. By
focusing on the ECO region and examining a case characterized by abundant variations in meteorology, aerosols, and
clouds, we quantitatively resolve the effects of aerosol size and their environmental dependence by comparing
SIZE LARGE and SIZE SMALL to the Control run.

To minimize the influence of ice-phase processes, all grid points at each time step where the cloud ice water path
(CIWP) is greater than zero are excluded from the analysis. The aerosol and cloud properties analyzed in this study include
their magnitudes at each vertical layer (including aerosol number concentration (N,), Ng, raindrop number concentration
(Np), cloud liquid water content (CLWC), rainwater content (RWC), and cloud lifetime characterized by the number of
liquid-phase cloud samples), column averages (Na, Ng, N;), and column totals (including CLWP and rainwater path (RWP)).
In addition, CER is calculated based on the number of cloud droplets in each bin:

PN
Yir?N; (1

CER =

where 7; is the radius of the i-th bin of cloud droplets and N; is the total number of cloud droplets in the i-th bin within the
corresponding spatiotemporal range. Meteorological variables, including ADV, vertical velocity, relative humidity (RH),

and supersaturation, are computed as vertically weighted averages.
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3.2.1 Overall impact of aerosol size distribution on ACI

In the Control experiment, the main continental aerosol source during the study period is located in the northwest of
the outer domain (Fig. 1b), resulting in a northwest-to-southeast decreasing gradient of N, over ECO (Fig. 3a). Overall, Ng
exhibits an almost opposite gradient compared to N, (Fig. 3d). This, however, does not imply a suppression of cloud droplet
formation by excessive aerosols, but rather indicates that, under abundant aerosols with sufficient transport heights, ice or
mixed-phase clouds form (see Fig. S1). Since we focus on liquid clouds in this study, the mixed- and ice-clouds have been
excluded in the results shown in Fig. 3. Thus, low Ny is seen over the northern part of ECO due to fewer liquid clouds. The
spatial distribution of cloud properties (Fig. 3, left column) shows a clear negative spatial correlation of CER with Ny,
whereas there is no evident spatial correlation between water path and Ny or CER, as CLWP and RWP are governed by
complex microphysical processes regulated by meteorological conditions and the droplet spectrum. Given this complexity,

these relationships will be discussed in more detail in subsequent sections.
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Figure 3. Spatial distributions of column-mean N, (in cm™) and Ny (in cm™), mean CER (in pm), CLWP (in g m2), and
RWP (in g m?) averaged over the simulation period from the Control experiment (left column), and differences of
SIZE LARGE (middle column) and SIZE SMALL (right column) relative to the Control (NMD of each sensitivity

240 experiment relative to the Control is indicated at the top-right of each subplot). Values represent liquid-phase clouds
averaged over the simulation period, and grid points without clouds or with non-liquid-phase clouds are excluded. N, and
Ng are column averages, CLWP and RWP are column totals, and CER is calculated based on the droplet number in each
bin.

245 Compared to the Control experiment, increased aerosol size (Fig. 3, middle column) effectively lowers Sc, leading
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to a substantial increase in Ny, with a regional mean increase of 92%. This effect is particularly pronounced in the northwest,
where abundant aerosols are present. The increase in N typically intensifies competition for water vapor and reduces CER,
while the generally enlarged initial droplet size resulting from the increased aerosol size also offsets the reduction in CER
(Kogan, 1991). The substantial increase in Ny leads to a reduction in CER in the northern region, while the regional mean
CER over ECO increases slightly (8%). The increase in both Ng and CER effectively enhances CLWP and RWP, with
CLWP increasing by 129% and the originally weak RWP increasing by 31 times. This intensifies wet scavenging, leading
to a 12% reduction in N,. This reduction stems from not only the contribution of local wet scavenging within ECO but also
the reduced transport into ECO caused by enhanced scavenging in the outer domain. The wet scavenging mainly affects
Na during high-RWP periods, while N, during non-precipitating periods and its overall temporal evolution remain consistent
across experiments (Fig. 2d).

In contrast to the effects of increased aerosol size, the decreased aerosol size (SIZE_SMALL, the right column of Fig.
3) induces an elevated Scri, in turn, leading to a 49% decrease in Ng. Weakened water competition increases CER by 16%,
which is insufficient to offset the weakened collision-coalescence, resulting in decreases of 21% and 27% in CLWP and
RWP, respectively. Since precipitation in the Control experiment is already very weak, the precipitation reduction caused
by reduced aerosol size has only a minor impact on aerosols, increasing N, by just 0.7%.

