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Abstract.

[Changes in aerosol amount and size distribution significantly impact cloud droplet size distribution, as aerosols act as cloud
condensation nuclei (CCN) and influence the relative dispersion (g) of cloud droplet spectra. Relative dispersion plays a key
role in parameterizing cloud processes in general circulation models (GCMs) and microphysical schemes, affecting
precipitation estimates and climate predictions. However, the effect of varying aerosol modes on cloud microphysics remains
debated, depending on thermodynamic conditions and cloud type.] This study simulates a warm stratiform cloud in Jiangxi,
China, using the WRF-SBM model from 18:00 on December 24, 2014, to 06:00 (UTC) on December 25, 2014. Satellite and
aircraft observations were used to validate the simulation, showing good agreement in cloud structure. Sensitivity experiments
were conducted by increasing nucleation, accumulation, and coarse-mode aerosols by fivefold and reducing the total aerosol
concentration to one-fifth of the control. Results show that higher aerosol concentrations enhance cloud formation and broaden
droplet spectra, while lower concentrations suppress cloud development. Accumulation mode aerosols increase small droplet
concentrations, while nucleation and coarse-mode acrosols favor larger droplets. The correlation between ¢ and volume-
weighted radius (Rv) shifts from positive to negative as Rv increases. This transition is driven by cloud droplet collision-

coalescence, condensation, and activation. Increased accumulation mode aerosol concentrations shift the e-Rv correlation from
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negative to positive in the Rv range of 4.5-8 pm, while reduced acerosol concentrations strengthen the negative correlation.

Regardless of different coalescence intensity, & converges with the increase in number concentration of cloud droplet (Nc).

1 Introduction

According to Lau and Wu (2003), warm clouds account for 32% of total precipitation in tropical regions and cover 72% of the
total precipitation area. Warm clouds play a critical role in evaluating cloud-precipitation-climate feedback, making the
understanding of their formation, development, and cloud microphysical processes a crucial topic in cloud physics (Zhao and
Ishizaka, 2004; Seifert and Onishi, 2010).

Grosvenor et al. (2018) identified a significant relationship between cloud droplet number concentration (Nc), cloud
optical thickness, and cloud top temperature, proposing an improved remote sensing retrieval algorithm for cloud droplet
effective radius to reduce the errors in satellite measurements of Nc. Zheng et al. (2021) utilized merged Cloud Sat-CALIPSO-
MODIS products to compare the macro- and microphysical properties of precipitating and non-precipitating clouds during the
warm season in central-eastern China, focusing on parameters such as cloud optical thickness and the effective radius of cloud
droplets. Their findings indicated that the probability of precipitation increased with the increasing of cloud optical thickness,
liquid water path, and ice water path, but showed a decreasing trend when the cloud droplet effective radius exceeded 22
micrometres. However, these studies have overlooked the impact of changes in particle size distribution in clouds, which may
be critical for parameterization of cloud droplet effective radius and is an essential factor that cannot be ignored during cloud-
rain auto-conversion processes, affecting macroscopic and microscopic physical processes in clouds (Wang and Lu, 2022; Xie
etal., 2015).

Cloud droplet spectral relative dispersion (g) is an important parameter that describes the width and distribution of cloud

droplet sizes. It is represented as the ratio between the standard deviation (c) and the mean radius (Rave) Of the droplets (Wang
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and Lu, 2022). lOn one hand, ¢ (the relative dispersion of cloud droplet spectra) influences the effective radius (Re) of cloud

droplets by altering their size distribution. A higher ¢ typically leads to a broader droplet size distribution, which increases the

effective radius, thereby enhancing the auto-conversion process that drives the formation of precipitation from cloud droplets |
(Liu et al., 2005, 2006; Zhu et al., 2020; Lu and Xu, 2021; Wang et al., 2022; Wang et al., 2023; Yang et al.,2023). On the

other hand, € modulates cloud-aerosol interactions by affecting cloud microphysical properties, such as droplet concentration

and liquid water content, which in turn influences cloud radiative properties and, consequently, climate (Xie et al., 2017).|

Many researchers have conducted causal analyses on the uncertainty of the effect of cloud microphysical properties on .
The results indicate that the variability of € is influenced by various factors, such as atmospheric temperature, humidity, and
entrainment (Lu et al., 2013). Zhu et al. (2020) analysed data from a flight observation conducted in Monterey, California, in
July 2008 as part of the US POST (Physics of Stratocumulus Top) project, found that in adiabatic clouds, vertical velocity
plays a dominant role, and an increase in vertical velocity promotes the activation of cloud condensation nuclei (CCN), leading
to an increase in Nc and facilitating droplet coalescence and growth. On the other hand, Kumar et al. (2017) conducted idealized
simulation experiments using direct numerical simulation (DNS) to study the mixing dynamics at cloud edges and their impact
on the droplet size distribution (DSD). They showed that ¢ is also related to turbulent mixing and variations in vertical velocity
within the cloud.

However, as Lu et al. (2020) pointed out, existing studies on ¢ primarily rely on empirical data from observations, leading
to significant uncertainty in characterizing the & within clouds. In addition, the relationship between the ¢ and the volume-
mean radius (Rv) has shown varied conclusions in different studies: some indicate a negative correlation (Liu et al., 2008;
Pandithurai et al., 2012), while others suggest a positive correlation (Tas et al., 2012). It is also found that as Rv increases, the
¢ exhibits a converging trend (Chen et al., 2016). Meanwhile, the correlation between the € and Nc also shows uncertainty. Jin

et al. (2021) conducted aircraft observational studies on stratiform warm clouds in Jiangxi, China, indicating that € in both
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precipitating and non-precipitating warm clouds is negatively correlated with Nc. But, some studies report a positive
correlation (Pandithurai et al., 2012; Chen et al., 2016), while others indicate a negative correlation (Cecchini et al., 2017;
Wang et al., 2011). Some studies even suggest that no significant correlation is observed between ¢ and Nc (Tas et al., 2015).
Meanwhile, the correlation between € and Nc also shows uncertainty. Jin et al. (2021) conducted aircraft observational studies
on stratiform warm clouds in Jiangxi, China, indicate that ¢ in both precipitating and non-precipitating warm clouds is
negatively correlated with Nc. Similarly, Cecchini et al. (2017) and Wang et al. (2011) reported negative correlations between
¢ and Nc. However, some studies report a positive correlation (Pandithurai et al., 2012; Chen et al., 2016). While some studies
even suggest that no significant correlation is observed between & and Nc (Tas et al., 2015).

