
Anonymous Referee #1  

 

We appreciate the suggestion from the referee. Reviewer reports are marked in 

black font, our responses are marked in green bold font, and the changes to the 

revised manuscript are marked in blue bold font. 

 

The following provides our responses and discussions regarding the major 

comments: 

 

1. MCr = 4.5 as a transition point for Twomey and semi-direct effects: Is this valid 

only for absorbing aerosols? I think there needs to be a control case where the ACI-

MCr analysis is applied to a period characterized by scattering/non-absorbing aerosols 

(e.g., background, non-biomass burning (BB) air) to demonstrate that the semi-direct 

effect the authors observed here is strongly linked to the presence of absorbing 

aerosols. Since identifying the effect of absorbing aerosols is a central goal of the 

study, I believe a control case would be a clear demonstration that the study’s findings 

are indeed related to the semi-direct effect. 

 

We acknowledge that, without additional observational evidence, the 

transition point of MCr = 4.5 between the Twomey and semi-direct effect can 

only be considered applicable to absorbing aerosols. We agree with the 

reviewer that it is important to further examine whether MCr remains a 

meaningful indicator under the influence of other aerosol types. However, 

during our observation period, no cloud events were captured under similar 

frontal conditions in the presence of non-absorbing aerosols. In real-world 

field campaign studies, controlling for meteorological conditions is essential 

when investigating aerosol-cloud interactions. Yet, similar meteorological 

settings often imply relatively uniform aerosol sources, making it extremely 

challenging to isolate the effects of different aerosol types on cloud 

microphysics. 

In the case of our study site, LABS, most cloud events during spring 

frontal passages were associated with strongly absorbing aerosols, as 

demonstrated in the manuscript. To observe cloud events influenced by non-

absorbing aerosols, measurements would need to extend to summer season. 

However, the meteorological conditions during summer are fundamentally 

different, with cloud formation dominated by thermal convection or deep 

convection. Under such conditions, meteorological dynamics exert a much 

stronger influence than aerosols, and the role of aerosols differs greatly 



across dynamical regimes. 

Nonetheless, the fact that all cloud events captured in this study 

occurred under similar cold-frontal conditions provides a relatively 

consistent meteorological framework, allowing us to attribute the observed 

cloud-system variations robustly to the influence of absorbing aerosols, even 

without a non-absorbing aerosol control group. 

Looking forward, we agree that investigating MCr across various 

meteorological regimes, aerosol types, and observational sites worldwide will 

be essential for assessing its general applicability. Such efforts may 

ultimately help reduce the large uncertainties associated with aerosol-cloud 

interactions in current climate models. 

 

2. Regarding the possibility of “different air mass properties” (L349), the authors 

must demonstrate that the observed cloud responses are mainly due to the aerosol-

cloud mass ratio (MCr) and not shifting air mass sources/aerosol properties over the 

sampling period (e.g., shift between aerosols from local vs regional, urban vs BB). As 

an example, Fig 6 shows the observed response of cloud microphysics grouped by 

PM2.5 loading. But for a causal relationship to be established, Fig 6 implies 

consistent aerosol source/composition/properties across different PM2.5 loadings, 

which the authors must demonstrate. The authors must constrain this confounding 

variable (aerosol composition/properties) to draw more robust conclusions about the 

relationship between cloud microphysics and PM2.5 loading. Alternatively, the 

authors can demonstrate that aerosol composition/properties are roughly consistent 

across PM2.5 loadings. To do this, I suggest plotting PM10 aerosol optical properties 

from the Lulin Aerosol System grouped by 11-D PM2.5 loading. Although this is not 

a one-to-one comparison, this may at least suggest that there is some degree of 

consistency in PM properties vs. loading. 