As shown in Fig. 2, the temporal variations of meteorological fields, aerosol, and cloud parameters reveal the overall
influence of meteorological conditions on ACI under the winter monsoon background. During the simulation period,
meteorological conditions experience a transition in ADV from predominantly warm to cold, while vertical motion overall
shifts from upward to downward. During the periods dominated by cold advection and downdrafts (around 12:00 on the
3rd), supersaturation, Ng, CLWP, and RWP are all noticeably higher than those during the periods dominated by warm
advection and updrafts (around 12:00 on the 2nd), which highlights the enhancement of clouds by the strong condensation
effect triggered by cold advection. The increase in Nq due to increased aerosol size is most pronounced in weak cloud
processes prior to 3 February, whereas during the intense cloud process around 12:00 on 3 February, Ng generally increases,
but decreases in some periods due to competition from a large number of droplets.

The variations of RWP in SIZE LARGE generally follow CLWP (r = 0.66, p < 0.01), indicating that precipitation
generally intensifies with cloud development in this case, and its depleting effect does not alter the overall trend of CLWP.
Under sufficient CCN supply, RWP increases with Ny (r =0.79, p < 0.01) and its variation is minimally affected by CER,
and the negative correlation with CER (r =-0.66, p <0.01) is caused by the negative correlation between Ng and CER (r =
-0.69, p <0.01). This contrasts with the generally positive correlation between precipitation and CER (Chelani et al., 2024),

presenting an important role of collision-coalescence in precipitation over ECO.

3.2.2 Influences of aerosol size on clouds varying with environmental conditions

As described above, an increase (decrease) in aerosol particle size generally promotes (suppresses) cloud and
precipitation development, but the specific effects are modulated by meteorological factors and background N,. Particularly,
the differences in microphysical characteristics and dominant physical processes lead to distinct responses over different
parts of the cloud in the vertical structure (hereafter referred to as cloud parts, including the cloud base, cloud interior, and
cloud top) to changes in aerosol particle size.

When analyzing the synergistic variations of ACI with meteorology and aerosols, it is necessary to select a parameter
to characterize the meteorological changes. Typically, vertical velocity acts as the primary driver for activation and
supersaturation. However, under the winter monsoon background, the strong condensation associated with downdrafts also
effectively drives supersaturation and cloud development (Fig. 2). Consequently, vertical velocity cannot comprehensively
represent the variations in meteorological conditions in this specific scenario. The transition of ADV from negative to
positive represents a shift in atmospheric advection from cold to warm, which is accompanied by an increase in vertical
velocity, an initial decrease and then increase for supersaturation, Ng, and CLWP, and an initial increase and then decrease
for CER (Fig. S2). Therefore, ADV is selected in this study to characterize the variations in meteorological conditions. N,
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serves as the primary indicator of background aerosol conditions. For cloud parts, a liquid-phase cloud sample is first
defined as a grid cell in which CLWC > 0.05 g m and Nq > 15 cm™ persist over three or more consecutive vertical layers
at a given time (Jia et al., 2019). The cloud top is defined as the highest layer of the sample, the cloud base as the lowest
layer, and the cloud interior as the weighted average of all layers between the cloud base and cloud top. In each experiment,
the liquid-phase cloud samples are assigned into 100 x 100 x 3 bins based on N, (logio(Na) equally spaced bins from 2.0
to 4.3), ADV (equally spaced bins from -6 to 6 K h'!), and cloud parts (cloud base, cloud interior, and cloud top). The mean
cloud properties of samples within each bin are then used to demonstrate the variations of cloud properties with aerosol
and meteorological conditions, and cloud parts, and to reveal the impacts resulting from changes in aerosol properties.
Cloud responses to aerosols (N,) and meteorological conditions (ADV) are presented in Fig. 4. In the Control
experiment (Fig. 4, first row) which reproduces realistic conditions, the number and size of cloud droplets exhibit
significant sensitivity to Na. Conversely, the sensitivity of cloud droplets to ADV is relatively low due to the weak warm
advection and its accompanying updrafts under the winter monsoon background, as well as the mutual cancellation between
cloud enhancement by condensation and cloud inhibition by subsidence as ADV decreases under cold advection. Overall,
Nq exhibits an increasing trend with N,, and such response varies with ADV. Specifically, relatively active updrafts under
warm advection (ADV > 0) support vigorous activation for low to medium N, conditions (< 10*> (approx. 3162) cm™). For
high N, (> 1033 cm), the limited updraft strength in winter would not support full aerosol activation, so the Ny difference

