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Abstract. Air masses carrying absorbing aerosols play a dual role by altering ambient supersaturation and acting as cloud 

condensation nuclei (CCN), thus contributing to both the semi-direct and indirect aerosol effects. However, in real cloud 

development processes, aerosol influences can simultaneously act to suppress cloud formation or enhance droplet production, 10 

resulting in microphysical characteristics that remain difficult to describe. In the study, an aerosol and cloud microphysics 

experiment, focusing on warm cloud events strongly coupled with biomass-burning aerosols transported from the Southeast 

Asia Peninsula, was conducted in the spring of 2024 at the Lulin Atmospheric Background Station (LABS, 2862m a.s.l) in 

Taiwan. One-minute resolution of in-situ data was used in the data analysis, allowing exploration of the microphysical 

responses under varying mixing states of absorbing aerosol concentration and cloud liquid water content. This study applies 15 

the cloud-aerosol mixing ratio (e.g., mass concentration mixing ratio (MCr), 𝑙𝑜𝑔 (
𝐿𝑊𝐶×106

𝑃𝑀2.5
)) in conjunction with the ACI index 

(𝐴𝐶𝐼𝑁𝑑
=

1

3
(

𝜕 ln 𝑁𝑑

𝜕 ln 𝛼
)) to describe the behavior of aerosol-cloud interactions. Results identify two distinct responses: (1) under 

high MCr conditions (MCr > 4.5), clouds exhibit features of the Twomey effect (𝐴𝐶𝐼𝑁𝑑
ACI ≈ 0.08); (2) under low MCr 

conditions (MCr = 3-4.5), not only is the 𝐴𝐶𝐼𝑁𝑑
 less than -0.06, but the high aerosol loading also coincides with elevated 

temperatures, lower relative humidity, and a reduction in small droplets (<10 μm), consistent with a semi-direct effect. This 20 

study provides a comprehensive explanation of how absorbing aerosols influence cloud systems over East Asia and highlights 

the critical role of the cloud-aerosol mixing ratio in characterizing the microphysical responses associated with the Twomey 

effect and the semi-direct effect. 

1 Introduction 

Anthropogenic aerosols continue to impact the cloud amount and distribution, which in turn affects the radiative balance 25 

and contributes to climate change (IPCC, 2023). The mechanisms through which aerosols influence cloud properties remain 

highly complex. Since the release of AR5 (IPCC, 2014), the understanding of aerosol effects has been redefined and broadly 

categorized into aerosol-radiation interactions (ARI) and aerosol-cloud interactions (ACI). The adjustment processes 

associated with ARI, as the semi-direct effect (Bond et al., 2013; Boucher et al., 2013; Kacarab et al., 2020; Spracklen et al., 
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2011), can lead to reductions in cloud amount. This response, driven by aerosol-induced environmental changes, constitutes 30 

one of the major pathways through which aerosols alter the radiation budget. On the other hand, scientists have studied the 

impact of ACI over the past 30 years, showing that low-level warm clouds, which generally exhibit higher horizontal 

extensions, are more sensitive to variations in anthropogenic aerosol concentrations (Fan et al., 2016; Warren et al., 1988; 

Wood, 2012). When aerosol loading increases under constant liquid water path (LWP) conditions, a greater number of cloud 

droplets with smaller droplet sizes will form, leading to an increase in cloud optical thickness and thus cloud albedo, which is 35 

called the Twomey effect (Feingold et al., 2001; Twomey, 1974, 1977). Additionally, smaller droplet sizes reduce the collision 

efficiency, thereby lowering the likelihood of rain formation and extending the cloud's lifetime, which, on average, increases 

cloud albedo (Albrecht, 1989; Kaufman et al., 2005). Satellite Observations (Chen et al., 2021; Christensen et al., 2016; Toll 

et al., 2017) and ground-based field campaigns (Haywood et al., 2021; Zhao et al., 2018) have confirmed these theories, and 

there is a considerable consensus ACI.  40 

However, even though most studies agree that increased aerosol concentrations generally lead to more numerous and 

smaller cloud droplets, there remains disagreement regarding whether such microphysical changes result in an overall increase 

in cloud amount, as the reduction in droplet size may instead enhance evaporation (Chen et al., 2012; Fan et al., 2016; Toll et 

al., 2019).  This not only indicates large uncertainties in the estimation of LWP but may also lead to misinterpretations in 

models regarding aerosol-induced variations in LWP and cloud fraction (CF) (Chen et al., 2022; Toll et al., 2019). It is worth 45 

noting that such reductions in cloud cover in ARI adjustment may contrast with the tendencies typically attributed to ACI. 

Irrespective of whether smaller droplets persist in the ambient environment, the decrease in supersaturation during ARI 

adjustment processes undoubtedly promotes cloud dissipation. These contrasting effects highlight the substantial uncertainty 

and complexity inherent in aerosol effects on clouds.  

Beyond the contrasting effects of ACI and ARI, a deeper layer of complexity arises from the behavior of aerosol-cloud 50 

responses, which are often nonlinear and highly sensitive to aerosol properties such as hygroscopicity and absorptivity. While 

it is widely acknowledged that increased aerosol concentrations generally lead to more numerous and smaller cloud droplets, 

this relationship is not necessarily linear. Recent studies suggest that beyond a certain threshold of aerosol loading, further 

increases in aerosol concentrations may have a diminished or even negligible effect on cloud droplet size and number (Chen 

et al., 2021; Feingold et al., 2001; Jia and Quaas, 2023; Saponaro et al., 2017). Observational studies have also shown that the 55 

water content in the atmosphere plays a critical role in determining whether aerosols ultimately enhance or suppress cloud 

formation (Zhang and Zuidema, 2019, 2021). Furthermore, some cloud seeding studies have even indicated that large amounts 

of hygroscopic aerosols are ineffective at increasing cloud amount or droplet size under limited liquid water content (Lin et 

al., 2023; Silverman and Sukarnjanaset, 2000). This nonlinearity adds a layer of complexity to interpreting aerosol effects on 

clouds, particularly when attempting to quantify aerosol-induced changes in cloud water content. The situation becomes even 60 

more intricate with the presence of absorbing aerosols such as black carbon. These aerosols can modify the thermal structure 
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of the atmosphere through radiative heating, which in turn influences cloud formation and dissipation pathways (Bender et al., 

2019; Bond et al., 2013). Although the activation of aerosols into cloud condensation nuclei (CCN) is governed by their size 

and hygroscopicity (Klemm and Lin, 2016; Pöhlker et al., 2023; Wang et al., 2010), the presence of absorbing aerosols may 

reduce ambient supersaturation levels and introduce thermodynamic feedbacks that counteract the microphysical pathways 65 

traditionally associated with ACI, which is, as indicated before, the main reason responsible for ARI adjustment. These insights 

emphasize that aerosol concentration thresholds and the presence of absorbing species must be carefully accounted for in any 

attempt to characterize aerosol effects on clouds, as they fundamentally alter the pathways and magnitude of cloud responses 

to aerosol perturbations. 