 

We fully understand that maintaining consistent aerosol sources, 

compositions, and absorption characteristics across different aerosol 

concentration ranges is a crucial aspect of this study. Following the 

reviewer’s suggestion, we analyzed the minute-resolution data from the 

aerosol system at LABS and plotted the results in Figure A1. As shown in 

Figures A1(a) and (b), the mean differences in both AAE and SAE across 

different aerosol concentration ranges are minimal. Most data points can be 

categorized as BC-type aerosols based on the optical characteristics 

(Schmeisser et al., 2017). It is worth noting that the standard deviation of 

AAE is larger in the low-concentration range (PM2.5 < 11.1 μg m-3), which 



can be partly attributed to the increased uncertainty of the CLAP 

instrument under low absorption coefficients and high temporal resolution 

conditions (Ogren et al., 2017). For the comparison of SSA (Fig. A1(c)), the 

SSA values remain consistently below 0.9 regardless of aerosol 

concentration, indicating that the proportion of absorbing aerosols in the 

environment is relatively stable. In particular, the fraction of absorbing 

aerosols does not increase under low-concentration conditions, confirming 

that the consistency of aerosol optical properties does not affect the validity 

of the analysis in this study. Since the aerosol system at LABS is designed for 

long-term monitoring, we prefer to use hourly averaged data for better 

QA/QC reliability. Additionally, the system alternately measures PM10 and 

PM1 every 30 minutes, meaning that only up to 30 minutes of data are 

available for each size fraction per hour. This characteristic is also reflected 

in the sample counts of each group shown in Figure A1.  

According to the reviewer’s recommendation, we further analyzed the 

aerosol characteristics inside and outside of cloud events in Sect. 3.1 of the 

revised manuscript (see subsequent responses). The conclusions are 

consistent with the results in Figure A1. To keep the subsequent analysis 

more focused on the variations in cloud microphysical properties, we prefer 

to retain the original set of variables in Figure 6 of the manuscript. 



 

Figure A1: Aerosol optical properties categorized into 10 groups of equal sample 

size based on PM2.5 obtained from 11-D (the data number in each group is shown 

below as gray bars and values). (a) AAE, (b) SAE, (c) SSA. 

 

3. Washout of BB aerosol in frontal system: Won’t precipitation in frontal system 

scavenge the biomass burning aerosols? How do the authors know that the aerosols 

they’re sampling aren’t local (e.g., Kaohsiung)? While Fig 2 show trajectories 

reaching the Southeast Asian Peninsula, these trajectories do not preclude the 

possibility of local influence and do not imply that the BB aerosols were unscavenged 

during the 2-3 days of transport in the warm front. The authors must either 

demonstrate that the source of the absorbing aerosol is Southeast Asian biomass 

burning or rephrase the text on the origin of the absorbing aerosol. 

 

We address the issue of aerosol sources and characteristics based on the 

following points: 

1. Following previous studies, we focused on the peak season of biomass 



burning in the Southeast Asia Peninsula and the meteorological 

conditions most likely to influence Taiwan (Wang et al., 2007; Lee et al., 

2011; Lin et al., 2013; Yen et al., 2013; Nguyen et al., 2020). During the 

observations, potential source regions and the transport of pollutants 

were further verified using satellite data, including satellite imagery and 

MODIS AOD products, as well as backward trajectories (e.g., Fig. 2(c)). 

2. In addition, we analyzed vertical profiles from lidar instruments 

deployed by the Taiwan Ministry of Environment in the central plain 

region (Xitun: 24.16°N, 120.62°E; Douliu: 23.71°N, 120.54°E) before and 

after cloud events (Fig. S1). Using the depolarization ratio (Fig. S1(b), 

(d)), we identified persistent asymmetric particle signals at altitudes of 2-

4 km during the observation period. This pattern differs markedly from 

the diurnal variations of local boundary-layer aerosols, allowing us to 

distinguish aerosols transported from outside Taiwan. 

3. In Fig. 2(c), the backward trajectories are slightly northward relative to 

the Southeast Asia Peninsula. During the observation period, the cold 

front, influenced by high-pressure systems, extended mainly from 

northeast to southwest and moved eastward. Under these meteorological 

conditions, biomass-burning aerosols could be transported by the pre-

frontal westerlies (Huang et al., 2020) and couple with the frontal cloud 

system. Since the frontal generation region is primarily located north of 

the main biomass-burning areas, the backward trajectories are 

considered reasonable. 

4. Following the reviewer’s suggestion, MODIS fire hotspot data from 

March 1-12, 2024, were added to Fig. 2(c). The figure confirms that the 

primary fire activity is indeed located over the Southeast Asia Peninsula. 