between cold and warm advection is quite small.
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Figure 4. Variation of Ny (in cm™) and CER (in um) of liquid-phase clouds with N,, ADV and cloud parts in the three
experiments, and the difference of the SIZE LARGE and SIZE SMALL experiments relative to the Control experiment.
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310 The sensitivity experiments as well as their differences compared to the Control experiment (Fig. 4) show that an
increase in aerosol particle size (SIZE_LARGE) overall leads to a substantial increase in Ng and a significant decrease in
CER under low to medium N, conditions (< 10*° cm™). Cloud droplet size distributions (Fig. 5a-b) indicate that N4 in the
20 to 30 um range of the SIZE LARGE exhibits an apparent opposite trend compared to that of the Control experiment.
The reason is that under warm advection conditions, updrafts cause newly formed cloud droplets to have larger sizes (Gao

315 et al., 2016; Kogan, 1991). To further explore changes in microphysical processes, we analyze the correlation between
cloud droplets in each bin and those in other bins (Fig. 6). It shows that under increased aerosol particle size, the
synchronization rate of changes between small droplets (radii < 10 um) and those around 20 um increases, suggesting that
increased aerosol size extends the direct influence of activation further into the droplet spectrum toward 20 um.
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320 Figure 5. Changes in droplet spectra (lines, mean; shading, the 25-75% interquartile range; droplets with a radius greater
than 80 pm are raindrops and those less than 80 um are cloud droplets) for the samples with an increase (left column) or
decrease (right column) in Ny of more than 0.1 cm™, in response to increases (upper row) or decreases (lower row) in
aerosol size.
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Figure 6. Correlation map between liquid droplets number concentrations in size bins i and j from the Control (a),
SIZE LARGE (b), and SIZE SMALL (c) experiments, and differences of SIZE LARGE (d) and SIZE_ SMALL (e) with
the Control. For each size bin, the four-dimensional (time, height, latitude, longitude) droplet number concentration field
is first flattened into a one-dimensional array in the same order, and the Pearson correlation coefficient between bins i and

j is then computed.

It is also noted that under high N, conditions (> 10°>*° cm™), the increase in aerosol particle size leads to a decrease in
Ng and an increase in CER (Fig. 4), i.e., cloud responses are quite different from those under low to medium N, conditions.
From the droplet size distribution shown in Fig. 5b, it can be inferred that the increase in CER primarily stems from an
increased population of large cloud droplets and a reduction in small cloud droplets. Specifically, the increase in large
droplets is attributed to the enlarged initial size of droplets resulting from increased aerosol size, while the decrease in small
droplets is linked to the competitive advantage of large droplets for water vapor. On one hand, the increase in large droplets
inhibits the activation of small aerosol particles, and on the other hand, it further reduces the concentration of small droplets
through collision-coalescence.

Compared to the SIZE LARGE experiment, the SIZE SMALL experiment (decreased aerosol size, Fig. 4)
significantly reduces the number of aerosols that can be activated under the current environmental supersaturation, thereby
inhibiting the formation of new cloud droplets. Meanwhile, the weakened competition for moisture provides a better growth
environment for existing cloud droplets, leading to an overall increase in CER.

Although the decrease in aerosol size generally leads to a reduction in Ng—an effect that is particularly significant in
high N, environments where large numbers of cloud droplets exist and moisture competition is intense—in low N,
environments, while the formation of new cloud droplets is inhibited, the increase in cloud droplet size effectively
suppresses evaporation and the resulting dissipation of existing small cloud droplets, leading to an increase in Ng and the
number of large droplets (Fig. 5c). While affecting cloud droplet properties, the decrease in aerosol size increases the
correlation of small and large cloud droplets with droplets of similar sizes to themselves, and weakens the correlation
between small droplets and large droplets (Fig. 6e); that is, in cloud microphysical processes, it enhances the relative

influence of condensation and weakens the relative influence of collision-coalescence.
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In terms of cloud water, increased aerosol size (SIZE_LARGE) leads to an overall increase in CLWC (Fig. 7). This
increase in CLWC is most pronounced under moderate N, (10° to 10*° ¢cm™) conditions, where CLWC remains at low
values due to weakened condensation and insufficient collision-coalescence (Fig. 7a). However, some reductions occur
under extremely high N, (> 10°%, approx. 6310 cm™) and in low N, (< 10 cm™) environments under cold advection, driven
by a substantial decrease in Ny and intensified evaporation resulting from a sharp decline in CER, respectively. Concurrently,
RWC also exhibits its highest growth under moderate N,. Because the number of large droplets increases regardless of
whether Ny increases or decreases, RWC increases across all environments under the influence of increased aerosol size.
In contrast, decreased aerosol size (SIZE_SMALL) only causes relatively weak variations in both CLWC (with an average
impact magnitude that is 16% of that from increased size) and RWC (with an average impact magnitude that is 0.9% of
that from increased size). It tends to increase CLWC and RWC under low N, by suppressing evaporation, while decreasing

both under moderate and high N, by weakening collision-coalescence.