Studies by Ma et al. (2010) and Wang et al. (2011, 2019) have shown that changes in ¢ are highly sensitive to aerosol
concentration and its activation process. Additionally, alterations in aerosol concentration or size distribution significantly
impact the cloud-rain auto-conversion process through ¢ changes. Consequently, £ becomes a critical link connecting the
aerosol-cloud interaction effects (Liu and Daum, 2002).

Liu et al. (2003) compared aircraft observations and satellite retrievals [for stratiform warm] clouds in both the northern
and southern hemispheres and found that an increase in aerosol concentration leads to a decrease in cloud droplet effective
radius and narrowing of the droplet spectrum, thus suppressing warm precipitation processes. Fan et al. (2012) conducted a
numerical simulation on variations of aerosol concentration in Eastern China, demonstrating that an increase in CCN leads to
an increase in Nc and cloud droplet mass concentration, reduces the number concentration of raindrops, and delays the onset
of precipitation. Yang et al. (2017) analysed aerosol concentration and cloud droplet spectrum distribution in the high-altitude
region of eastern China during summer, and the results showed that increased aerosol concentration inhibits the cloud-rain
auto-conversion process, resulting in more cloud water remaining in the atmosphere and reducing warm precipitation. By

analysing the aerosol observations in India from 2000 to 2017, Kant et al. (2019) found that strong updrafts with abundant
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mineral dust aerosols can activate more cloud droplets, leading to competition for water vapor and narrowing the droplet
spectrum, limiting the growth of high-level liquid droplets. It is suggesting that an increase in aerosol concentration leads to a
reduction in g, thereby inhibiting the cloud-rain auto-conversion process (Chandrakar et al., 2016, 2018; Desai et al., 2019).

However, there are also studies indicating that an increase in acrosol concentration results in an increase in € and enhances
droplet collision-coalescence processes (Rotstayn and Liu, 2003; Yum and Hudson, 2005; Rotstayn and Liu, 2009; Prabha et
al., 2012; Liu et al.,2020). For instance, Liu et al. (2020) found that increasing aerosol concentration in clean tropical or marine
regions can prolong cloud lifetimes and enhance precipitation by modifying the cloud droplet spectrum distribution. Moreover,
it is found that the influence of aerosol concentrations on cloud droplet size distribution exhibits strong regional dependence,
varies according to cloud types and geographical regions (Chandraka et al., 2016; 2018).

In addition, the impact of aerosol concentrations on cloud droplet spectrum varies for different size ranges of aerosols.
Liu et al. (2022), using satellite data to investigate the influence of aerosols on warm rain processes, found that fine particles
with diameters ranging from 0.1 to 2.5 micrometres, acting as cloud condensation nuclei, can suppress precipitation and
prolong the lifetime of warm stratiform clouds and shallow maritime cumulus clouds, like the conclusions of Kovaéevi¢ (2018)
and Lerach and K:otton (2018). On the other hand, an increase in coarse-mode marine condensation nuclei with larger particle
sizes leads to a noticeable increase in cloud droplet effective radius and warm rain intensity. It is found that large particles with
diameters exceeding 2 micrometres, acting as giant cloud condensation nuclei, can increase € and facilitate cloud droplet
growth during the collision-coalescence process (Yin et al., 2000; Jensen and Nugent, 2017). However, Wehbe et al. (2020)
analysed aircraft observations over the United Arab Emirates in 2019, and found that although giant cloud condensation nuclei

were present, no significant coll[ision-coalescence process was observed in marine warm stratiform clouds.]
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Furthermore, Rosenfeld et al. (2001) attributed the reduction in cloud droplet effective radius over the Sahara Desert to
numerous submicron-sized cloud condensation nuclei (CCN), which decreased € exacerbated the decrease in precipitation over
the Sahara region. Numerical experiments by Flossmann and Wobrock (2010) yielded similar conclusions.

In summary, under the context of climate change, changes in the physicochemical properties of aerosols significantly
affect the microphysical characteristics of warm clouds. Existing studies often rely on exploring the relationships between
aerosol concentration and microphysical cloud quantities such as Nc and Rv, and further research on €, a key factor affecting
the cloud-aerosol effect, is still needed. However, the response of warm clouds to aerosol physicochemical properties depends
on the region and cloud type, and due to limitations in observational methods, the response of & to changes in aerosol
concentration varies significantly across studies, making this issue a crucial and controversial scientific question in climate
prediction.

This study utilizes the SBM-FAST bin microphysics scheme within the Weather Research and Forecasting (WRF) model
to simulate a stratiform warm cloud event in Jiangxi, China. The numerical experiments aim to explore the impacts of changes
in nucleation, accumulation, coarse, and total mode aerosol concentrations on the macroscopic and microscopic characteristics
of stratiform warm clouds in this region. The paper is organized as follows: Section 2 outlines the numerical simulation setup,
aircraft, and satellite observations to validate simulation results, and the computational formulas used in the analysis, the third
section 3 conducts validations of the control experiment's simulation results through comparisons with concurrent aircraft and
satellite cloud top temperature observations, uncovering the effects of different aerosol modes on the macroscopic and
microscopic physical properties of clouds, with a particular focus on the correlation between & and cloud microphysical

properties. The last two section include the discussion and conclusions.
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2 Model Introduction and Experiment Design