To quantify the impact of aerosols on cloud properties, previous studies have utilized aerosol-cloud interaction (ACI) 70 

index as a measure (Chen et al., 2021; Feingold et al., 2001; Kaufman and Fraser, 1997; Lihavainen et al., 2010; McComiskey 

et al., 2009; Zheng et al., 2020). In particular, positive ACI index values (ranging from 0 to 0.33) are generally interpreted as 

an indication of the strength of the Twomey effect (Lihavainen et al., 2010; McComiskey et al., 2009). However, many 

traditional applications of the ACI index rely on the assumption of constant liquid water content (LWC), under which retrieved 

values based on cloud effective radius (re) or cloud optical thickness (COT) become comparable. Unless cloud droplet number 75 

concentration (Nd) is used—a metric more directly tied to aerosol activation efficiency—the applicability of ACI indices 

remains limited to specific liquid water regimes (McComiskey et al., 2009). In addition, studies based primarily on satellite 

data are often constrained by retrieval limitations, as simultaneous estimation of cloud and aerosol properties within the same 

spatial domain remains challenging (Jia et al., 2021). Moreover, variations in cloud-base and cloud-top CCN concentrations, 

uncertainties in Nd, and the low vertical resolution of aerosol optical depth (AOD) introduce substantial uncertainty in 80 

estimating in-cloud aerosol concentrations (Jia et al., 2022; Quaas et al., 2020). Furthermore, variations in aerosol composition, 

number concentration, hygroscopicity, and optical properties (McMeeking et al., 2011; Ohata et al., 2016; Pöhlker et al., 2023; 

Wang et al., 2010) make the conversion from aerosols to CCN difficult to quantify (Quaas et al., 2020), significantly increasing 

the complexity of retrieving and interpreting aerosol-cloud interaction signals. These factors contribute to the persistent 

difficulty in robustly quantifying aerosol effects on clouds. Consequently, observational ACI estimates frequently demonstrate 85 

significant spatial and temporal constraints, and may not generalise effectively across varied cloud regimes or environmental 

conditions (Jia et al., 2022; Lihavainen et al., 2010; McComiskey et al., 2009; Quaas et al., 2020). To present, the accurate 

quantification of the impact of aerosol on clouds remains one of the most pressing and unresolved challenges in climate change 

research (Bellouin et al., 2020; Bender et al., 2019).  

This study posits that constraining aerosol properties is essential for robust analyses of the relationship between aerosol 90 

concentration and cloud water content. In recent years, a series of studies have been conducted over the southeastern Atlantic 

Ocean to investigate the emission, transport, and cloud-related impacts of biomass-burning aerosols originating from 

continental sources (Bond et al., 2013; Haywood et al., 2021; Herbert et al., 2020; Kaufman et al., 2005; Taylor et al., 2020). 
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Biomass-burning aerosols, which contain substantial amounts of light-absorbing species such black carbon (BC), complicate 

aerosol effects. Taiwan is situated downwind of biomass burning emissions from the Southeast Asia Peninsula during spring 95 

(Lee et al., 2011; Lin et al., 2013; Nguyen et al., 2020; Wang et al., 2007; Yen et al., 2013), accompanied by cold frontal 

systems (Huang et al., 2020). This geographic advantage allows for observing cloud system development and impacts 

influenced by aerosols. Lulin Atmospheric Background Station, located in Taiwan's mountainous region, provides a valuable 

opportunity to capture and isolate frontal systems influenced by biomass-burning aerosols (Pani et al., 2022; Tsay et al., 2016).  

Therefore, this study used in-situ observational instruments, including the Cloud Droplet Probe and 11-D optical particle 100 

counter, to investigate a frontal event occurring from March 1 to 12, 2024. Cloud droplet number concentration (Nd) is mainly 

employed to calculate the ACI index. Unlike traditional metrics such as effective radius (Re) or cloud optical thickness (COT), 

which rely on the assumption of constant liquid water content (LWC), Nd offers a more direct representation of aerosol 

activation efficiency without requiring constraints on cloud water content (McComiskey et al., 2009). Furthermore, this study 

introduces the use of the cloud-aerosol mixing ratio to represent how much liquid water is present per unit of aerosol 105 

concentration, thereby providing a more realistic indication of aerosol loading within cloud systems. This framework allows 

for a systematic examination of the transition between Twomey effect-dominated ACI responses and ARI adjustments (semi-

direct effect) under the influence of absorbing aerosols. This approach moves beyond conventional constraints, offering a 

unified perspective to disentangle the intertwined microphysical and thermodynamic pathways governing aerosol effects on 

clouds. The findings offer a crucial advancement in understanding how different cloud water-aerosol mixing states regulate 110 

cloud microphysical processes, thereby contributing to a more physically based and comprehensive assessment of aerosol-

cloud-climate linkages. Sect. 2.1 and 2.2 describe the observation site and the instruments used, while Sect. 2.3 to 2.6 present 

the analytical methods. Sect. 3 presents the relationship between the cloud water-aerosol mixing ratio and the ACI index, and 

Sect. 3.5 further integrates changes in meteorological conditions as well as the size distributions of cloud droplets and aerosols. 

Sect. 4 provides the conclusions. 115 

2 Data and Method 

2.1 Observation Site 

Lulin atmospheric background station (LABS), which is located at central Taiwan (23.47 °N, 120.87 °E, 2862 m above 

sea level, a.s.l.), was selected as the site for the field campaign. LABS is an atmospheric background indicator station in East 

Asia that benefits from its geographical location and altitude (Cheng et al., 2013; Hsiao et al., 2017; Lee et al., 2011; Pani et 120 

al., 2022). Most studies have shown that biomass burning aerosol transported from the South East Asia Peninsula can be 

detected during spring season (Chuang et al., 2014; Hsiao et al., 2017; Huang et al., 2020; Nguyen et al., 2020). LABS not 

only includes measurements of aerosol mass concentration (i.e., PM2.5, PM10), optical properties, and carbon mass 
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concentration, but also contains basic atmospheric measurements (i.e., temperature, relative humidity, pressure, wind direction, 

wind speed), which help to understand the weather conditions. 125 

2.2 Data Set 

From March 1 to 12, 2024, a field campaign was carried out at LABS to collect extensive data on biomass-burning 

aerosols and cloud-related meteorological conditions. An Aerosol-Cloud Microphysics Monitoring System, including Cloud 

Droplet Probe (CDP) and 11-D Optical Particle Counter, was deployed to provide high-resolution measurements of aerosol 

and cloud size distribution and number concentration (Fig. 1 (a)). Combined with the basic atmospheric measurements and 130 

aerosol system at LABS, a comprehensive list of all observed parameters is provided in Table 1. 

CDP is a forward-scattering spectrometer manufactured by Droplet Measurement Technologies (DMT). It is designed 

to be lightweight and mounted on airborne platforms, enabling measurements of cloud droplet number concentration and size 

distribution. Therefore, a ducted facility is necessary to ensure the required airflow velocity when CDP is positioned on the 

ground (Fig. 1 (b)). CDP uses a 658 nm single-mode diode laser to detect forward-scattered light at angles between 4° and 12° 135 

from cloud droplets passing through the laser beam’s effective sampling area of 0.267 mm². Based on Mie scattering theory, 

the instrument retrieves the size of cloud droplets with diameters ranging from 2 μm to 50 μm. According to Lance (2012), 

CDP exhibits an overall uncertainty of 20 to 30 % when cloud number concentration reaches 500 cm -3, with a tendency to 

underestimate the number of cloud droplets and overestimate the size cloud droplets. During the observation period, CDP 

instrument required regular cleaning of its optical windows, with more frequency wiping necessary during rainfall. The raw 140 

data are recorded at a temporal resolution of 1 Hz and averaged to 1-minute intervals for comparison with aerosol size 

spectrometers and meteorological data from LABS. All measurements were also corrected for variations in airflow velocity 

within the wind duct, which can be affected by ambient wind.  

The 11-D optical particle counter is a portable instrument developed and manufactured by Grimm Aerosol Technik, 

Germany. Figure 1 (c) shows the instruments’ appearance during the field campaign. 11-D utilizes a diode laser with a narrow 145 

wavelength band and automatically adjusts the flow rate according to the ambient pressure. The receiver analyses the intensity 

of light scattered by aerosols within the airflow, subsequently deriving the aerosol number concentration and size distribution 

across 31 size bins ranging from 0.253 μm to over 35.15 μm diameters, and also provides results of aerosol mass concentrations 

(i.e., PM10, PM4, PM2.5, and PM1). As part of the Aerosol-Cloud Microphysics Monitoring System, a drying tube is employed 

to ensure that the relative humidity remains below 40% during sampling. The detection limit of the 11-D for mass concentration 150 

is 100,000 μg m-3, while for number concentration, it is 3,000 cm-3. Ardon-Dryer et al. (2022) reported that the 11-D exhibits 

an uncertainty of ±3 % when the number concentration exceeds 500 cm-3. The PM2.5 and PM10 measurements from the 11-D 

were compared with hourly data from the 1405-DF TEOM Continuous Dichotomous Ambient Air Monitor at LABS. The root-

mean-square error (RMSE) was 3.76 for PM2.5 and 2.97 for PM10, with both variables showing a coefficient of determination 
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(R2) of 0.9, indicating good agreement. Therefore, the PM2.5 data used in this study are based on the 11-D observations, and 155 

the raw data have a temporal resolution of 6 seconds, which were merged into 1-minute averaged data.  