log,,(RWC)
(a) (b) > -1
07 P
0.45 g
@ Top 0.3 & Top -4
5 0.15 3 5
S 0 S 6
Control E Interior 4 r')g E Interior 4 mg
© K ] L2
£ 3z £ 3z
=
8 S 5 %
Base r2 8 Base 2 8
-8 8 -8 8
d
(c) 55 (d) T
0.2 1.6
0 0
- Top @ Top
= -0.2 = 1.6
°© ©
SIZE_LARGE 2 05 ~ 2 36 ~
- Coniirol _g Interior /L4 £ % Interior F4 'g
£ 32" £ ’ 32"
£ = =
(0] =) (] =)
> [ s > f >
Base T T T T2 _8’ Base 2 B’
-8 8 -8 8
(e) 0.5 (f) 3.6
0.2 1.6
0 0
& Top & Top
5 0.2 5 1.6
© ©
SIZE_SMALL 0s 2 56
CoTitrs] (_"; Interior 4 g _(_‘/’U Interior Fa 'g
9 o 8 "o
= B 3 Z
> J m‘? > O’e
Base 1 2 O Base 2 O
-8 8 -8 8

Figure 7. Variation of CLWC (unit: g m*) and RWC (unit: g m~, presented logarithmically in base 10) with N,, ADV and
cloud parts in the Control experiment, and the difference of the SIZE LARGE and SIZE_SMALL experiments relative to

the Control experiment.

The impact of aerosol size distribution on cloud lifetime is essentially a comprehensive result of its regulation of cloud

droplet number concentration and size spectrum distribution by changing the number of activatable aerosols in the current
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environment, which eventually affects physical processes such as condensation, collision-coalescence, evaporation, and
precipitation in clouds. Because the influence of aerosol size on various cloud water budget terms varies significantly across
different environments, its impact on cloud lifetime also exhibits high nonlinearity and environmental dependency. In this
study we use the number of liquid-phase cloud samples to represent cloud lifetime and its variations in different
environments (Fig. 8). Regarding the distribution pattern of liquid-phase cloud samples with ADV-N,, the Control and
SIZE SMALL experiments show a basically consistent inverted triangle distribution, meaning that as N, increases, the
meteorological conditions available for cloud formation also broaden. The SIZE LARGE experiment exhibits a diamond-
shaped distribution distinct from other experiments: at relatively low N,, the large number of activatable CCN provided by
increased aerosol size allows clouds to form under a wide range of meteorological conditions, but at high N,, the substantial
reduction in Ny as previously described inhibits cloud formation and development. Compared to the Control experiment,
although the increase in aerosol size leads to a decrease in cloud lifetime at extremely high N, (> 10*® cm™), it prolongs
the lifetime of clouds in other environments (N,< 1033 cm™) due to enhanced collision-coalescence. Simultaneously, the
resulting lower Scrit promotes cloud formation in some originally cloud-free environments. These effects lead to an 85%
increase in the number of liquid cloud samples. The change in the number of liquid cloud samples in the SIZE SMALL
experiment, which shows a distribution pattern with ADV-N, consistent with the Control experiment, directly reflects the
impact of decreased aerosol size on cloud lifetime. Compared to increased aerosol size, decreased aerosol size has a smaller
impact on the magnitude of cloud lifetime. The resulting higher S generally inhibits the development of cloud droplets,
leading to an average 16% reduction in cloud lifetime. Notably, while generally shortening cloud lifetime, decreased aerosol
size shows a clear prolonging effect on cloud lifetime at extremely low (< 10?%° (approx. 708) cm™) and extremely high (>
10°# cm™) N,. The extension of cloud lifetime at extremely low N, is caused by the inhibition of evaporation, while the
extension at extremely high N, stems from the mitigation of the excessive inhibition of small aerosol activation and small