2.1Simulation Setup and Weather Conditions

This paper selects a stratiform warm cloud process that occurred in the Jiangxi, China on December 25, 2014, and conducts
simulations using the WRF (Weather Research and Forecasting) 4.2 version. The experiment comprises one control and five
aerosol spectrum modification experiments. Except for aerosol concentrations, all groups keep the initial field data and
simulation settings consistent. The simulations use the fifth generation of ECMWF atmospheric reanalyses of the global
climate (ERA5) hourly data on pressure levels as the initial field, with a resolution of 0.25°x0.25<

The simulations employ a two-layer nesting approach with 3 km and 1 km grid resolutions. The model is divided vertically
into 57 layers, reaching a top pressure level of 50 hPa. [In the first two kilometers above ground level, the vertical grid
resolution varies as follows: the lowest layer is at approximately 401 meters, with subsequent layers at 457 meters, 528 meters,
618 meters, 733 meters, 876 meters, 1053 meters, 1270 meters, 1533 meters, 1845 meters, and 2209 metersl. And the innermost
layer grid measure contains 376>376 grid points. The microphysics scheme used is the new version of SBM-fast bin scheme
(FSBM-2) under the WRF 4.2 version. The boundary layer scheme selected is the Mellor-Yamada-Janjic (Eta) Turbulence
Kinetic Energy (TKE) scheme, and the near-surface layer scheme uses the Monin-Obukhov (Janjic Eta) scheme. The land
surface process adopts the unified Noah land-surface model. The (old) Goddard shortwave radiation scheme is used, and the
Rapid Radiative Transfer Model (RRTM) scheme is chosen for longwave radiation.

The simulation region is illustrated in Figure 1, and the simulation duration is from 18:00 on December 24, 2014, to 06:00
on December 25, 2014 (UTC), with no precipitation was observed at the ground during the simulation period. The simulated
area, Ganzhou City, is in the southern part of eastern China's Jiangxi province. It is located upstream of the Gan River and in

the transitional zone between the southeastern coastal and central inland regions. The city is surrounded by mountains, with
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faulted basins traversed. The predominant topographical features are mountains, hills, and basins. The area is located at the
southern edge of the subtropical zone and falls under the subtropical monsoon climate region.

145 [As shown in Figure 2, at the 500 hPa level, the isobars over southern Jiangxi are relatively flat, indicating the absence of
significant trough or ridge systems. This suggests that the upper atmosphere in this region is under stable airflow control. A
strong westerly jet is observed at this level, indicating the presence of a notable westerly jet stream aloft. At the 850 hPa level,
a cyclonic circulation is evident, pointing to convergence in the lower atmosphere. As the warm cloud system develops, the
convergence intensifies, and the associated low-pressure system shifts eastward, providing favorable upward motion in the

150 region. At the surface, a pronounced low-pressure system is present. As the process evolves, wind speeds increase, and the
low-pressure system progresses southward. These features indicate that southern Jiangxi is dominated by a low-pressure

system at the lower levels during this period, with dynamic conditions favorable for cloud development.|
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Figure 1: Simulated Region and Nesting Configuration. The shading represents the elevation (m) of the terrain, and the area

155 within the red box is the analysis range.
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Figure 2: The 500 hPa, 850 hPa, and surface geopotential height fields (blue contour lines, unit: dagpm) and the wind fields (wind
160 barbs) at 00:00 (UTC) on December 25, 2014. The area within the red box indicates the starting point of the flight.

2.2 Introduction to Microphysics Scheme

The SBM-fast scheme was initially developed by Khain and Lynn (2009) as a simplified version of the SBM-full bin scheme
based on the original microphysics scheme included in the Hebrew University Cloud Model (HUCM) (FSBM-1) (Khain and
Sednev, 1996; Khain et al., 2000). The FSBM-2 used in this study is an improvement over FSBM-1 by Shpund et al. (2019)

165 and has been verified to exhibit better simulation performance (Han et al., 2019).
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In FSBM-2, cloud and rain droplets are described using a unified liquid droplet bin scheme, which is divided into 33 bins.
The aerosol scheme is divided into marine and continental components, and the aerosol spectrum distribution is described
using 43 or 33 mass bins. Regardless of whether 33 or 43 aerosol bins are used, the maximum dry aerosol radius is set to 2pum.
The scheme activates aerosols into liquid droplets under supersaturation conditions (cloud nucleation: Pinsky and Khain, 2018).
In the model, the minimum CCN size is assumed to be 0.003um, and the initial aerosol distribution is represented by the sum
of three lognormal distributions, corresponding to the nucleation mode (centered at 0.008um), accumulation mode (centered
at 0.034um), and coarse mode (centered at 0.46um). The calculation of cloud droplet nucleation considers the effect of
supersaturation, and the algorithm's accuracy is verified through comparison with large-eddy simulation results (llotoviz et al.,

2015).

2.3 Sensitivity Experiment Configuration

This paper includes five aerosol concentration modification experiments and one control experiment (ORG). The initial aerosol
concentrations set in the control experiment, are shown in Table 1. The initial aerosol concentrations are modified for the other
five experiment, as shown in Table 2. According to the aircraft observational study on the impact of aerosol concentration
changes on precipitation in Eastern China (Qian et al., 2009) and the numerical simulation study on the effect of aerosol
concentration changes on clouds and precipitation in Eastern China (Fan et al., 2012), increasing the initial aerosol
concentration to five times realistically reflects the background concentration of continental aerosols under polluted conditions
in Eastern China. This adjustment is beneficial for demonstrating the realistic impacts of aerosol concentration changes on
stratiform warm clouds in eastern China. Experiments 1, 2, and 3, modify the aerosol concentrations of the nucleation mode
(NM), accumulation mode (AM), and coarse mode (CM) to five times their original values, respectively. Experiment 4 (ITM)

simultaneously modifies the aerosol concentrations of the nucleation, accumulation, and coarse modes to five times their

10



original values, and experiment 5 (DTM) reduces the aerosol concentrations by five times compared to the original group. The

initial background aerosol spectrums in the simulations are shown in Figure 3.