The aerosol optical properties were analysed using the aerosol system deployed at LABS. The aerosol system includes 

a TSI 3563 nephelometer and a Continuous Light Absorption Photometer (CLAP) to investigate aerosol optical characteristics. 

TSI 3563, which is manufactured by TSI, is capable of measuringcan measure the scattering coefficient and backward 

scattering coefficient for PM10 and PM1 at wavelengths of 450 nm, 550 nm, and 700 nm. CLAP is a compact instrument that 160 

has been designed by NOAA's Global Monitoring Division (GMD). It is well known for its capacity to conduct continuous 

long-term monitoring and to measure the absorption coefficients of PM10 and PM1 at wavelengths of 467, 528, and 652 nm. 

By integrating the data from TSI 3563 nephelometer and CLAP, further calculations of aerosol optical properties such as the 

Absorption Ångstrom Exponent (AAE), Scattering Ångstrom Exponent (SAE), and Single Scattering Albedo (SSA) can be 

derived for a more comprehensive analysis. The aerosol system was equipped with a heated drying unit at the inlet, maintaining 165 

the relative humidity of the sampled air below 40%. Therefore, even during cloud events, the measurements represent the 

properties of dry aerosols. Similarly, the 11-D system also used a drying tube at the inlet (Fig. 1 (c)) to keep the relative 

humidity of the sampled air below 40%. In this study, all aerosol measurements represent dry aerosols and include both 

interstitial aerosols and in-droplet aerosols. 

2.3 Definition of Warm Cloud 170 

Gultepe and Isaac (1999) proposed that extremely low number concentrations observed by cloud droplet spectrometers 

might be attributed to aerosols or dust in the environment rather than to cloud droplets. However, the minimum effective value 

should be adjusted according to cloud type and in-cloud number concentration to prevent distortion of the average calculation. 

Over the past two decades, studies utilizing cloud droplet spectrometers have defined the minimum effective value for low-

level clouds as a droplet number concentration of 10 cm-3, with liquid water content constrained to a concentration range 175 

between  0.001 and 0.01 g m-3 based on the expected visibility of either thick or thin cloud layers (D'Alessandro et al., 2021; 

Deng et al., 2009; Koike et al., 2019; Yang et al., 2019). Deng et al. (2009) conducted research on warm clouds in the East 

Asian region and reported an average cloud droplet number concentration of 193 cm-3 for the observed middle to low cloud 

families. This study analyses the aerosol-cloud interactions observed at LABS for low-level warm clouds, defining the warm 

cloud data based on previous studies' thresholds for cloud droplet spectrometer sampling (Deng et al., 2009; Yang et al., 2019) 180 

as a droplet number concentration of ≥ 10 cm-3, liquid water content of ≥ 0.001 g m-3, and an ambient temperature greater than 

0°C. 

During spring, amounts of biomass burning aerosols from the Southeast Asian Peninsula is lifted into the free atmosphere 

through the convergence of low-level tropospheric air and transported to East Asia and the western Pacific by a low-level jet 

(LLJ) generated by frontal structures at an altitude of 700 hPa (Huang et al., 2020; Lin et al., 2013; Yen et al., 2013). Satellite 185 
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imagery and surface chart show (Fig. 2 (a), (b)) that the passing of fronts carries abundant moisture from inland China towards 

East Asia and the western Pacific on March 7, 2024, demonstrating that the location of the cloud system lies north of the 

biomass burning hotspot, leading to mixing during the transport process. To minimize the variability in aerosol composition 

and cloud types, satellite imagery and surface charts (Fig. 2 (a), (b)) were used to ensure that the observed warm cloud data 

were associated with frontal systems. In addition, this study employed the NOAA HYSPLIT model to generate 3-day backward 190 

trajectories, MODIS fire hotspot data from Terra and Aqua (Fig. 2 (c)), and lidar observations deployed by the Taiwan Ministry 

of Environment in central Taiwan (Fig. S1) as supporting evidence to assess the potential impact of long-range transport of 

biomass-burning aerosols. The results indicate that, during the cloud events, air masses surrounding LABS may have traversed 

affected regions, such as the southern coastal areas of China and the Southeast Asian Peninsula, while the fire hotspot data 

further highlight the Southeast Asian Peninsula as potential major sources of biomass burning during this period. 195 

2.4 Aerosol-Cloud Interaction Index 

In the comparison of the relationship between cloud microphysics and aerosol concentration variations, the Aerosol-

Cloud Interaction (ACI) index was first proposed by Kaufman and Fraser (1997) to quantify aerosol effects on cloud 

microphysics. The ACI index is defined as the ratio of the change in cloud droplet effective radius (re) to the change in aerosol 

optical depth (AOD), as expressed in Eq. (1). To minimize observational errors caused by different instruments and locations, 200 

Feingold et al. (2001) further revised the formulation into Eq. (2), which has been widely adopted in subsequent studies (Chen 

et al., 2021; Lihavainen et al., 2010; McComiskey et al., 2009; Zheng et al., 2020). 

𝐴𝐶𝐼 =
∆𝑟𝑒

∆𝐴𝑂𝐷
 ,                                                                                                                                                                                (1) 

𝐴𝐶𝐼 = −
𝐴𝑂𝐷

𝑟𝑒

∆𝑟𝑒

∆𝐴𝑂𝐷
 = −

𝑑 𝑙𝑛 𝑟𝑒

𝑑 ln 𝐴𝑂𝐷
 ,                                                                                                                                                (2) 

Based on satellite remote sensing assumptions such as 𝐶𝑂𝑇 ∝  𝑁𝑑

1

3 and 𝑟𝑒  ∝  𝐿𝑊𝑃
𝐶𝑂𝑇⁄ , regarding cloud microphysical 205 

variables (Stephens, 1978; Twomey, 1977), the relationship can be extended to Eq. (3) to (5) (Lihavainen et al., 2010; 

McComiskey et al., 2009). Therefore, when comparing the ACI index, it is necessary to constrain the analysis to similar LWC 

conditions to ensure consistency across different parameters. This serves as a constraint when comparing metrics such as cloud 

effective radius or cloud optical thickness. More intuitively, without fixing LWC, variations in cloud effective radius or optical 

thickness may reflect intrinsic changes in cloud systems rather than the influence of aerosol concentrations. 210 

𝐴𝐶𝐼𝑁𝑑,𝛼 =
1

3
(

𝜕 ln 𝑁𝑑

𝜕 ln 𝛼
) ,                                                                                                                                                                   (3) 

𝐴𝐶𝐼𝐶𝑂𝑇,𝛼 =
𝜕 ln 𝐶𝑂𝑇

𝜕 ln 𝛼
|

𝐿𝑊𝑃
 ,                                                                                                                                                               (4) 
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𝐴𝐶𝐼𝑟𝑒,𝛼 = −
𝜕 ln 𝑟𝑒

𝜕 ln 𝛼
|

𝐿𝑊𝑃
 ,                                                                                                                                                                (5) 

Here, Nd is the cloud droplet number concentration, COT is the cloud optical thickness, and LWP is the liquid water 

path, while α refers to proxies for CCN number concentration, such as AOD, aerosol index (AI), sulphate mass concentration, 215 

PM2.5, or aerosol number concentration (Na). In contrast, McComiskey et al. (2009) indicated that the cloud number 

concentration emphasizes the activation process from aerosol to cloud droplet. This metric, particularly when direct 

measurements of droplet number are available, does not rely on the fixed-LWC assumption.  While Eq. (3) simplifies the cloud 

microphysical processes to some extent, it adequately captures the relationship between changes in aerosol number and cloud 

droplet number concentrations. Theoretically, when all added aerosol particles are activated and grow into cloud droplets, the 220 

derivative 
𝜕 ln 𝑁𝑑

𝜕 ln 𝛼
 equals 1. Therefore, within the defined range, 0 < ACI ≤ 0.33 represents the reasonable interval for the 

microphysical process of aerosol particles growing into cloud droplets. In recent years, the calculation formula derived from 

the ACI index has been increasingly regarded as one of the approaches to quantify the sensitivity of cloud systems to aerosol 

perturbations (Liu et al., 2024; Ma et al., 2018). In particular, the Nd-to-aerosol susceptibility provides a straightforward 

representation of the relationship between aerosol variations and changes in cloud droplet number (Quaas et al., 2020), thereby 225 

giving the index a clear physical meaning. 