cloud droplet existence by an overabundance of large cloud droplets, as seen in the SIZE_LARGE experiment.
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Figure 8. Variation of cloud lifetime (characterized by liquid-phase cloud sample count) with ADV and N,. a, b, ¢, d, and
e are the results of the Control, SIZE LARGE, and SIZE _SMALL experiments, and the differences of SIZE LARGE and
SIZE _SMALL experiments relative to the Control experiment, respectively.
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To quantitatively analyze the relative variations of cloud properties with ADV and N,, we grouped the vertically
weighted average cloud properties across all cloud layers following the same binning approach as previously described. To
prevent individual outliers from skewing the average trends, ADV and N, bins with sample sizes smaller than 5 are excluded
from the calculations. Based on this filtering, the variations in cloud properties are calculated as a function of ADV under
low (< 10° em™), moderate (10° to 10> cm™), and high (> 10> cm™) N, conditions, as well as a function of N, under cold
(ADV < 0) and warm (ADV > 0) advection.

As shown in Fig. 9, the impact of increased aerosol size on Ng is most intense under low and moderate N, conditions.
The most significant effect occurs in moderate N, and under cold advection environments, with Ny increasing by more than
10 times, while under high N, conditions, the change in Ny caused by increased aerosol size fluctuates within a range of
+100%. Conversely, decreased aerosol size leads to an Ny reduction between 30 to 80% in moderate-to-high N,
environments, with quite weak dependency on ADV. For low N, environments, Ny increases and decreases depending on
the ADV condition and the most notable case increases N4 by over 100% at an ADV of 1 K h™!. CER exhibits an opposite
trend in response to the changes in Ny. Furthermore, regarding the variations with N,, the differences between cold and
warm advection are mainly reflected in the detailed changes, while the overall trends remain consistent. This once again
demonstrates that the variation trend of liquid-phase clouds in the ECO region under the winter monsoon background is
dominated by aerosols, with meteorological conditions modulating the magnitude of these changes.
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Figure 9. Percentage changes in Ng and CER for the sensitivity experiments relative to the Control experiment. Upper two
rows: dependence on ADV (x axis) for different N, conditions; lower two rows: dependence on N, (x axis) for different
ADV conditions.

In response to the alterations in cloud droplet number and size induced by changes in aerosol size, CLWC exhibits
highly non-linear variations (Fig. 10). The overall impact of increased aerosol size is a relatively stable increase in CLWC
under moderate and high N,, accompanied by intense fluctuations under low and extremely high N,.. The most significant
effect occurs in low N, environments under warm advection, which can increase CLWC by nearly 200%. On the other
hand, decreased aerosol size results in an overall reduction in CLWC under moderate and high N,. The most pronounced
weakening effect emerges under high N, and strong cold advection, where it can reduce CLWC by over 50% by suppressing
in-cloud collision-coalescence. Under low N,, a reduction in aerosol size leads to an increase in CLWC across a wider

range of meteorological conditions, with the maximum increase exceeding 100% (under a weak warm advection of 1 K h-

1)_
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Figure 10. Same as Fig. 9, but for changes in CLWC.

3.3 The effect of aerosol chemical composition

Aerosol chemical composition influences Sci by determining the hygroscopicity of particulate matter, thereby
regulating the cloud droplet spectrum and subsequent cloud development. In order to understand how the different aerosol
chemical compositions impact ACI, we conduct two sensitivity experiments, i.e., CHEM_HIGH (with increased aerosol
hygroscopicity), and CHEM_LOW (with decreased hygroscopicity). By comparing these with the results from the Control

experiment, we examine how ACI is sensitive to aerosol hygroscopicity (here representative of aerosol chemical

composition).

For the ECO region average (Fig. 11), increased and decreased aerosol hygroscopicity lead to an increase in Ng of 53%
and a decrease of 43%, respectively (increased and decreased aerosol size lead to an increase in Ng of 92% and a decrease

of 49%, respectively), indicating that the overall impact of aerosol hygroscopicity on Ng is comparable to that of aerosol

size.
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Figure 11. Same as Fig. 3, but the left and right columns show differences of the CHEM_ HIGH and CHEM_LOW

experiments relative to the Control experiment, respectively.

Increased aerosol hygroscopicity (left column of Fig. 11) leads to a decrease in CER accompanied by an increase in
445 Ng, with a regional average decrease of 15%. A relative balance is reached between the increase in cloud droplet number

and the decrease in size, resulting in a very small change in CLWP, which increases by only 2%. Simultaneously, the
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reduction in cloud droplet size causes significant inhibition of precipitation in the ECO, leading to a 61% reduction in RWP.
Decreased aerosol hygroscopicity (right column of Fig. 11) causes a 43% reduction in Ny, an 18% increase in CER, and
14% and 0.3% decreases in CLWP and RWP, respectively.