Table 1: Initial Aerosol Concentration in the Control Experiment.

Aerosol Types Number Concentration (cm-3) Mean Particle Size (um)
Nucleation Mode 1000 0.008
Accumulation Mode 800 0.034
Coarse Mode 0.720 0.460

190

Table 2: Initial Aerosol Concentration Settings in Sensitivity Experiments.

Nucleation Mode (cm®) Accumulation Mode (cm) Coarse Mode (cm)
Experiment 1 (NM) 5000 800 0.720
Experiment 2 (AM) 1000 4000 0.720
Experiment 3 (CM) 1000 800 3.600
Experiment 4 (ITM) 5000 4000 3.600
Experiment5 (DTM) 200 160 0.144

11
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Figure 3: Initial aerosol number concentration (unit: cm-¥as a function of particle diameters (unit: nm).

2.4 Calculation of Cloud Droplet Spectrum Parameters

In this study, the changes in cloud droplet spectrum and cloud droplet spectral parameters were analysed. The mean cloud

droplet Radius (Rm), Ry, liquid water path (LWP), cloud-rain auto-conversion threshold (T), €, and cloud droplet activation

intensity (Fbs) were calculated as shown in Supplement.

2.5 Introduction of Data

2.5.1 Introduction of Aircraft Observation Data

The aircraft observation data used in this study were sourced from a flight observation mission conducted in Jiangxi, China on
December 25, 2014. Observations were carried out using the Yun-12 aircraft equipped with a comprehensive set of aerosol-
cloud- precipitation detectors. The cloud microphysical data were obtained from the Cloud-Aerosol Spectrometer (CAS), while

12
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flight altitude and path information were obtained from the Aircraft Integrated Meteorological Measurement System (AIMMS-
20). To ensure the accuracy and reliability of the observation data, all probes and the observation platform were precisely
calibrated prior to the observations, and outliers were removed from the post-observation data.

The observation flight area was located above Ganzhou City in Jiangxi Province, spanning coordinates from 114.0 to
117.0E and from 25N to 27N.| The aircraft took off from Ganzhou Airport and followed a flight pattern that included
ascending, cruising, and spiralling down. The flight lasted from 01:29 to 04:45 (UTC), reaching a maximum altitude of 4126
meters. To exclude data from non-cloud areas during the observation period, a cloud region criterion of cloud liquid water
content (Clw) > 0.001 g/m? and number concentration of cloud droplets (Nc) > 10 particles cm™ was applied (Jin et al. 2021,

Wang et al., 2024).

2.5.2 Introduction to Satellite-Observed Cloud Top Temperature Data

This study utilizes the standard format cloud-top temperature scan data from the Modis (Aqua) satellite, with the
satellite passing over the simulation area at 05:30 (UTC) on December 25, at a resolution of 5°x5< The Aqua satellite
is part of NASA's Earth Observing System (EOS) and focuses on monitoring the Earth’s water cycle. Equipped with
the Modis sensor, which has multispectral imaging capabilities ranging from visible to infrared wavelengths, Aqua
provides high-resolution information on the Earth's surface and atmosphere. It is widely used in meteorological,

oceanographic, and environmental research (Platnick et al., 2015).3 Results and analysis

3.1 Simulation Results Validation

To verify the simulation performance of the control experiment, we compared the simulated results with cloud-top temperature
observations from the Modis (Aqua) satellite and aircraft observations on December 25, 2014.

Aircraft observation data on December 25, 2014, in Jiangxi region was chosen to further validate the simulated vertical
distribution of cloud microphysical characteristics. The data was obtained from the CAS probe onboard the aircraft, which

measures aerosols and cloud particles with diameters ranging from 0.51 to 50 um, covering 30 bins with varying size bins.

13
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The observation period was from 01:35 to 04:45 (UTC) on December 25, 2014. During the observation period, the stratiform
warm cloud within the flight area had a maximum horizontal extent of over 50 kilometres, and it was characterized as a
stratiform warm cloud process. For the control experiment, the cloud water content, cloud droplet number concentration, and
average cloud droplet diameter were compared in the same observation duration and flight regions.

Figure 4 shows the flight trajectory and the cloud liquid water content along the observation path. To validate the control
experiment's simulation results, a comprehensive cloud penetration segment from 04:10 to 04:20 UTC was selected. During
this period, the Clw and Nc were calculated and compared with the simulation results in the same region and time frame, as
illustrated in Figure 5. To minimize the impact of differing vertical resolutions between aircraft observation data and model
simulations, the cloud base height within the validation interval was set to 0 and the cloud top height to 1, thus achieving height
normalization. In the control experiment, the vertical distribution of Clw aligns well with the aircraft observations, both
exhibiting a trend of increasing with height at first and then decreasing. The Clw values are relatively close between the
simulation and observations below the mid-cloud region, but near the cloud top, the simulated Clw is slightly higher than the
aircraft observations. Nevertheless, the maximum Clw in both cases occurs in the mid-cloud region. Additionally, the Nc in
the control experiment is similar to the aircraft observations, with both showing no significant variation with height. The largest
discrepancy appears in the Clw. This discrepancy may be due to the inherent errors in numerical simulations, as well as
differences in the resolution and the cloud sampling between the simulation and the aircraft observations. The spatial resolution
of aircraft measurements can be as fine as a few meters to tens of meters, while the numerical model's minimum grid resolution
is 1 km. Therefore, the simulation results represent an average over a larger area within a similar temporal and spatial range.
Moreover, the aircraft's flight path through the cloud may not fully penetrate the entire cloud structure, with data possibly
being collected from a narrower spatial range or from the cloud's edges. As a result, the observations may reflect the cloud's

internal microphysical properties.
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[Figure 6 compares the cloud-top temperatures between the control experiment and the simulation results. During the
simulation period, the Modis (Aqua) satellite passed over the study region at 5:30 (UTC). To ensure consistency with the area
observed by the aircraft, the comparison of cloud-top temperatures focuses on the region with concentrated warm clouds in
southwestern Jiangxi. Both the control experiment and satellite observations show cloud-top temperatures in the range of 0-
10<C, with higher temperature areas (5-10C) located west of 114<E. The results indicate that the observed cloud-top
temperature distribution is consistent with the simulation results.|