5. We agree that aerosols can be affected by wet removal processes during 

transport. However, wet deposition generally removes aerosols from the 

ambient environment as a whole. Light-absorbing aerosols, such as black 

carbon, are more hydrophobic and thus less sensitive to wet removal 

(McMeeking et al., 2011; Ohata et al., 2016; Pöhlker et al., 2023). As 

shown in Fig. A1(c), the single scattering albedo indicates that the 

proportion of light-absorbing aerosols remains high even at low aerosol 

concentrations, and minimal changes in SSA before and after cloud 



events (Fig. 4(d), see subsequent analysis) suggest that light-absorbing 

aerosols persist in cloud systems despite potential wet removal effects. 

6. We also agree that the description and attribution of biomass-burning or 

absorbing aerosols should be precise. In this study, the observed optical 

properties of aerosols provide direct evidence, and we primarily refer to 

absorbing aerosols in the Results and Discussion sections. Based on the 

combined analyses, we are confident that biomass-burning aerosols from 

the Southeast Asia Peninsula constitute a major source of the observed 

light-absorbing aerosols during the study period. 

L170: …with frontal systems. “In addition, this study employed the NOAA 

HYSPLIT model to generate 3-day backward 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.” 



 

Figure S1: Lidar observations at the Xitun site (24.16°N, 120.62°E) and Douliu 

site (23.71°N, 120.54°E) of the Taiwan Ministry of Environment from 29 

February to 12 March 2024. Panels (a) and (c) represent the NRB signal 

intensity, while panels (b) and (d) show the depolarization ratio. 



 

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, 

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. 

 

4. I strongly recommend adding a conceptual aerosol-cloud figure to visually explain 

the key findings of the paper, which can be used as a graphical abstract as well. 

 

We thank the reviewer for the suggestion. Our schematic diagram (Fig. 13) will 

be added to the Conclusion section to provide an integrated summary, thereby 

clarifying the main points of the manuscript. 



 

L488: “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 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… 

 

Figure 13: A schematic illustration showing how aerosol entrainment leads to 

different cloud microphysical responses under varying MCr conditions. 

 

The following provides our responses and discussions regarding the minor 

comments: 

 



• L11-12/L81-86/L106-108: The trajectories from Fig. 2c appear to mainly pass 

through southeast China and the surrounding waters around Taiwan. The 

trajectories that do reach the Southeast Asian Peninsula are quite few (only two). 

The specific source of the absorbing aerosol should not affect the conclusions of 

the paper, but since Southeast Asian biomass burning was mentioned several 

times, more evidence that the aerosols originated from biomass burning in that 

region rather than southeast China is required. For example, the authors could 

add hotspots over the period of the backtrajectories in Fig. 2c to reinforce claim 

over the source of absorbing aerosols. 

 

The detailed response is provided in major comment 3. 

 

• L80-81: The sentence “Observational studies have…” should be moved to the 

paragraph before this one for better organization. 

 

L49: … on cloud droplet size and number (Feingold et al., 2001; Saponaro et al., 

2017; Chen et al., 2021; Jia and Quaas, 2023). “Observational studies have also 

shown that the water content in the atmosphere plays a critical role in 

determining whether aerosols ultimately enhance or suppress cloud formation 

(Zhang and Zuidema, 2019, 2021).” 

 

• L102: Please mention if the aerosol measurements at LABS have a drying tube 

for in-cloud periods. Please also specify if the optical properties in Fig 4 refer to 

dried or ambient aerosols. 

 

The aerosols measured by the LABS aerosol system were all dry aerosols. For 

both in-cloud and out-of-cloud sampling, the relative humidity inside the 

sampling line remained below 40%. Therefore, the data presented in Figure 4 

represent observations of dry aerosols. After connecting the dryer to the 11-D 

inlet, aerosol sampling and analysis were also conducted under conditions with 

relative humidity below 40%. A corresponding clarification has been added to 

Section 2.2, where the instrumentation is described. 

 

L149: … comprehensive analysis. “The aerosol system was equipped with a 

heated drying unit at the inlet, maintaining 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%.” 

 

• L129: Please specify if the 11-D aerosol measurement during cloud events refers 

to interstitial aerosol and/or the in-droplet aerosol. 