Fig. 11 shows that increased hygroscopicity leads to a relatively high reduction in RWP (61%), while decreased aerosol
hygroscopicity only has a trivial impact on RWP (0.3%). The former is attributed to the suppression of precipitation caused
by decreased cloud droplet size, whereas the latter results from the offsetting effects of increased cloud droplet size and
decreased cloud water. N, in the sensitivity experiments remains unchanged relative to the Control. The reason is that the
local wet deposition in the ECO region caused by the weak precipitation in the Control, CHEM_HIGH, and CHEM_LOW
experiments has a very small impact. The changes in N, in this region caused by variations in aerosol hygroscopicity
primarily stem from its influence on wet deposition and transport in the outer layers of the simulation domain. Similar to
the N, changes under the influence of aerosol size described in Section 3.2, the changes in transport from the outer to the
inner layers of the simulation domain caused by variations in aerosol hygroscopicity have almost no impact on N, during
cloud-free periods or its change trends in the ECO region (Fig. S3). Furthermore, similar to spatial distribution variations,
changes in aerosol chemical composition primarily influence meteorological-aerosol-cloud interactions by altering cloud
droplet number and size. These changes exert minimal effects on CLWP and provide only weak feedback to meteorological
conditions.

The three-dimensional variations of cloud properties with meteorology, aerosols, and cloud parts further reveal the
influence mechanism of aerosol chemical composition on aerosol-cloud interactions (Fig. 12). Increased aerosol
hygroscopicity (CHEM_HIGH) leads to an increase in Ng and a decrease in CER, while decreased hygroscopicity
(CHEM_LOW) exhibits the opposite effect. These two effects are driven by the decrease and increase in Sy resulting from
increased and decreased hygroscopicity, respectively. The magnitudes of both the increase and decrease in Ng4 scale with
Na, whereas the corresponding reduction and enhancement in CER peak in condensation-dominated low N, environments.
Increased hygroscopicity leads to an overall increase in CLWC (Fig. 13, left column). This increase is particularly
pronounced within the collision-coalescence-dominated cloud interior and at the cloud base in high N, environments, as
well as at the cloud top under moderate and low N, conditions. However, at the cloud base under low N, and at the cloud
top under high N,, CLWC decreases due to a sharp decline in CER and strong cloud-top entrainment associated with low
CER, respectively. By causing a substantial decrease in Ny, decreased hygroscopicity generally reduces CLWC. However,
at the cloud top, as well as at the cloud base and within the cloud interior under low N, conditions, the increase in CER
induced by decreased hygroscopicity suppresses evaporation, thereby leading to an increase in CLWC in a relatively large

number of cases.

21/ 30



N CER

d
(a) (e)
2500 i
1200
500
o Top 200 o Top e
2 50 2
[$) [$]
3 e o - 32 =
-— (32] - o«
CHEM HIGH @ Interior Hm 4'c 9 lnterior o= 4 '
- © % "~ S © & o
O = e o O o
= % P 32" € 3z
L - s 2 =
Base - T T T 2 icJ)’ Base 1 T T T 2 iom
-8 -4 0 4 8 -8 -4 0 4 8
ADV (K-h™") ADV (K-h™"
(b) (f)
—— S 2500 : — "
1 *5—-“ 1200 r— 13
= 500 > 11
o ToP === P o Tory NN |
2 - . |l 50 2 S 5
° E o . 2 - 2
- (3] Bl (3]
CHEM LOW @ Interior 4'g @ interior s : 4%
- 8 R 3 S
© = = ——
£ i 3z € . 8
g s 2 i >
Base 2 _8) Base T T T T2 _8)
-8 8 -8 -4 0 8
(c) 9
1800 7
600
200 9
0 0
© Top 200 o Top
2 -600 S 3
[$)

CHEM_HIGH % 1800 ~ 2 T~
& Interior 4" B Interi e :

- Control 5 § M I ‘5
o . 8 2
= 3Z £ 3Z
§ = g )

Base T T T T2 ig’ Base L2 8
-8 -4 0 4 8 8 8
ADV (K-h™")
(d) (h)
1800 7
— 600 "
= 200
- - 0 . 0
o TOP *‘“ on o Top ]
2 = o= 600 2
CHEM_LOW 2 1800~ 2 A
- @ Interior —mb 4’ @ Interior 4'g