Nevertheless, the variability in atmospheric conditions and the complexity of aerosol composition may lead to ACI index 

values that exceed the expected range or even become negative. This paper posits that negative ACI index values are not 

inherently meaningless, nor are they solely influenced by factors external to aerosols, particularly when considering the 

physical implications of Eq. (3). In certain cases, absorbing aerosols can significantly alter ambient temperature, thereby 230 

reducing relative humidity, which makes the environment less conducive to cloud droplet formation (Boucher et al., 2013; 

Johnson et al., 2004; Koch and Del Genio, 2010; Schultze and Rockel, 2018). More extreme examples of this phenomenon are 

frequently observed in cloud seeding studies, where competing effects between hygroscopic seeded aerosols and natural 

aerosols are noted. Since larger cloud condensation nuclei (CCN) require less supersaturation to form droplets, all available 

moisture tends to accumulate in the larger CCN, forcing smaller CCN to evaporate or remain inactive (Segal et al., 2007; Segal 235 

et al., 2004). Whether through direct effects from changes in aerosol number concentrations or indirectly via increased 

temperature from aerosol absorption, the interplay between the aerosol load and supersaturation can lead to scenarios where 

an increase in aerosol concentration coincides with a decrease in cloud droplet numbers. When the observed data being 

compared are based on similar weather conditions and the light-absorbing properties of aerosols are further established, a 

negative ACI index value has physical significance.  240 

Nd, re, Na, and PM2.5 were all derived from in-situ instruments in this study. Given the advantages of ACINd
 metrics, this 

study primarily adopts Eq. (3) as the basis for calculating the ACI index. Additionally, Sect. 3.4 presents supplementary 

analyses using ACI𝑟𝑒
 (Eq. (5)) calculations under constrained LWC conditions for comparison. However, due to the size range 
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limitations of the 11-D instrument, aerosols smaller than 0.253 μm are not detected, leading to a noticeable underestimation of 

Na values. Thus, in calculating ACI index, the variation in PM2.5 is primarily used as a proxy for aerosol concentration changes. 245 

2.5 Cloud-Aerosol Mixing Ratio 

In order to better explain the nonlinear relationship of aerosol concentration and the amount of water content in the cloud 

system without constraint LWC, it is essential to consider both cloud water content (i.e., LWC, Nd) and aerosol concentration 

(i.e., PM2.5, Na) when analysing aerosol effects.  

Therefore, this study introduces a ratio-based index to quantify the relationship between cloud water content and aerosol 250 

concentration. Drawing on the meteorological concept of mixing ratio, which is the ratio of water vapor to dry air, this study 

calculates the ratios of measured aerosol and cloud droplet mass and number concentrations to assess aerosol loading in cloud 

systems relative to liquid water content. Equations (6) and (7) define the mass concentration mixing ratio (MCr) and number 

concentration mixing ratio (NCr), representing the amount of cloud liquid water per unit aerosol mass and the number of cloud 

droplets per unit aerosol number concentration, respectively. It is important to note that due to the underestimation of Na in the 255 

11-D measurements (only aerosols within the instrument’s measurement size range (0.253-35.15 μm) were included in the 

particle number calculation), the study primarily focuses on MCr for quantitative analysis. Furthermore, relative humidity 

(RH) was not included in the mixing ratio calculations owing to limitations in measurement capabilities. When the ambient 

RH approaches saturation (~100%), the sensitivity of existing instruments to subtle variations diminishes significantly. 

However, aerosol activation processes under such near-saturated conditions, such as crossing the critical threshold on the 260 

Köhler curve, are highly sensitive to these minor differences (Klemm and Lin, 2016). Furthermore, conventional relative 

humidity instruments cannot capture variations atunder supersaturated conditions (RH > 100%). While LWC also does not 

directly quantify supersaturation, it provides a more quantitative representation of the resulting cloud water after a series of 

processes such as air mass mixing, aerosol activation, and subsequent cloud droplet growth or dissipation. 

MCr = 𝑙𝑜𝑔 (
𝐿𝑊𝐶×106

𝑃𝑀2.5
) ,                                                                                                                                                                (6) 265 

NCr = 𝑙𝑜𝑔 (
𝑁𝑑

𝑁𝑎
) ,                                                                                                                                                                         (7) 

2.6 Selection of Time Interval Resolution 

Within a cloud event, the continuous variation in cloud microphysical properties often exhibits strong temporal 

correlations, effectively capturing the impact of environmental perturbations and indicating whether the increased aerosol 

particles have been activated. In addition, to avoid the influence of rapid meteorological changes associated with frontal 270 

progression, the Standard Error of Mean (SEM) was used to determine an appropriate temporal scale for analysing ACI index, 

MCr, and NCr from continuously observed data. SEM illustrates the relationship between the mean calculated from a sample 
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size n and the standard deviation σ of the data within that sample. Wang et al. (2021) used the average SEM (Eq. (8) to identify 

an appropriate spatial resolution for observational values. The SEM values of PM2.5, LWC, and Nd under different temporal 

scales were calculated (Fig. 3), ensuring that the differences between different sampling intervals are minimized while also 275 

avoiding excessively long-time intervals that could be influenced by significantly different weather conditions. 

𝑆𝐸𝑀̅̅ ̅̅ ̅̅ =
𝜎

√𝑛

̅  ,                                                                                                                                                                                   (8) 

Figure 3 (a) shows that when the time resolution of the observational data is less than 60 minutes, the average SEM for 

PM2.5, LWC, and Nd is large and decreases rapidly as the time interval increases. However, beyond 60 minutes, the decrease 

approaches a linear trend, and the differential results exhibit significant variation before and after the 60-minute mark (Fig. 3 280 

(b). Consequently, this study adopts a resolution of 60 minutes, calculating the moving averages of PM2.5, LWC, and Nd for 

continuous cloud events in 60-minute intervals, while excluding the first 30 minutes and the last 30 minutes of the cloud event 

for ACI index calculations. Simultaneously, when calculating the moving averages, it is necessary to have a sufficient duration 

and continuous occurrence of cloud events. Accordingly, in the subsequent analysis of the temporal variations of aerosols and 

cloud microphysics, the calculations for MCr, NCr, and ACI will be based on data from continuous cloud events lasting more 285 

than three hours. The start and end times and the mean of PM2.5, LWC of each cloud event are presented in Table 2. 