 

In this study, both the 11-D and the aerosol system sampled dry aerosols or 

aerosols dried prior to measurement. No additional wet/dry filtering devices 

were installed upstream of the sampling line, and neither instrument performed 

dedicated comparative measurements between dry and wet aerosols. 

Consequently, the aerosols measured in this study include both interstitial 

aerosols and in-droplet aerosols. 

 

• L237: Please justify the use of PM2.5 over PM10 in the formula for MCr. 

 

We consider PM2.5 to be an important global indicator for assessing aerosol 

loading. Moreover, PM2.5 measurements (from stations equipped with high-

precision instruments to those using low-cost sensors) are now widely applied, 

facilitating future scientific investigations of aerosol-cloud interactions 

worldwide, as well as multi-site observational studies targeting the effects of 

absorbing aerosols on horizontally developed clouds. In addition, observations 

during our experimental period show that the temporal variations of PM2.5 and 

PM10 exhibit similar trends (Fig. S2 (d)). Therefore, PM2.5 was selected as the 

basis for our calculations. 

 

• L238: Please clarify what aerosol size range N_a refers to. 

 

The description of the Na range has been added in Lines 230-231. 

 

L229: … 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. … 

 

• Sect 3.1: It would be helpful to the reader if the authors explicitly stated in this 

section that the aerosol optical properties refer to PM10 while the rest of the 

paper refers to PM2.5. 

 

We thank the reviewer for the suggestion. The revisions to the manuscript are 

detailed below. 



 

• L260/Sect 3.1: The purpose of Sect 3.1 (PM10 optical properties) needs to be 

explicitly/more clearly explained in the context of the rest of the paper which 

uses PM2.5 and focuses only on cloud events. I suggest reframing Sect 3.1 to 

introduce the cloud events (Table 2) and then describe PM10 aerosol properties 

before, during, and after each cloud event (Fig 4). This would then flow more 

smoothly into Sect 3.2. If the LABS optical data is valid in-cloud (e.g., if a dryer 

was placed upstream of the instruments), it would be informative to include this 

information as additional columns in Table 2 and added to the discussion in this 

section. 

 

In the reorganized manuscript, we place greater emphasis on the analysis of 

individual cloud events, and the averaging procedure in Fig. 4 is now based on 

these cloud events, as detailed below. Descriptions related to aerosol sampling by 

the aerosol system are provided in Section 2.2. Table 2 has been updated to 

include the average PM2.5 and LWC for each cloud event for subsequent analysis. 

 

• L260/Sect 3.1: I recommend adding a meteorological time series to add context 

to Fig 4 and Sect 3.1 (with similar markings/shadings to show when cloud events 

occurred). This would help establish a stronger link between the key findings and 

the physical environment during the sampling period. This meteorological time 

series could be in the supplementary information. 

 

Figure S2 and the manuscript are provided below. In Figure S2(c), it can be seen 

that not all periods with low visibility and relative humidity near 100% were 

classified as continuous cloud events. This is because some of these periods were 

caused solely by precipitation, and sometimes the CDP laser windows were wet 

or contaminated by rain, resulting in poor-quality observations that were 

excluded prior to analysis. 

 

• Fig 4: Please mark each cloud event from Table 2 (e.g., grey areas spanning the 

start until end of each event). Also mention in caption that daily averages and 

STDs are also shown. 

 

In Figure 4, the calculation of averages and standard deviations has been revised 

to reflect values within individual cloud events, allowing a more focused 

comparison of whether aerosol optical properties are consistent across different 

cloud events. 



 

L261:  

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 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, 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 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 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 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 (McMeeking et al., 2011; Ohata et al., 2016; Pöhlker et al., 2023), which 

reduces its susceptibility to wet removal compared to more hygroscopic 



components. 

The overall… 

 

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 

Average 

LWC 

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 

 

 

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. 

 

 

Figure S2: Hourly averages of meteorological parameters and aerosol mass 

concentrations observed at LABS from March 1 to 12, 2024: (a) wind speed and 

direction; (b) temperature (green) and pressure (red); (c) visibility (orange) and 

relative humidity (dark blue); (d) PM10 (dark red) and PM2.5 (red) measured by 

the 11-D instrument, along with hourly precipitation (light blue bars). 