- Control s e K 8
= = R © = i
£ 2 32 £ 3Z
2 2 = °

Base T T T +2 E’ Base 1 T T T ~2 3
-8 -4 0 4 8 -8 -4 0 4 8
ADV (K-h™") ADV (K-h™"

Figure 12. Variation of Ny (in cm?®) and CER (in um) with ADV, N, and cloud parts for the CHEM_HIGH and
CHEM_LOW experiments and their difference relative to the Control experiment.
480
Compared to the significant increase in RWC caused by the strong promotion of cloud development by increased
aerosol size, the impact of aerosol hygroscopicity (Fig. 13, right column) is similar to that of decreased aerosol size, causing
RWC to both increase and decrease depending on the environment. Specifically, an increase in aerosol hygroscopicity leads

to an overall decrease in RWC. However, in middle-to-high N, (10° to 1033 ¢m™) environments where CLWC is reduced
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due to weakened condensation and insufficient collision-coalescence intensity, the resulting increase in cloud droplets
effectively enhances collision-coalescence, thereby causing an increase in RWC. Under the influence of decreased aerosol
hygroscopicity, RWC generally decreases in high N, (>1033 cm™) environments due to weakened collision-coalescence,

while RWC generally increases in low N, (< 10*° cm™) environments due to weakened evaporation and increased CER.
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Figure 13. Differences of the CHEM_HIGH and CHEM_LOW experiments relative to the Control experiment in CLWC
(unit: g m) and RWC (unit: g m™, presented logarithmically in base 10) as a function of N,, ADV and cloud parts.

Aerosol chemical composition also exerts an influence on cloud lifetime by affecting the cloud droplet spectrum and
subsequently cloud microphysical processes (Fig. 14). Although it does not significantly alter the trends of cloud droplets
and cloud water across environments as the increase in aerosol size does, the increase in aerosol hygroscopicity exhibits a
cloud lifetime impact mechanism similar to that of increased aerosol size. Specifically, by lowering the Scri, it broadens the
meteorological conditions available for cloud formation in low to moderate N, (< 103% ¢m™) environments and generally
prolongs cloud lifetime, while shortening cloud lifetime in high N, environments. Compared to the increase in aerosol size,
the broadening of meteorological conditions for cloud formation caused by increased aerosol hygroscopicity in low to
moderate N, environments is less extensive. In high N, environments, unlike the cloud lifetime reduction caused by the
inhibition of small droplets by an overabundance of large cloud droplets when aerosol size increases, the reduction in cloud
lifetime due to increased aerosol hygroscopicity is primarily driven by the substantial decrease in small cloud droplets from
evaporation caused by excessively low CER. Increased aerosol hygroscopicity leads to an increase in the number of liquid-
phase cloud samples by generally prolonging cloud lifetime and broadening the meteorological conditions for cloud
formation, but the increment (5%) is much lower than that of increased aerosol size (85%). Decreased aerosol
hygroscopicity exhibits a cloud lifetime effect highly consistent with that of decreased aerosol size. The difference lies in
its relatively weak impact on the initial size of cloud droplets, which results in a smaller reduction in cloud lifetime (9%)

compared to that of decreased aerosol size (16%).
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Figure 14. Variation of cloud lifetime (characterized by liquid-phase cloud sample count) with ADV and N.. a, b, ¢, and d
are the results of the CHEM_HIGH and CHEM_LOW experiments and the difference of the CHEM HIGH and
CHEM_LOW experiments with the Control experiment, respectively.

In terms of quantitative impacts, increased hygroscopicity produces the strongest overall enhancement in Ng under
moderate N, conditions (Fig. 9, third column), and the most pronounced effect occurs under cold advection of -3 K h*!,
where Ny increases by a factor of over 10. The increase in Ng under high N, environments is the weakest due to a limited
supply of supersaturated water vapor. Correspondingly, the reduction in CER is most pronounced under moderate N,
conditions, where the decrease can exceed 50% under cold advection of less than 2.5 K h'!. Regarding CLWC (Fig. 10,
third column), the enhancement induced by increased hygroscopicity is most intense under low N,, with the maximum
increase exceeding 100% (at an ADV of 1 K h™'). This is followed by the overall increase under moderate N,, while high
N. conditions generally demonstrate a minor weakening effect (within 20%). Decreased hygroscopicity influences Ng and
CER in a pattern similar to that of decreased aerosol size, although the resulting variation magnitude is relatively smaller
(Fig. 9, fourth column). The corresponding reduction in CLWC (Fig. 10, fourth column) is most pronounced under high N,
(10%-20%), followed by moderate N,. Under low N, conditions, the overall reduction is the weakest, and instances of

CLWC enhancement occur relatively frequently, reaching a maximum increase of over 70% (at an ADV of 1 K h'!).