Figure 7 also compares the liquid water path (LWP) values observed by the ground-based microwave radiometer during
the period of vigorous cloud development between 04:00 and 05:00 UTC. The RPG-HATPRO microwave radiometer features
two bands: 22-31 GHz (7-channel filter-bank humidity profiler and LWP radiometer) and 51-58 GHz (7-channel filter-bank
temperature profiler) (Liu et al. 2014). The microwave radiometer was located at 114.95<E, 25.85N, and the simulation results
were taken from the corresponding area centered on the radiometer. The results show a slight difference in the average LWP
between the control experiment and the radiometer observations. However, the observed LWP values generally fall within the
range of the simulated LWP, and their temporal distribution is largely consistent with the simulation. Overall, regarding the
distribution of stratiform warm clouds and the vertical distribution of cloud microphysical properties, the simulation results

are generally consistent with the observed data. Therefore, the simulation results are reliable.

15

HE [#3=11]: Referee2: 7) Results: Fig 5: The figure presents the
validation of the simulated cloud top temperature against satellite
measurements. There are significant differences between the two that
should be addressed and explained. The validation is a bit

questionable.




265

04:34

04:14

03:54

03:33

Time (UTC)

03:13

02:53

Figure 4: Aircraft flight trajectory and cloud liquid water content (Clw) within the cloud region along the observation path. The

Normalized height

Figure 5: Aircraft observations (scatter points) of cloud liquid water content (Clw, in g/m3, cloud droplet number concentration

red box indicates a comprehensive cloud penetration process from 04:10 to 04:20 UTC.
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Figure 6: Cloud-top temperatures observed by the Modis (Aqua) satellite (05:30 UTC) and simulated by the control experiment on
December 25, 2014.
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3.2 Analysis of the Impact of Background Aerosols on Warm Cloud Properties

3.2.1 Vertical Distribution of Cloud Microphysical Properties

Figure 8-10 reflects that the cloud thickness significantly increases as the cloud system develops. Both Clw and Rm increase
with height, show high consistency. In contrast, Nc exhibits different trends with height at different times. From 00:00 to 02:00
UTC, when the cloud system is in initial stage of development, Nc decreases with height, and many small cloud droplets
appear at the cloud base, which is the main area for droplet activation. As the cloud system further develops, from 03:00 to
04:00 UTC, Nc shows relative uniform distribution with height. From 04:00 to 05:00 UTC, this trend changes again, with the
maximum Nc appearing at the cloud base. Large numbers of small cloud droplets present at the cloud base, the primary area
for droplet activation. The peak of Clw appears at higher cloud layers. In contrast, the maximum cloud droplet radius occurs
in the middle to upper cloud layers, indicating that the main region of cloud droplet size increasing is near the top and middle-
upper parts of cloud regions.

Compared to the control experiment, the increase in aerosol concentration promotes cloud development. This
phenomenon is consistent with the findings of Khain et al. (2005) and Morrison et al. (2018). When the accumulation mode
aerosol concentration increases, this "promoting” effect becomes most evident. On the other hand, when aerosol concentration
decreases, cloud development is suppressed, resulting in a noticeable decrease in cloud-top height.

In terms of cloud microphysical properties, with an increase in aerosol concentration, Nc noticeably increases. As a result,
more cloud droplets of small sizes compete for water vapor, reducing cloud droplet size. The maximum Nc and minimum
cloud droplet size are observed in the ITM and AM experiments. However, with aerosol concentration decreased, despite cloud

development being restrained, the DTM experiment exhibits the largest cloud droplet size.
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area of different experiments.
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Figure 10: The variations of averaged cloud droplet number concentration (Nc, in cm3) with time (UTC) and altitude (km) within

the study area of different experiments.

3.2.2 Temporal Distribution of Regionally Averaged Cloud [Fraction|

Figure 11 shows the hourly mean cloud fraction as a function of height. The cloud fraction in the model is a dimensionless
ratio, representing the proportion of cloud cover within a grid cell. Throughout the simulation period from 00:00 to 05:00 UT C,
the cloud fraction exhibits noticeable variations with both height and time, responding differently to changes in aerosol
concentrations across the different modes. In the control experiment (ORG), the cloud fraction peaks between 2 km and 3.5
km, with a maximum value exceeding 0.6, occurring during the later stages of cloud development. This indicates strong cloud
development in the mid-cloud layers.

In the NM and AM experiments, increased aerosol concentrations significantly enhance cloud formation, particularly
between 03:00 and 05:00 UTC, where the peak cloud fraction above 2 km increases. In the AM experiment, the cloud fraction

remains elevated above 3 km, suggesting extended cloud formation and persistence in the upper cloud layers. This result is
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consistent with the tendency of accumulation mode aerosols to increase cloud droplet number concentrations and extend cloud
lifetime, as reported by Liu et al. (2022). In the ITM experiment, the increase in cloud fraction is most prominent between
03:00 and 05:00 UTC, especially concentrated in the middle cloud layers at 2 to 3 km.

In contrast, the DTM experiment shows a significant reduction in cloud fraction, particularly in the upper cloud layers.
The maximum cloud fraction only reaches about 0.4, with most cloud formation concentrated below 3 km. This suppression
of cloud formation indicates that lower aerosol concentrations limit cloud development, reducing droplet activation and cloud

water content.
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Figure 11: The variations of averaged cloud fraction with time (UTC) and altitude (km) within the study area of different

experiments.
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3.2.3 Cloud Droplet Size Distribution

Figure 12 represents the hourly probability distribution of Nc concerning D. As the cloud system develops, the cloud droplet
spectrum widens and exhibits a unimodal distribution. When aerosol concentration increases, the cloud droplet spectrum
broadens earlier, and the maximum Nc appears in the AM and ITM experiments. Additionally, the distribution characteristic
of the droplet spectrum differs among the experiments. The AM and ITM experiments have their peaks in the 9-15 um size
range, while the NM and CM experiments have their peaks concentrated in the 15-24 um size range. Meanwhile, with aerosol
concentration decreased in the DTM experiment, a tendency of spectrum broadening is observed. However, the spectrum width
is smaller than that in the control experiment, and the Nc is lower.