 

• L285/Section 3.2: This section is discussed in terms of Group Number. To keep 

the discussion physically tied to the atmosphere, I suggest that the discussion be 

based on the PM2.5 concentration ranges (physically based) rather than group 

number (statistically based). Please rephrase this section so that Group Numbers 

are replaced by PM2.5 concentration ranges. This will also make the section 

more succinct. Please apply this change to other sections that mention the PM 



groups too (e.g., L463). 

• L296: Please define ED here or sooner if it’s mentioned. 

• Fig 6: please mention in the caption how many samples are in each group. 

• Fig 6: Because of the uneven width of each group (a consequence of the equal-

number groupings), I suggest the x-axis should be PM2.5 concentration rather 

than group number. This will show the true scale of the x-axis to make it clear 

that the observed trends are most conclusive for PM2.5 < 10 micrograms m-3 

(where most data are). For clarity, one variable can take up one panel (so 6 

panels). 

• Fig 6: Instead of infinity, Group 10 should list the max PM2.5 concentration 

recorded during the period. 

 

The revisions to the manuscript and the figure are detailed below. 

 

L292: Figure 6 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 PM22.5 

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 

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 conditions. Additionally, relative humidity (Fig. 6 (e)) 

displayed a decreasing trend with increasing environmental aerosol 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.”  

 

L305: … 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 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 … 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 … 

 

L460: “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 conditions.” … 

 

 



Figure 6: Cloud microphysical and weather data categorized into 10 groups of 

equal sample size based on PM2.5 obtained from 11-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. 

 

• L318/Sect 3.3: This section requires major revision for clarity, specifically 

more explicitly connecting the conclusions in the text to the figures so it 

will be easier for the reader to understand how the data supports the authors’ 

conclusions. See my comments below. 

• L336-340: it is not clear in any figure that the PM2.5 > LWC when MCr < 

2.5 (since MCr is a ratio, a drop in MCr could be due to changes in LWC 

and/or PM2.5 and MCr < 2.5 does not necessarily imply that PM2.5 > 

LWC). It is also not evident from Fig 7 that ACI shifts from negative to 

positive as aerosol concentrations increase, please provide some x/y values 

to orient the reader to which part of Fig 7 to refer to. The panels in Fig. 7 

are not clearly referenced in the text (i.e., only Fig. 7 is mentioned so it is 

unclear which panel to refer to while reading the text). 

• L344-345: It is not evident from the figures that Event 3 occurred under 

high aerosol concentrations and low LWC. To add physical context to each 

cloud event, please add new columns to Table 2 with statistics on cloud 

microphysical and aerosol properties (e.g., mean+STD PM2.5) for each 

event. This would help with contextualizing the differences discussed in 

Sect 3.3 and explaining differences in how each event fills the 2D space in 

Fig. 7. 

 

We agree that the original description was not sufficiently precise. In this 

manuscript, MCr refers to a metric that simultaneously accounts for aerosol 

loading and liquid water content within the cloud system. Physically, MCr 

represents the amount of liquid water in the environment associated with each 

unit of aerosol concentration; therefore, it is not simply a direct comparison 

between PM2.5 and LWC as implied in the earlier text. 

In Figure 7, each MCr point reflects the hourly averaged ratio between 

PM2.5 and LWC, whereas ACI quantifies the perturbations of aerosols and cloud 

droplets within each hour. Because the use of a moving-average approach 

produces a high degree of temporal continuity, successive MCr-ACI points are 

strongly correlated. To highlight the key features without making the figure 

overly cluttered, the full dataset is shown using grayscale density shading, while 



individual data points plotted at 30-minute intervals illustrate the distribution 

across different cloud events. 

For the case on March 7 (Event 2; Lines 336-340), neither the density 

shading nor the 30-minute sampling captures the behaviour described in the 

text; this feature only appears in the computed values and represents an 

extremely small number of outliers. Since this rare behaviour does not materially 

affect the subsequent analyses, we have shortened and reorganized the 

description in Section 3.3. 