3 Result and Discussion 

3.1 Aerosol Optical Properties 

Figure 4 presents the aerosol observations from the LABS aerosol system, with the corresponding meteorological 

information shown in Fig. S2. In this section, the aerosol optical properties of aerosols are analyzed using PM10 measurements 290 

from the aerosol system, whereas PM2.5 observations from the 11-D instrument are primarily used in the other sections. The 

gray-shaded intervals denote continuous cloud events lasting more than three hours and detected by CDP (Table 2). Based on 

the absorption and scattering coefficients as well as aerosol mass concentrations (Fig. 4 (a), (b) and Fig. S2 (d)), it is evident 

that during cloud events accompanied by significant precipitation (Fig. S2 (d)), aerosol concentrations decreased due to 

washout effect. However, in periods without precipitation signals prior to 10 March, aerosol concentrations clearly increased, 295 

indicating continuous long-range transport of aerosols to the LABS region. Overall, higher pollutant levels were observed 

during the early stage of the cloud event on March 1 (Event 1), both the early and late stages of the event on March 7 (Event 

2), and throughout the event on March 9 (Event 3). In contrast, lower concentrations occurred during the precipitation periods 

on March 1 and March 7, and during the cloud events on March 10 and 11 (Event 4 and Event 5). 

Further analysis was conducted using AAE and SAE to evaluate the light absorption and scattering abilities of aerosols 300 

at blue and red wavelengths (Fig. 4 (c), (d)). Except for the Event 1, when the mean AAE value was significantly lower than 

1 (0.61 ± 0.12), the average AAE during other cloud events was close to 1, suggesting minimal wavelength dependence of 
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aerosol absorption. The SAE remained relatively stable throughout the observation period but showed a slight decrease on 

March 9 (1.47 ± 0.01), possibly indicating the presence of coarse-mode aerosols related to local sources. The single-scattering 

albedo (SSA), used to evaluate the overall aerosol absorption capacity (Fig. 4 (e)), was generally below 0.9 during most of the 305 

observation period except on March 12. Notably, no significant correlation was found between SSA values and aerosol 

concentrations before and after cloud events, suggesting that despite effects of wet deposition, the proportion of light-absorbing 

aerosols within the total aerosol population remained relatively consistent. In some cloud events (Events 2 and 5), SSA even 

decreased during precipitation (Fig. S2 (d)), indicating an increased fraction of absorbing aerosols, likely due to the relatively 

hydrophobic nature of black carbon (Hilario et al., 2022; McMeeking et al., 2011; Ohata et al., 2016; Pöhlker et al., 2023), 310 

which reduces its susceptibility to wet removal compared to more hygroscopic components. 

The overall mean  of SSA for the entire field campaign was 0.87 ± 0.02, consistent with the values reported in previous 

studies conducted under the influence of biomass-burning aerosols, which typically ranged from 0.77 to 0.87 depending on 

transport distance (Davies et al., 2019; Hsiao et al., 2017; Taylor et al., 2020; Wu et al., 2020). Combining AAE, SAE, and 

SSA data, and applying the aerosol classification method developed by Cappa et al. (2016) and Schmeisser et al. (2017) for 315 

NOAA aerosol systems (Fig. 5), the results suggest that the aerosols observed during the entire study period exhibited optical 

characteristics typically associated with black carbon type. 

3.2 Cloud Microphysical Characteristics Under Different Aerosol Loads within Cloud Systems 

To compare the impact of aerosol loading on cloud microphysical characteristics within cloud systems, PM2.5 values 

measured concurrently with the warm cloud observation data served as the distinguishing criterion. Because LABS is situated 320 

at a high altitude within the free atmosphere, the variability in pollutant concentrations is markedly different from that in the 

boundary layer dominated by anthropogenic emissions. As a result, conventional air quality indices may not adequately capture 

the magnitude of aerosol loading observed at the site. Therefore, this research categorized the data into ten groups, each 

containing an equal number of data points, to facilitate comparisons while minimizing statistical errors caused by varying 

dataset sizes. 325 

Figure 6 (a) shows the aerosol loading in the environment, ranging from low to high. The maximum mean value of Nd 

(370 cm-3) was observed when the PM2.5 concentration ranged between 1.4 and 2.6 μg m-3 (Fig. 6 (a)), whereas LWC reached 

the maximum mean value (0.219 g m-3) within the lower PM2.5 concentration range of 0.4-1.4 μg m-3(Fig. 6 (c)). Notably, 

when PM2.5 ≥ 2.6 μg m-3, both Nd and LWC exhibited a decreasing trend as environmental aerosol concentrations increased. 

The variation in effective diameter (ED) can be characterized by a threshold at PM2.5 = 5.7 μg m-3 (Fig. 6 (b)). When PM2.5 330 

concentrations were below this value, ED decreased with increasing aerosol loading. However, when PM2.5 ≥ 5.7 μg m-3, ED 

maintained an average size or slightly increased despite the higher aerosol concentration. A further comparison of weather 

data across different PM2.5 concentration ranges revealed that when PM2.5 ≥ 21.7 μg m-3, the average temperature (4.3°C, Fig. 

6 (d)) and specific humidity (7.0 g kg-1, Fig. 6 (f)) reached the lowest values, possibly constrained by specific time and weather 
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conditions. Additionally, relative humidity (Fig. 6 (e)) displayed a decreasing trend with increasing environmental aerosol 335 

loading, and the standard deviation of relative humidity increased, reaching the lowest value (93.4%) and the highest standard 

deviation (7.1%) between PM2.5 concentrations of 16.4 and 21.7 μg m-3.The results from the combined analysis of cloud 

microphysical data and weather data indicate that the variations in aerosols and cloud microphysics described by the Twomey 

effect (Twomey, 1974, 1977) are more pronounced when PM2.5 levels are below 4.2 μg m-3. Compared with environments 

where PM2.5 ≥ 5.7 μg m-3, those with extremely low aerosol concentrations (PM2.5 < 2.6 μg m-3) exhibited noticeably higher 340 

LWC, highlighting the substantial differences in cloud liquid water among different aerosol loading conditions. The range of 

PM2.5 between 2.6 and 5.7 μg m-3 appeared to represent a transitional phase. In environments with relatively low average 

aerosol concentrations, higher LWC coexisted with higher Nd and lower ED values, indicating that sufficient water availability 

allowed more aerosol particles to be activated.  It is important to note that while LWC does not directly equate to the levels of 

supersaturation within the cloud system, higher LWC values imply that the initial conditions within the cloud system indeed 345 

provided sufficient moisture to support aerosol activation and continued growth. In the high aerosol loading environment 

(PM2.5 ≥ 5.7 μg m-3), increased aerosol concentrations result in a decrease in Nd and a slight increase in ED, indicating that 

cloud droplets are more likely to dissipate, with liquid water becoming more concentrated in larger droplets. Under the 

classification scheme adopted in this study, it is evident that cloud microphysical characteristics differ significantly when PM2.5 

concentrations are above or below 4.2 μg m-3, demonstrating that the impact of light-absorbing aerosols on cloud systems is 350 

not monotonic. Instead, it reveals nonlinear interactions between aerosol loading and cloud microphysical characteristics.  

3.3 Relationship between Cloud-Aerosol Mixing Ratio and ACI Index in Continuous Cloud Events 

The start and end times of continuous cloud events are shown in Table 2, which allows for an analysis of the cloud 

microphysical responses as aerosol concentrations fluctuate over time. Figure 7 presents MCr values calculated using the 

average LWC and PM2.5 values from each 60-minute period, NCr values derived from Nd and Na, and the ACI index calculated 355 

from aerosol and cloud microphysical data within each 60-minute interval (see Sect. 2.6). The results indicate that only 

approximately 13% (351 out of 2608 data points) of the selected continuous cloud events display a positive ACI index value. 

Of these, over 95% (334 out of 351) occurred in regions where MCr exceeded 4.5 (with the minimum MCr value within the 

reasonable range for ACI index > 0 being 4.64), especially when positive ACI values within the reasonable range (0-0.33, Fig. 