This analysis shows that increased aerosol concentration promotes cloud development and leads to an earlier widening of
the cloud droplet spectrum. The increase in accumulation mode aerosols tends to increase the number concentration of small-
sized cloud droplets. In contrast, an increase in nucleation and coarse mode aerosols favors the production of large-size cloud
droplets. In the NM experiment, although the particle size of nucleation mode aerosols is small, the increase in aerosol
concentration still leads to an increase in cloud droplet number concentration because aerosol particle sizes follow a normal
distribution in the WRF-SBM scheme. Therefore, aerosol particles with larger sizes within the nucleation mode range can still

participate in cloud droplet activation.
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diameter (D, in pm), the subfigures represent 01:00, 02:00, 03:00, 04:00, and 05:00 (UTC) on the 25th, respectively. The shading

represents the probability magnitude.
3.3 Analysis of Cloud Droplet Spectrum Characteristics

3.3.1 Vertical profiles of cloud droplet spectrum characteristics

To analyse the impact of aerosols on cloud droplet spectrum and cloud microphysical processes, Figure 13-15 given out the
variations of hourly averaged &, cloud-rain auto-conversion intensity (T), and Rv with altitude. The T value represents the
probability of auto-conversion occurrence, which can be used to assess the intensity of collision-coalescence processes during
cloud and precipitation (Liu et al., 2005, 2006). In the early development stage, the collision-coalescence intensity within the
cloud is low. As the cloud system develops, at the vigorous development stage, the T value increases significantly, and the

intensity increases with altitude. The intense collision—coalescence processes (with T values > 0.5) are primarily located in the
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middle to upper parts of the cloud, consistent with the distribution trend of Rv with altitude. It can be found from Figure 14
that the relative dispersion & does not change monotonically with Rv or T. The correlation between them will be discussed in
the next section.

Compared to the control experiment, the ITM and AM experiments have significantly smaller Rv values, resulting in
smaller cloud droplet sizes and lower collision-coalescence intensities than the other experiments. When the aerosol
concentration decreases, the Rv in the DTM experiment increases, leading to higher collision - coalescence intensity with
respect to other experiments. Additionally, fewer small cloud droplets are activated due to the lower aerosol concentration in
the DTM experiment, resulting in lower relative dispersion of cloud droplet spectrum than the other experiments.
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Figurel3: Distribution of cloud droplet collision-coalescence intensity (T) over time (UTC) and altitude (km). The color shading

indicates the collision-coalescence intensity values.
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color shading indicates the magnitude of Rv values.
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Figure 14: Distribution of cloud droplet volume-weighted mean diameter (Rv, in pm) over time (UTC) and altitude (km). The
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3.3.2 Relationship between g-Rv

[Figure 16 reflects the correlation between € and Rv in experiments involving changes in concentration of aerosol modes within
the cloud area from 01:00 to 05:00, illustrating the variation of ¢ during the growth of cloud droplet sizes,] Fbs indicates the
activation intensity corresponding to the fitted correlation in specific droplet size ranges. The e-Rv correlation coefficient table
is in the Supplement (Table S1). It is shown that &€ does not vary monotonically with Rv. There is a significant transition in
cloud droplet collision-coalescence intensity around 8 um radius of cloud droplet. When the Rv is smaller than 8 um, cloud
droplet growth mainly depends on the condensation process. At this stage, there exists a critical radius (Rc) of 4.2 pum. When
Rv < 4.2 um, ¢ shows a positive correlation with Rv. While Rv > 4.2 um, ¢ shows a negative correlation with Rv. This trend

is close to Lu et al. (2020), but with the value of Rc differs. Among the experiments, increased aerosol concentration enhances
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the positive correlation between € and Rv with Rv < 4.2 um. In the ITM and AM experiments, when Rv is between 4.2um and
8um, the negative correlation trend changes to a positive one. In contrast, decreasing aerosol concentration strengthens the
negative correlation trend between € and Rv within the same size range (4.2 um < Rv < 8 pm).

Cloud droplets primarily grow through condensation within the radius range (Rv) of 2-8 pum. Figure 17 illustrates the
variation of cloud droplet number concentration (Nc) with Rv during the same stage as the -Rv correlation, reflecting the
concurrent changes in Nc during the growth of cloud droplet sizes. As shown in Figure 17, when Rv is less than 4.2 pm,
accompanied by higher intensity of cloud droplet activation, Nc increases with Rv, and & shows a positive correlation with Rv.
When Rv ranges between 4.2 and 8 pm, strong collision-coalescence processes have not yet been initiated, and activation
intensity is lower. At this stage, Nc does not exhibit significant changes with increasing Rv. Due to the negative correlation
between condensation growth efficiency and droplet size, smaller droplets grow rapidly through condensation, whereas larger
droplets experience slower growth rate. As Rv increases, ¢ exhibits a negative correlation with Rv, leading to a more uniform
droplet size distribution and a narrower cloud droplet spectrum. This finding aligns with the results of Liu et al. (2006) and
Peng et al. (2007). When Rv exceeds 8 pum, as Rv increases, higher collision-coalescence intensity rapidly depletes smaller
droplets (Figure 17), with & shows a converging trend, ultimately approaching the range of 0.3-0.4, consistent with the findings
of Lu et al. (2020).