Following the reviewer’s suggestion, Table 2 has been updated to include the 

mean and standard deviation of PM2.5 and LWC for each cloud event. In the 

latter part of Section 3.3, we focus on how differences in PM2.5, LWC, and MCr 

among cloud events manifest in variations in ACI, thereby underscoring the 

importance of MCr. To further sharpen the analysis, Figure 7 now presents only 

the MCr results, whereas the NCr results have been moved to the Supplement 

(Fig. S3). The complete revisions are detailed below. 

 

L319-331:  

L323: … 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 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 mechanism … 

 

L332-354: 

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 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 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. 

 

 

Figure 7: Scatter and density plots of the MCr-ACI index for the continuous 

cloud events. The density plot illustrates the overall 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). 



 

Figure S3: Scatter and density plots of the NCr-ACI index for the continuous 

cloud events. The settings are identical to those used in Figure 7. 

 

• L357: “sufficient liquid water content” please clarify: sufficient for what? For the 

MCr ratio to be applicable? Or for the Twomey effect to be dominant? 

• L358: “division” please clarify what this division is for. If this division/threshold 

of MCr refers to the point where Twomey or semi-direct effects dominate, please 

specify this explicitly to make the purpose of Sect 3.4 clearer. 

 

We have provided a more detailed description regarding this point. 

 

L356: … mixing ratio and ACI index. “To 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, … 

 

• L375-383: Please state the implication/importance behind why ED does not 

strongly correlate with ln(PM2.5). Please also justify the use of ln(PM2.5) rather 

than PM2.5. 

 



The difference between ED and Nd in the calculation of the ACI index can 

primarily be attributed to the following two factors: 

 

1. Intrinsic differences between in-situ instruments and satellite retrievals when 

deriving cloud microphysical parameters. 

Although satellites also provide Nd and re, the retrieved Nd and re can in 

practice be expressed as functions of LWP and COT (see L175-199 of the 

manuscript). Therefore, in theory, ACINd can be equivalent to ACIre when 

LWP is constrained; however, this mathematical dependence is also one of the 

major sources of uncertainty in satellite-based ACI estimates. 

In contrast, in-situ cloud droplet probes derive Nd and ED (ED = 2re) 

directly from the fundamental measurements of droplet counts and sizes. 

Thus, Nd and ED may be regarded as Nd (count) and ED (count, size). Unless 

the constraints are applied specifically to droplet counts or droplet sizes, 

differences between ACINd and ACIre are expected. But such constraints 

would not be physically meaningful in this context. 

2. A substantial part of the ACIre uncertainty arises from the choice of the LWC 

or LWP interval width. 

In principle, a narrower interval yields a more reliable estimate. However, 

achieving extremely narrow intervals is challenging for real-world observations 

(Quaas et al., 2020). Considering sample size limitations in this study, we used an 

interval of ΔLWC = 0.1 g m-3, which may indeed introduce additional 

uncertainty. 

 

In Figure 8, the plotted relationship is between ln(PM2.5) and ln(re), 

corresponding to the two parameters used to compute ACIre (Eq. (5); see 

updated Figure 8). Since ED = 2re, the y-axis was converted from ln(re) to ED to 

provide a more intuitive representation of the ED distribution during our 

observation period. 

 

• L386-388: Can this conclusion about the droplet size distribution be seen in Fig. 

11-12? If so, please mention that to support this conclusion. 

 

Figure A2 compares small droplets (<10 μm, blue boxes) and large droplets (>12 

μm, orange boxes) under high and low aerosol loading. Under high aerosol 

loading, the number of small droplets is noticeably reduced, whereas more 

droplets appear in the larger-size range. This pattern remains consistent 

regardless of whether LWC is constrained. Table A1 further shows that high 



aerosol loading is associated with fewer cloud droplets (Nd) but a larger effective 

diameter (ED), which is consistent with the discussion in L386-388.Additional 

details regarding the discussion related to Fig. 11(b) and Fig. 12(b) are provided 

in Lines 429–445 of the manuscript. 

 

Table A1: Mean Nd and ED across different conditions (bold values indicate 

statistically significant differences between the two groups according to an 

independent t-test (P-value < 0.05)). 