7). This finding suggests that under the influence of high aerosol concentrations, cloud systems tend to adjust by reducing the 360 

cloud droplet number concentrations most of the time. As shown in Figure S3, the distribution of NCr-ACI reveals a similar 

tendency to that observed in the MCr-ACI relationship. After constraining aerosol properties and meteorological conditions, 

negative ACI index can be meaningfully interpreted (as described in Sect. 2.4). However, most of the previous studies have 

focused only on positive region. It is important to note that negative values do not have a defined “reasonable range”, they 

simply indicate that an increase in aerosol concentration is accompanied by a decrease in cloud droplets number. The physical 365 

mechanism can be understood in the following way. In cloud systems with higher liquid water content, precipitation is often 
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present, leading to enhanced wet deposition of aerosol particles and consequently lower average aerosol concentrations within 

the clouds. In contrast, when high concentrations of light-absorbing aerosols are present, they tend to warm the environment 

and reduce relative humidity (see Section 3.5 for details), which suppresses supersaturation and ultimately promotes cloud 

droplet evaporation, resulting in reduced liquid water content. 370 

Comparative analysis among individual cloud events reveals several notable trends (Fig. 7). All events show a consistent 

relationship between MCr and ACI, where smaller ACI values (more negative) correspond to lower liquid water content per 

unit aerosol abundance (i.e., smaller MCr). A closer examination of cases with MCr > 4.5 shows that 31% of ACI values (135 

data points) are positive in Event 2, and 93% (148 data points) are positive in Event 4. In contrast, although ACI values in 

Events 1 and 5 tend to increase with MCr, most of them remain negative. These findings suggest that short-term variations in 375 

cloud systems are more sensitive to environmental changes induced by absorbing aerosols, where increased aerosol loading 

can lead to the dissipation of cloud droplets. It is noteworthy that although Event 3 exhibited relatively high mean LWC (the 

second highest among the five consecutive cloud events), it occurred under high aerosol loading conditions (Table 2). 

Consequently, the liquid water content per unit aerosol abundance was relatively low (MCr ≈ 4; Fig. 7), and the calculated 

ACI values remained negative throughout the event (Fig. 7). This result suggests that aerosol-cloud interactions under the 380 

influence of absorbing aerosols cannot be interpreted solely based on aerosol concentration. In particular, since the liquid water 

content varies substantially among real world cloud events, MCr provides a more representative measure of the actual aerosol 

loading within clouds. 

3.4 MCr and Aerosol Affect Cloud Microphysics 

In Sect.3.3, temporal analysis revealed a positive correlation between the cloud-aerosol mixing ratio and ACI index. To 385 

further clarify this relationship, different MCr thresholds were applied as screening criteria (Fig. 8) to identify suitable divisions 

that distinguish conditions under which aerosols in cloud systems exist in liquid-water-sufficient environments (where the 

Twomey effect tends to dominate) and those in liquid-water-limited environments (where the semi-direct effect prevails). As 

shown in Fig. 8, the results remain highly consistent regardless of whether PM2.5 or Na is used as the aerosol variable (α) in the 

ACI index calculation. The data above the threshold value are considered indicative of sufficient liquid water content. In this 390 

subset and the threshold exceeds 4.5, the ACI values range from 0.08 to 0.12 (Fig. 8 (a)), the correlation coefficients (r) are 

consistently near 0.6 (Fig. 8 (b)), and the RMSE remains low (Fig. 8 (c)), indicating stable performance. Overall, under 

conditions of relatively abundant liquid water, the tendency for both aerosol concentration and cloud droplet number to increase 

appears largely insensitive to variations in the threshold. In comparison, Chen et al. (2021) reported ACI values of 0.09 in 

suburban areas and 0.06 in polluted regions of northern Taiwan regarding the impact of aerosols on cloud water; McComiskey 395 

et al. (2009) found ACI values in California ranging from 0.04 to 0.15; and Lihavainen et al. (2010) reported ACI values in 

high-latitude regions of the Northern Hemisphere between 0.01 and 0.17. The ACI calculated in this study is within a 

reasonable range. Relatively, data below the threshold exhibit poor separation of aerosol influence when MCr < 4.1. It is not 
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until the threshold reaches approximately 4.3 that the lower group shows clearly negative ACI values. These findings, when 

combined with previous observations of cloud microphysical trends for aerosol concentration and liquid water content, confirm 400 

that an MCr threshold of 4.5 not only retains a greater amount of data within the regime of sufficient liquid water content, but 

also effectively distinguishes between different data clusters. Given the size and distribution of the observational dataset, the 

subsequent analysis is conducted using two representative MCr intervals: [3, 4.5] (1,374 data) and [4.5, 6] (1,069 data), which 

also helps minimize potential meteorological interference under extreme conditions. 

Figure 9 further presents the distribution results of ln(PM2.5) and ED, along with the ACIre
 calculated for different LWC 405 

ranges after distinguishing based on MCr. The analysis of all observational data indicates that under LWC constraints, ACIre
 

ranges between 0 and 0.03 (Fig. 9 (a)). Despite the positive ACI index, the weak correlation coefficients make it difficult to 

demonstrate that aerosol effects consistently produced the same impact on cloud microphysics. Under the condition where 

MCr is limited to between 4.5 and 6 (Fig. 9 (b)), it is observed that as PM2.5 concentration increases, ED gradually decreases 

within the same LWC range. The calculation of ACIre
 shows an improved correlation coefficient, particularly when the LWC 410 

ranges from 0.1 to 0.2 g m-3, where ACIre
 is 0.08 (r = 0.55). This is comparable to the ACI index derived from Nd under the 

same constrained MCr condition. The consistency between the calculated results of ACINd
and ACIre

 suggests that Twomey 

effect (Twomey, 1974, 1977) is the dominant mechanism within this range. 

Conversely, when MCr is within the range of 3 to 4.5 (Fig. 9 (c)), the results from ACIre
 indicate that changes in ED 

actually increase with rising PM2.5 concentrations. This further supports the notion that the impacts of absorbing aerosols on 415 

cloud systems vary with different loading conditions. Under high absorbing aerosol loading, the increase in ED indicates a 

decrease in small cloud droplets in the environment, while the slight decrease in Nd suggests the dissipation of these small 

droplets. This outcome could be attributed to the role of absorbing aerosols in raising temperatures and reducing relative 

humidity by absorbing shortwave radiation (Bond et al., 2013; Haywood et al., 2021; Zhang and Zuidema, 2021).  

3.5 Difference in Cloud Droplet Size Distribution 420 

This section explores the differences in cloud droplet characteristics under high and low aerosol concentrations within 

different MCr ranges, and conducts comprehensive analysis. Figure 10 displays the frequency of cloud microphysical 

properties based on MCr grouping. For each group, data were further separated into high and low aerosol loading based on the 

median PM2.5 concentration. In MCr [4.5, 6], high aerosol loading yields a markedly higher frequency of Nd between 300-

600 cm⁻³ compared with both the overall observations and the low-aerosol subset (Fig. 10 (c)). In the frequency distribution 425 

of ED (Fig. 10 (b)), it was also found that frequencies below 12 μm are significantly higher, which is consistent with the results 

in Sect. 3.4. In the MCr [3, 4.5] range with high aerosol load, the difference in cloud droplet number concentration is not as 

pronounced (Fig. 10 (f)); however, the ED results indicate that droplets smaller than 10 μm diameters are more frequent under 

low aerosol load (Fig. 10 (e)), while the high aerosol load resembles the overall observation results. 
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The frequency distribution of LWC indicates that within the constrained MCr [4.5, 6], the occurrence of LWC values 430 

exceeding 0.15 g m-3 is noticeably higher (Fig. 10(a)). Conversely, in MCr [3, 4.5], cloud events with lower LWC appear more 

frequently, especially under low aerosol loading (Fig. 10 (d)). A comparison of the frequency distributions of ED and Nd 

reveals that variations in droplet size, rather than droplet number concentration, primarily account for the differences in LWC 

across these regimes. However, restricting the LWC range is necessary to reduce uncertainties when assessing aerosol effects 

on droplet size.  Considering weather conditions, Table 3 shows the mean value of temperature, relative humidity, specific 435 

humidity in different constraint conditions. In the high aerosol loading of MCr [3, 4.5],  the temperature is higher, the moisture 

content is greater, but the relative humidity is lower, aligning with the description of the semi-direct effect. On the other hand, 

the lower specific humidity observed under low aerosol loading suggests a reduced availability of water vapor, which may be 

one of the contributing factors to the smaller cloud droplet sizes. 