For the sensitivity experiments, an increase in aerosol concentration enhances the activation of cloud droplets, enhancing
the positive correlation between € and Rv when 4.2 < Rv <8 um. Among different aerosol modes, an increase in accumulation
mode aerosol contributes to the prolonged maintenance of cloud droplet activation and significantly increases Nc (Figure 17).
When 4.2 < Rv <8 um, ¢ shows a positive correlation with Rv. However, when cloud droplet size increases above 8 pm, cloud
droplet collision-coalescence intensity increases with particle size, while cloud droplet number concentration decreases as Rv

increases. Therefore, in this situation, dominant cloud droplet coalescence promotes the rapid growth of cloud droplet size,
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395 increasing large-sized cloud droplets while simultaneously consuming small-sized cloud droplets. As a result, € tends to
converge with droplet size.

As it is shown in Figure 17 that the correlation between Nc and cloud microphysical processes is more complex. Regions

with the same Nc¢ may be dominated by condensation growth or coalescence processes. Furthermore, the £-Nc correlation,

which is significantly influenced by cloud droplet activation, condensation, and collision-coalescence processes, may exhibit

400 even more complex variations.
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Figure 16: The variation of relative dispersion (¢) of cloud droplet spectrum against the cloud droplet volume-weighted radius (Rv,
in pm) for different experiments. FBS indicates the cloud droplet activation intensity, and the shading represents the coalescence

intensity.
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3.3.3 Relationship between &-Nc

410 [Figure 18 shows the relationship between € and Nc in experiments involving changes in aerosol concentration modes within

the cloud area from 01:00 to 05:00.] As shown in Figure 18 as Nc increases, € tends to converge, consistent with the findings #t#k [8E14]: 8) Fig. 15,16,17: What time in the simulation do

of Zhao et al. (2006) and Jin et al. (2021). Additionally, the coalescence intensity does not significantly impact the e-Nc leselniesepiedliestbalienesel gl aijoera e Viarey

correlation. With increased coalescence intensity, the dispersion of € in the low Nc region decreases, but the e-Nc relationship

still shows a converging trend.
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415 Compared to the control experiment, changes in aerosol concentration did not affect the &-Nc correlation. When the
aerosol concentration increased, Nc significantly increased, and in the AM and ITM experiments, the dispersion of ¢ slightly
increased in the low coalescence intensity region. On the other hand, a decrease in aerosol concentration led to a significant

reduction in Nc and increased cloud droplet size. In the region with T > 0.8, the dispersion of € was higher.

12 1.2 1.2
NM AM
1.07¢ 1.0 104 =
0.8 0.8 0.8
w 0.6 1 0.6 1 0.6 1
0.4 0.44% 0.4
024" 0.2 0.2 1
.
0.0 ———— 0.0 ————— 0.0 ————
0 60 120 180 240 300 O 60 120 180 240 300 O 60 120 180 240 300
12 1.2 1.2
™ DTM I™
1.04- 1.0 1.0 4%
. .‘.
0.8 1 087 084« 3%
w068 0.6 1 0.6
044 & 0.41 f& 0.4-
021 e * 0244 0.2 3
'('
0.0 —_— 0.0 +H———— 0.0+ —
0 60 120 180 240 300 0 60 120 180 240 300 O 60 120 180 240 300
Nc (cm~3)
[ — ]

0.0 0.2 0.4 0.6 0.8

420  Figure 18: The variation of cloud droplet spectral relative dispersion (g) against cloud droplet number concentration (Nc, in cm).

The shading represents the coalescence intensity.

4 Discussion

In this study, the increase in coarse-mode aerosol concentration resulted in an increase in Rv and enhanced collision-

coalescence intensity, consistent with the findings of Liu et al. (2022). However, unlike Liu et al. (2022), the increase in
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nucleation-mode aerosol concentration in this study also promoted the early development of cloud tops above 3 km. Compared
to the control experiment, both Rv and collision-coalescence intensity at the cloud top region were enhanced. This difference
may stem from the classification of aerosol particle sizes; in the WRF-SBM scheme, the distribution of different aerosol modes
is assumed to follow a normal distribution. Therefore, for the nucleation mode, some aerosol particles also reach the size scale
of the accumulation mode, promoting an increase in Nc and a rise in T values.

[Moreover, due to the different physical mechanisms involved in the growth of cloud droplet sizes, aerosols of different
modes exhibit varying effects. Here, we provide an additional summary based on the schematic mechanism in Figure 19. When
cloud droplet sizes are smaller than 8 pm, the collision-coalescence process is less active due to the smaller droplet sizes. The
increase in accumulation-mode aerosol concentrations has the most pronounced effect on the activation of small cloud droplets,
which enhances both the Nc and the condensational growth of droplets within the 4.2-8 um range. This results in a shift in the
correlation between the ¢ and the Rv from negative to positive. Aerosols in other modes have a less significant impact on the
increase of Nc, which is why they do not alter the e-Rv relationship. In contrast, a reduction in aerosol concentration weakens
cloud droplet activation. As the droplets grow through condensation, their sizes become more uniform, thereby strengthening
the negative correlation between € and Rv when Ry is in the range of 4.2-8 um.]

The relationship between € and cloud microphysical properties differs from previous studies. In this study, € shows a
convergence trend as Nc increases, and changes in aerosol concentration do not alter this trend but rather affect the degree of
dispersion, like the findings of Deng et al. (2009) and Yu et al. (2018). In contrast, study on non-precipitating stratiform clouds
in northern China using aircraft observational data (Ma et al., 2010) shown that with an increase in aerosol concentration, &
tended to decrease with increasing Nc, whereas Anil et al. (2016) observed the opposite trend, with & showing a positive

correlation with Nc.
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The complex variations in the e-Nc relationship are mainly due to the sensitivity of Nc and € to many microphysical
processes, such as updraft strength, aerosol properties, or condensation-coalescence processes (Lu et al., 2012; Peng et al.,
2007). During the fitting process of the &-Nc relationship, it is challenging to determine the corresponding relationship between
Nc and cloud microphysical processes. In regions with low Nc, it may correspond to strong collision/coalescence initiation
zones, while in regions with high Nc, it may be in the condensation/coalescence dominant zone. As Liu et al. (2008) and Tas
et al. (2012) have stated, compared to Nc, Rv considers the synergistic relationship between Nc and water content, providing
a more explicit mapping to cloud microphysical processes. Therefore, this study explored the &-Rv relationship to provide a
more systematic understanding of the stratiform warm clouds in Eastern China. The &-Rv correlation is summarized in Figure