  Nd (cm-3) ED (μm) 

MCr [3, 4.5] 
High aerosol loading 217 ± 150 11.14 ± 2.34 

Low aerosol loading 224 ± 158 9.51 ± 2.03 

MCr [3, 4.5] in 

LWC [0.1, 0.2] 

High aerosol loading 267 ± 135 11.71 ± 1.91 

Low aerosol loading 360 ± 164 10.53 ± 1.72 

 

 

Figure A2: (a) Figure 11 (b); (b) Figure 12 (b). 

 

• L454/Sect 4: Please describe some suggestions for future analysis based on the 

main conclusions of the manuscript. 

 

L492: …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 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.” 

 

• Fig 5: please mention the PM size range for these measurements in the caption. 

 

 

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. 

 

• Fig 8: Please include a panel to show the number of data points included in the 

calculation of the y-axis per threshold value (x-axis) to demonstrate that the 

converging trends mentioned are robust. 

 

We provide the number of data points in the Supplementary Information 

(Supplementary Figure 4). Because Figure 8 classifies all available observations 

into different MCᵣ intervals, the sample sizes across intervals naturally vary. 

Nevertheless, in MCr threshold = 3.7-4.9, both groups contain near or more than 

1000 data points, which is within a reasonable range for statistical analysis. 



 

Figure S4: Number of data points within different MCr threshold intervals in 

Figure 8. 

 

• Fig 8b: Please explicitly state in the caption what two quantities the correlation is 

being calculated for (e.g., ACI and MCr for data where MCr > threshold?). 

Please apply this to Fig. 9 too perhaps by changing the notation of r(ACI) (e.g., 

r(ACI, MCr)) for clarity. 

• Fig 9: For visual clarity, please use different colors (rather than shades of blue) 

for different LWC groupings. 

 

The updated figure is provided below for reference. 



 

Figure 8: (a) ACI values, (b) correlation coefficients, and (c) RMSE are 

calculated based on different MCr thresholds. Blue markers 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. 



 
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]. 

 

• Fig 11: Please double check the coloring of the aerosol size distributions in (a). 

The observation mean size distribution is not between the low and high aerosol 

loadings. If my understanding is right (that low/high aerosol loadings are relative 

to the median aerosol loading), then the low and high aerosol loading groups 

should be below and above the total observation mean, respectively (similar to 

Fig. 11b). Please correct me if I am mistaken and add this clarification to the 

text. 



 

In Figure 11, the black line represents the mean values calculated from all 

observations during the study period, rather than being constrained within 

specific MCr intervals. Therefore, the black lines in panels (a) and (b) are 

identical. This design highlights the contrast between the MCr-conditioned 

results and the overall observational mean. It further demonstrates that if 

aerosol loading were classified solely based on PM2.5, the differences shown in 

Figure 11(a) would be obscured because certain cases would be misclassified as 

“clean events,” thus masking the actual signal. In Figure 12, the black line 

represents the mean values of all data with LWC between 0.1 and 0.2 g m-3 

during the study period. The updated figure labels are shown below. 

 

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 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. 

 

 

 

 

• Table 1: Please list the relevant PM size range measured by the Lulin Aerosol 

System (PM10 based on Fig 4). 

 

Table 1. Parameters Used in This Study. 

 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 

 

 

 

 



• Table 3: Please add standard deviations. Please also perform a statistical 

significance test for each meteorological parameter between high and low 

aerosol loadings. Values that are statistically significant (between low vs. high 

loadings) can be highlighted in bold in Table 3. This would add support for the 

conclusions of Sect 3.5. 

• Table 3: To demonstrate the semi-direct effect, RH is often mentioned in the 

paper; however, the instrument has diminishing sensitivity when RH approaches 

supersaturation (L229-231). The authors must show some evidence that the RH 

data for RH=[94-98%] (Table 3) is a robust enough measurement so that RH 

could be used to support their conclusions on the semi-direct effect. Details on 

the operating range from the RH sensor’s manufacturer would be sufficient. 

 

The MetOne 083D RH sensor operates over a relative humidity range of 0-100%, 

with an accuracy of ±3% in the 90-100% range. To improve transparency 

regarding the instruments used in this study, we have added the corresponding 

manufacturer and model information to Table 1 so that readers may easily 

reference and verify the specifications. 

 

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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