Figure 11 presents the average distributions of aerosol and cloud droplet sizes, while Figure 12 further illustrates 440 

observations within the LWC range of 0.1-0.2 g m-3. From the comparison chart for MCr [4.5, 6] (Fig. 11 (a)), it is observed 

that aerosol particles are primarily maintained below 5 μm, with an overall lower concentration. Under high aerosol load, there 

is an apparent increase in smaller cloud droplets. However, as shown in Fig. 10 (a), higher aerosol loading is often associated 

with greater LWC, with elevated average LWC also observed (0.25 and 0.19 g m-3 are the means in high and low aerosol load). 

Likewise, more cloud droplets larger than 20 μm are observed under high aerosol load. When LWC is restricted (Fig. 12 (a)), 445 

the aerosol size distribution remains similar except for fewer particles larger than 2.5 µm. Under high aerosol loading, an 

increase in cloud droplets smaller than 12 μm is observed, while the larger droplets (> 12 μm) markedly decrease. Constraint 

LWC (Fig.12 (a)) more clearly characterizes the Twomey effect, illustrating how aerosol particle concentrations influence the 

droplet size distribution, in particular, there are minimal differences between high and low aerosol pollution in terms of weather 

conditions (Table 3). 450 

In MCr [3, 4.5], Figure 11 (b) first reveals that under low aerosol loading, only fine-mode aerosol particles are present. 

Examining the cloud droplet size distribution, more droplets smaller than 10 μm are observed under low aerosol loading, while 

the number of droplets larger than 10 μm sharply decreases. Notably, the total Nd under low aerosol loading reaches 223 cm-3, 

slightly higher than the 217 cm-3 observed under high aerosol loading. Compared with the observed mean (Fig. 11 (b), black 

solid line), cloud droplets smaller than 10 μm under low aerosol loading exceeds the average. In contrast, for cloud droplets 455 

larger than 10 μm, the number remains below the mean regardless of aerosol loading. The differences from the original 

conditions become less pronounced when LWC is constrained (Fig. 12 (b)). Focusing on high aerosol loading results, the 

number of small cloud droplets shows lower than in both average (the black line represents the observation average for LWC 

0.1-0.2 g m-3) and low aerosol loading cases. On the other hand, under low aerosol loading, the number of large droplets (> 12 

μm) is less compared to the average and high aerosol loading scenarios. Overall, around the 10 μm threshold remains a clear 460 

dividing point.  
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A comprehensive comparison under different cloud-aerosol mixing ratios, aerosol loadings, and meteorological 

conditions reveals that in the MCr range of [4.5, 6], the Twomey effect can be clearly and consistently described through 

changes in the cloud droplet size distribution. In contrast, within the MCr range of [3, 4.5], the interpretation becomes more 

complex. Cloud droplet size distributions can be explained by  Köhler curve, coarse-mode aerosols under high aerosol loading 465 

can more easily activate and grow into larger droplets under lower supersaturation conditions, while smaller droplets are more 

prone to evaporation (Klemm and Lin, 2016). Although this study does not directly measure supersaturation levels, the 

observed results—characterized by higher temperatures and lower relative humidity—align with the theoretical framework of 

the semi-direct effect. 

4 Conclusion 470 

This study applies the cloud-aerosol mixing ratio to systematically evaluate the interplay between cloud liquid water and 

aerosol content.  In particular, these ratios quantify the amount of liquid water per unit mass of aerosol and provide a more 

integrated perspective for distinguishing microphysical responses under different environmental conditions, highlighting when 

aerosols are more likely to be activated or when cloud droplets tend to be suppressed. Based on cloud and aerosol microphysical 

data collected in March 2024 at the Lulin Atmospheric Background Station (LABS) in central Taiwan, we identify a nonlinear 475 

relationship between aerosol concentration and cloud microphysical properties. In a comparative analysis involving 10 data 

groups stratified by both PM2.5 concentration levels and sample size considerations, a distinct trend emerged: in the low-

concentration (PM2.5 < 2.6 μg m-3), an increase in PM2.5 was associated with an increase in Nd and a significant decrease in 

ED. However, in the high-concentration when PM2.5 ≥ 5.7 μg m-3, further increases in PM2.5 corresponded to a decrease in Nd 

and a slight increase in ED. These results suggest a transition in cloud microphysical responses under elevated aerosol loading 480 

conditions. 

Building upon the nonlinear response, the subsequent analysis examined the association between the ACI index and the 

cloud-aerosol mixing ratio over a continuous 60-minute period. The results indicate that when the cloud system exhibits a 

higher mixing ratio, a continuous increase in aerosol concentration tends to result in a higher Nd. This trend is consistently 

observed in both MCr and NCr analyses. According to the distribution of the ACI index concerning MCr, only 30% of the 485 

data exhibit ACI > 0 in the MCr > 4.5 regime. This indicates that the environmental changes in temperature and humidity 

induced by the absorbing aerosol components often outweigh their potential to activate as CCN. Subsequent analyses based 

on varying MCr thresholds further confirm the appropriateness of selecting MCr = 4.5 as a critical value in this study. A further 

examination of effective diameter showed that under constrained LWC conditions, the trends of effective diameter with aerosol 

concentration differed significantly between the MCr [4.5, 6] and [3, 4.5] regimes, as reflected by the ACIre
 index. This further 490 

indicates that, at the microscale, the cloud-aerosol mixing ratio influences the key microphysical processes within cloud 

systems.  
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In the subsequent analysis, differences between high and low aerosol loads within different cloud-aerosol mixing ratio 

intervals were examined using MCr. Under MCr [4.5, 6], cloud systems more frequently exhibited higher Nd (300-600 cm⁻³) 

and smaller ED (8-12 μm). Regardless of whether LWC was constrained, the cloud droplet size distributions were more 495 

concentrated below 10 μm. These results support and reinforce the previous argument. In contrast, under the MCr [3, 4.5] 

condition, markedly different cloud microphysical characteristics were observed. At low aerosol loading, ED was often smaller 

than 10 μm, with a greater number of small droplets. At high aerosol loading, more coarse-mode aerosols were present, and 

the droplet size distribution showed a significant reduction in the number of droplets smaller than 10 μm. These subtle 

differences could be explained by Köhler theory.  500 

The overall microphysical variations in aerosol-cloud interactions can be divided into two dominant regimes, the semi-

direct effect and the Twomey effect, whose relationships with MCr are illustrated in Figure 13. A low MCr value indicates 

that each unit of aerosol within the cloud system is associated with a relatively limited amount of liquid water. Under this 

condition, the entrainment of additional absorbing aerosols is mainly governed by the semi-direct effect, resulting in the 

dissipation of small cloud droplets (Fig. 13). In contrast, a high MCr value represents an environment with abundant liquid 505 

water relative to aerosol loading, where the increase in aerosols enhances the formation of numerous small droplets through 

microphysical processes described by the Twomey effect (Twomey, 1974, 1977). Notably, all of the above analyses are 

established by simultaneously accounting for both cloud water content and aerosol concentration. Without the additional 

information provided by MCr or NCr, such variations might be obscured or even misinterpreted due to mutual interference 

between variables. The conclusions drawn in this study demonstrate the importance of incorporating cloud-aerosol mixing 510 

ratios—particularly when attempting to transition from observational phenomena to a more complete framework for 

understanding the nonlinear responses between aerosol concentrations and clouds. Fundamentally, the cloud-aerosol mixing 

ratio framework moves beyond considering the influence of aerosol emissions alone and instead incorporates the coupled state 

between aerosols and the environment or between aerosols and the cloud system. This provides a more comprehensive 

perspective for understanding the feedback mechanisms involved in aerosol-cloud interactions. Although this study, through 515 

prior screening and constraining of meteorological and aerosol conditions, ultimately converges on the role of absorbing 

aerosols, the impacts of other aerosol types and their actual in-cloud loadings at different locations around the world remain 

unresolved. Nevertheless, given the widespread availability of global PM2.5 observations, future work will be able to leverage 

extensive monitoring networks in combination with in-situ cloud-water measurements to further investigate these processes. 