16.
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455 Figure 19: Differences in the effects of aerosol modes on microphysical processes. Cloud Droplet Collision-Coalescence reduces
droplet numbers represents the process where cloud droplet size increases while droplet number concentration decreases due to
collision-coalescence growth. Cloud Droplet Condensational Growth represents the process of cloud droplets growing by
condensation. Cloud Droplet Activation refers to the activation of aerosol particles to form small cloud droplets. Upward red

arrows indicate an enhancement of physical quantities or processes, while downward blue arrows indicate suppression..

460 5 Conclusions

This study used the SBM-FAST bin scheme in the WRF model to simulate a stratiform warm cloud process in Jiangxi, China.
Numerical experiments were further conducted to investigate the impact of changes in nucleation mode, accumulation mode,

coarse mode, and total aerosol concentrations on the macroscopic and microscopic characteristics of stratiform warm clouds.
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The variations in cloud microphysical parameters with aerosol concentrations were analysed, the e-Rv and &-Nc relationships
were fitted to explore the influence of microphysical processes on €. Specific conclusions are as follows:

(1) The numerical simulation with bin microphysics scheme reproduces stratiform warm clouds' macro- and microscopic
characteristics in Jiangxi, China. Aerosols in the accumulation mode enhance cloud fraction by promoting cloud droplet
nucleation and increasing cloud water content, while reduced aerosol concentrations suppress cloud fraction, particularly in
the upper cloud layers. As the cloud system develops, Rv and T values gradually increase. Vertically, Rv increases with height,
and T also strengthens synchronously with the enlargement of cloud droplet size. The relationship between € and Rv is not
strictly monotonic; as Rv increases, ¢ initially increases and then decreases. Furthermore, it is found that variations in aerosol
concentrations exert a significant influence on cloud development. With an increase in the aerosol concentration of any mode,
the cloud droplet spectrum widens earlier. Specifically, higher aerosol concentrations promote cloud growth, increasing cloud-
top height. In comparison, lower aerosol concentrations impede cloud droplet activation, decreasing the concentration of cloud
droplets and leading to a notable reduction in € and increased Rv and higher T values.

(2) In contrast, different modes of aerosol concentration variations impact cloud microphysical properties differently. An
increase in accumulation mode aerosol tends to increase the concentration of small-size cloud droplets, leading to decreased
Rv and a lower collision and coalescence intensity concerning the control experiment. An increase in nucleation mode and
coarse mode aerosols favors the production of large cloud droplets. As a result, the increase in accumulation mode aerosol has
the most significant impact on Nc enhancement. On the other hand, increases in nucleation mode and coarse mode aerosol
concentrations result in an increase in Rv and an enhancement of collision and coalescence intensity.

(3) The variation of € in the cloud is closely related to cloud microphysical processes. Fitting the £ with Rv and Nc reveals
that as Rv increases, the correlation between &€ and Rv changes from positive to negative, eventually converging. This

transformation is mainly related to cloud droplet activation, condensation, and collision-coalescence processes within the cloud.
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When T values are less than 0.5, as cloud droplet condensation growth becomes more active and nucleation weakens, the cloud
droplet spectrum relative dispersion transitions from an increasing trend to a decreasing trend with the increase in Rv. With
the enhanced coalescence between cloud droplets, € primarily decreases with the increase in Rv. Increasing accumulation mode
aerosol concentration contributes to the prolonged cloud droplet activation, causing the correlation between € and Rv to shift
from negative to positive. On the other hand, a decrease in aerosol concentration leads to a reduction in cloud droplet activation
intensity, making the negative correlation trend between ¢ and Rv more pronounced. In addition, regardless of different T
values, & converges with the increase in Nc. As Nc increases, € converges to a range of 0.2-0.4. Changes in aerosol
concentration for different modes do not alter the converging trend of € with Nc but only affect the dispersion degree of € at
low Nc values.

Lastly, in this study, due to computational power limitations, the vertical resolution of our simulation setup is relatively
coarse. Future research could consider enhancing the resolution to reveal the variations of cloud-aerosol effects more
effectively within the vertical profile of clouds. Moreover, while this study has explored the effects of variations in aerosol
concentrations across different modes on the macroscopic and microscopic characteristics of stratiform warm clouds, mainly
focusing on the influence of these variations on the relationship between & and cloud microphysical properties, the interaction
between clouds and aerosols is a complex process influenced by multiple factors, including cloud dynamics and supersaturation
levels. Therefore, future research should investigate other vital factors affecting cloud-aerosol interactions further. Additionally,
incorporating case studies from diverse regions could effectively reduce the regional dependency of cloud-aerosol effect

research, thereby enhancing our comprehensive understanding of these complex interactions on a global scale.
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The initial aerosol spectrum data includes the distribution information of aerosol spectra within the first hour of the
simulation for one control group and five experimental groups mentioned in the article. The temporal resolution is 10 minutes.
Data details can be found in the data description.

In addition, the initial fields used in the numerical simulations are based on the Fifth generation of ECMWF atmospheric
reanalysis of the global climate (ERA5) hourly data on pressure levels. These data can be accessed at the following link:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview. The study utilized all height
variables for every 6 hours from December 24th, 2014, 18:00 to December 25th, 2014, 06:00.

If the manuscript is accepted, the data will be publicly available through the aforementioned link
(https://doi.org/10.57760/sciencedb.11210). To access the data, you only need to use the database link and provide your name,

affiliation, and purpose of the data request to the authors for download.
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