4 Conclusion

Aerosol physico-chemical properties serve as key factors in aerosol activation and play a pivotal role in cloud
formation and development. Although researchers have conducted quite a lot of studies on the impacts of aerosol
physicochemical properties on clouds, limitations remain regarding the accuracy and comprehensiveness of quantitative
insights. Specifically, these limitations stem from external interferences encountered during in-situ observational analyses,

the insufficient accuracy of bulk and offline bin simulations, and a lack of comprehensive analysis regarding how
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physicochemical properties alter cloud responses to aerosols, under what conditions they exert significant impacts, and the
relative contributions of aerosol size versus chemical composition. By employing WRF-Chem-SBM to simulate and
conduct sensitivity experiments on a typical winter liquid-phase cloud case over the ECO region—which is characterized
by abundant meteorological, aerosol, and cloud variations—we address the aforementioned issues based on a quantitative
analysis of how the variations in aerosol size (average r, increased by 1.2 times and decreased by 45%) and hygroscopicity
(average h, increased by 2.2 times and decreased by 62%) impact cloud properties.

The results indicate that the variations in aerosol size can exert crucial impacts on cloud development. In particular,
increased aerosol size distinctly alters the variation trends of cloud properties with environmental conditions. Overall,
increased aerosol size would lead to substantial enhancements in Ny, CLWC, and cloud lifetime by decreasing St and
enhancing initial cloud droplet size. The most pronounced impact occurs in moderate-N, environments, where Ng increases
by 10 times and CLWC increases by 100%. Conversely, decreased aerosol size generally induces a reduction in Ng, CLWC,
and cloud lifetime, with the strongest weakening occurring in moderate-to-high N, environments, where Ny is reduced by
80% and CLWC by 50%. Similar to Liang et al. (2026), our study demonstrates that aerosol size impacts clouds by
modulating microphysical processes. However, distinct from Liang et al. (2026) and Zhao et al. (2025c), who investigated
the varying impacts of aerosol properties based on land-sea contrasts, the present study focuses on liquid-phase cloud
processes over the ECO region. Because this region is simultaneously influenced by both continental and marine aerosols
(with their relative contributions varying alongside meteorological conditions), our approach enables a quantitative analysis
of aerosol size effects on a unified baseline with relatively weak external perturbations (such as surface effect).

Our study indicates that the impact of aerosol hygroscopicity on clouds is relatively weak compared to the impact of
aerosol size, which is consistent with previous studies. However, we found that hygroscopicity can exert profound impacts
on cloud properties under specific meteorological conditions and across various cloud parts. Specifically, increased
hygroscopicity leads to a substantial increase in Ng and a decrease in CER and RWP. The most pronounced impact of
increased hygroscopicity emerges in moderate-N, environments under cold advection, where Ny increases by up to 10 times.
In contrast, decreased hygroscopicity leads to a reduction in Nq and CLWC and an increase in CER.

It should be noted that our study focuses on ECO and under the winter monsoon background, aerosols over the study
region and period are dominated by anthropogenic emissions from the EC, and the atmosphere is relatively stable. The
impacts of varying aerosol physicochemical properties might change under other conditions (e.g., different aerosol types
dominate, and/or strong updrafts). Further exploration of these issues will enhance the systematicity and accuracy of our
understanding regarding aerosol physicochemical properties, thereby reducing the associated uncertainties in aerosol-cloud

interactions.

Code availability. The WRF-Chem model code can be downloaded from
https://www2.mmm.ucar.edu/wrf/users/download/get_sources.html (last access: 18 March 2026). The WRF-Chem-SBM

model code can be obtained by contacting Dr. Jiwen Fan (https://www.anl.gov/profile/jiwen-fan, last access: 18 March

2026) of Argonne National Laboratory.

Data availability. NCEP data sets (https:/doi.org/10.5065/39C5-7211, Satellite Services Division et al., 2004;
https://doi.org/10.5065/4F4P-E398, NCEP et al., 2004; https://doi.org/10.5065/D65Q4T4Z, NCEP et al., 2015) and
CAM-chem model output (https://doi.org/10.5065/NMP7-EP60, Buchholz et al., 2019) data can be accessed from the

corresponding websites or references.

Supplement. Figures S1-S3 and Table S1 are provided in the supplement file.
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