 520 
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Table 1. Parameters Used in This Study. 780 

 
Manufacturer/ 

Instrument 
Parameters Acronym Unit 

Time 

Resolution 

Lulin Weather System 

MetOne, T200 Temperature T °C 

1 min 

MetOne, 092 Pressure P hPa 

MetOne, 083D Relative Humidity RH -- 

MetOne, 034B 
Wind Speed WS m s-1 

Wind Direction WD degree 

VAISALA, PWD22 Visibility -- km 

MetOne, 370 Rainfall Intensity -- mm hr-1 1 hour 

Lulin Aerosol System 

(PM10 data was used 

in this study.) 

GMD, CLAP Absorption Coefficient  -- Mm-1 

1 hour 

TSI 3563, 

Nephelometer 
Scattering Coefficient 

-- Mm-1 

-- 
Absorption Ångström 

Exponent 
AAE -- 

-- 
Scattering Ångström 

Exponent 
SAE -- 

-- 
Single Scattering 

Albedo 
SSA -- 

Aerosol-Cloud 

Microphysics 

Monitoring System 

DMT, CDP 

Cloud droplet number 

concentration 
Nd cm-3 

1 min 
Cloud Number Size 

Distribution 
CSD cm-3 

Effective Diameter ED μm 

Liquid Water Content LWC g m-3 

GRIMM, 11-D 

Aerosol Number 

Concentration 
Na cm-3 

1 min Aerosol Number Size 

Distribution 
ASD cm-3 

PM2.5 -- μg m-3 
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Table 2: the start, end local times and the mean of PM2.5, LWC of continuous cloud events (UTC +8). 

Cloud Event Start Time (LT) End Time (LT) 
Average PM2.5 

(μg m-3) 

Average LWC 

(g m-3) 

Event 1 3/1 09:37 3/1 15:40 7.8 ± 3.1 0.130 ± 0.130 

Event 2 3/7 09:16 3/8 07:28 11.4 ± 9.3 0.138 ± 0.126 

Event 3 3/9 11:07 3/9 15:27 20.3 ± 4.5 0.163 ± 0.164 

Event 4 3/10 02:13 3/10 06:00 2.3 ± 1.6 0.229 ± 0.085 

Event 5 3/11 09:47 3/12 05:21 2.5 ± 3.2 0.147 ± 0.121 
 785 

 

Table 3: Mean temperature and humidity across different conditions (bold values indicate statistically significant differences 

between the two groups according to an independent t-test (P-value < 0.05)). 

  Temperature 

(°C) 

RH 

(%) 

Specific Humidity 

(g kg-1) 

MCr [4.5, 6] 
High aerosol loading 5.8 ± 1.3 98 ± 2 7.85 ± 0.73 

Low aerosol loading 5.6 ± 1.0 98 ± 1 7.76 ± 0.53 

MCr [4.5, 6] in 

LWC [0.1, 0.2] 

High aerosol loading 5.8 ± 1.2 98 ± 1 7.83 ± 0.68 

Low aerosol loading 5.8 ± 0.9 98 ± 1 7.81 ± 0.45 

MCr [3, 4.5] 
High aerosol loading 6.4 ± 1.1 95 ± 6 7.92 ± 0.71 

Low aerosol loading 5.5 ± 1.0 97 ± 2 7.62 ± 0.52 

MCr [3, 4.5] in 

LWC [0.1, 0.2] 

High aerosol loading 6.8 ± 0.9 94 ± 6 8.02 ± 0.69 

Low aerosol loading 5.8 ± 1.1 98 ± 2 7.80 ± 0.56 
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Figure 1: (a) The setup ang Orientation diagram of Aerosol-Cloud Microphysics Monitoring System deployed at LABS during the 

2024 observation period. (b) The appearance of CDP. (c) The appearance of 11-D. 
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Figure 2: (a) Himawari 8 true color satellite image and (b) surface chart from Central Weather Administration (CWA) at 08 LT 

(UTC +8), March 7, 2024. (c) Fire points data from March 1 to March 12, 2024, were plotted together with the timing of major cloud 

events (DD_HH, LT) using 72-hour backward trajectories. Fire hotpot data were obtained from MODIS onboard Terra and Aqua, 800 
considering only those with confidence levels above 80%. The backward trajectories were calculated using the NOAA HYSPLIT 

model (GFS 0.25° × 0.25°) and displayed at 6-hour intervals. 
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Figure 3: (a) the standard error of the mean for PM2.5 (black), LWC (orange), and Nd (blue) at different time resolutions; (b) the 

differential results of the standard error of the mean. 
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 810 

Figure 4: PM10 aerosol optical properties observed by the aerosol system at LABS, the gray-shaded intervals represent continuous 

cloud events. (a) absorption coefficient; (b) scattering coefficient; (c) Absorption Ångström Exponent (AAE, red) and Scattering 

Ångström Exponent (SAE, orange); (d) Single Scattering Albedo (SSA), and gray dash line means SSA = 0.9.  
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 815 

Figure 5: Classification of PM10 aerosols at LABS from March 1 to March 12, 2024 (Classification method adapted from Schmeisser 

et al. (2017)), BC means black carbon type, BrC means brown carbon type. 
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Figure 6: Cloud microphysical and weather data categorized into 10 groups of equal sample size based on PM2.5 obtained from 11-820 
D (the data number in each group is shown below as gray bars and values). (a) Nd, (b) ED, (c) LWC from CDP observation results; 

(d) temperature, (e) relative humidity and (f) specific humidity are weather results measured at LABS. 
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Figure 7: Scatter and density plots of the MCr-ACI index for the continuous cloud events. The density plot illustrates the overall 825 
distribution of all calculated results, while the scatter plot shows the distribution of individual cloud events using different colors 

and symbols (one point shown for every 30 calculations). 
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Figure 8: (a) ACI values, (b) correlation coefficients, and (c) RMSE are calculated based on different MCr thresholds. Blue markers 830 
represent data subsets with MCr values above the given threshold, while red markers indicate those below it. Circles correspond to 

calculations using PM2.5 as α, and triangles denote those using Na as α. 
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Figure 9: Scatter plot of ln(PM2.5) and ED, along with  𝐀𝐂𝐈𝐫𝐞
 calculation results under specified LWC conditions during the 

observation period. (a) Results for all observed data; (b) MCr [4.5, 6]; (c) MCr [3, 4.5]. 835 
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Figure 10: Frequency of cloud microphysical data during the observation period and within specific MCr ranges. The red line 

represents high aerosol load conditions, where PM2.5 values exceed the median after MCr filtering; the green line represents low 

aerosol load conditions, where PM2.5 values are below the median after MCr filtering. (a), (b), and (c) respectively show the frequency 

of LWC, ED, and Nd data within the MCr range of [4.5, 6]; (d), (e), and (f) show the frequency of LWC, ED, and Nd data within the 840 
MCr range of [3, 4.5]. 
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Figure 11: Size distribution of aerosols (triangles) and cloud droplets (circles). The black line represents the mean of all observations 

during the study period (not constrained by MCr intervals). Red and green lines follow the same conditions as in Figure 10. (a) Red 845 
and green lines limited to the MCr range [4.5, 6]; (b) Red and green lines limited to the MCr range [3, 4.5]. 

 

 

Figure 12: Same as Fig. 11, but all data are limited to the LWC range of 0.1-0.2 g m⁻³, including the black line, which represents the 

mean of all observation data within this LWC range. 850 
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Figure 13: A schematic illustration showing how aerosol entrainment leads to different cloud microphysical responses under varying 

MCr conditions. 
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