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Abstract. Aerosol effects on sea fog microphysics are nonmonotonic with aerosol concentration, and complex aerosol-sea 

fog interactions leave substantial uncertainty in microphysical responses. Five sea fog events observed over the East China 

Sea during March-May 2025 are analyzed with the aerosol-cloud interaction index (ACI) and cloud-aerosol mass mixing 

ratio (MCr). Positive ACI time fraction generally decreases with fog duration. MCr ranges from 2.17 to 2.93. The MCr-ACI 

transition range is 2.50-2.63, and 2.63 is selected as an empirical grouping threshold. Under liquid water content (LWC) 15 

constraints, ACIre at high-MCr range increases from 0.02 to 0.14 with LWC, consistent with a progressively stronger 

Twomey effect in droplet-size reduction. At low-MCr, ACIre changes from -0.09 and -0.03 at low and intermediate LWC to 

0.21 at high-LWC, indicating that the droplet-size response can change direction with LWC. Fog droplet size spectra show 

that, in the high-MCr range, the response of the small-droplet mode to increased aerosol loading strengthens with LWC. 

Under high-LWC, the small-droplet modal peak for high aerosol loading at low-MCr is about four times the corresponding 20 

high-MCr value. This pattern exhibits pronounced small-droplet accumulation and relatively constrained subsequent growth. 

This difference indicates MCr = 2.63 can distinguish relatively complete and constrained activation-growth microphysical 

states. The autoconversion threshold function (T) response further indicates that aerosol effects on droplet coalescence also 

depend on the MCr-LWC state. These results show that jointly considering MCr-LWC better distinguishes the direction and 

strength of aerosol effects on sea fog microphysics. 25 

1 Introduction 

Fog is a weather phenomenon in which water droplets or ice crystals are suspended in the near-surface layer, reducing 

horizontal visibility to less than 1 km (Gultepe et al., 2006, 2007; Niu et al., 2010b). Sea fog mainly forms when warm, 

moist air is advected over a colder sea surface and cools to saturation, and advection cooling fog is the predominant type of 

sea fog (Yang et al., 2024; Pilié et al., 1979; Tardif and Rasmussen, 2007; Koračin et al., 2014). Sea fog often persists over 30 
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extensive coastal and offshore areas for long periods, causing abrupt reductions in visibility and threatening the safety of 

marine navigation, port operations, and cross-sea transportation (Oliphant et al., 2021). In addition, sea fog can alter the 

radiation budget of coastal regions (Fernando et al., 2021). The northwestern Pacific is one of the major sea-fog-prone 

regions worldwide, and springtime advection sea fog is particularly frequent over the Yellow Sea and East China Sea (Zhang 

et al., 2009; Dorman et al., 2020). The formation of such sea fog is associated with factors such as the advection of warm, 35 

moist air over colder sea surfaces, sea surface temperature fronts, and large-scale atmospheric circulation (Gao et al., 2007; 

Yang et al., 2018; Liu et al., 2021; Huang et al., 2015). Meanwhile, anthropogenic aerosol emissions are strong along the 

eastern coast of China, and polluted air masses are frequently transported offshore by southerly flows, causing sea fog to 

often occur under high-aerosol backgrounds (Yan et al., 2019; Zhou et al., 2025). Li et al. (2025) used long-term marine 

observations, reanalysis data, and CMIP6 model simulations to attribute decadal changes in sea fog frequency along the 40 

Chinese coast. They concluded that aerosols were an important factor contributing to the increase in sea fog frequency in the 

early 21st century. Aerosols can enhance near-surface atmospheric stability through radiative cooling and can also act as 

cloud condensation nuclei to promote water vapor condensation, thereby increasing sea fog frequency. However, this 

attribution is based on statistical relationships in decadal sea fog frequency and model simulations and has not yet revealed 

the specific microphysical processes through which aerosols affect sea fog. Therefore, the microphysical processes by which 45 

aerosols influence sea fog still require further investigation through field observations. 

Fog is essentially a cloud near the surface, and the fundamental processes of aerosol–cloud interactions (ACI) also 

apply to fog (Boucher et al., 2013; Fan et al., 2016; Boutle et al., 2018). Aerosols affect the macrophysical and 

microphysical properties of clouds through aerosol–radiation interactions and aerosol–cloud interactions, with important 

impacts on the global radiation budget and hydrological cycle (Ramanathan et al., 2001; Lohmann and Feichter, 2005; 50 

Rosenfeld et al., 2008). Aerosol particles act as cloud condensation nuclei (CCN) during the activation of cloud or fog 

droplets, and their activation capability depends on particle size distribution, chemical composition, and ambient 

supersaturation (Köhler, 1936; Twomey, 1959; McFiggans et al., 2006; Dusek et al., 2006; Petters and Kreidenweis, 2007; 

Reutter et al., 2009). At similar liquid water content, an increase in aerosol concentration leads to a larger number of 

activated cloud or fog droplets with smaller droplet sizes, known as the Twomey effect (Twomey, 1977; Kaufman and Fraser, 55 

1997; Feingold et al., 2001). The reduction in cloud or fog droplet size decreases coalescence efficiency, thereby prolonging 

the lifetime of clouds and fog (Albrecht, 1989; Liu et al., 2004, 2005, 2006). Observational and numerical simulation studies 

of polluted continental fog generally show that an increase in aerosol concentration leads to an increase in fog droplet 

number concentration, a decrease in effective radius, enhanced light scattering, a further reduction in visibility, and 

prolonged fog duration (Niu et al., 2010; Quan et al., 2011, 2021; Yan et al., 2020; Arun et al., 2025). Jia et al. (2019) found 60 

over the North China Plain that, as aerosol concentration increased, fog droplet number concentration and liquid water 

content increased nonlinearly, while effective radius decreased. Fog duration, fog-top height, and liquid water path also 

increased accordingly. Yan et al. (2021) further confirmed through observations and simulations that, under polluted 

conditions, more fog droplets with smaller droplet sizes are formed, which suppresses fog droplet sedimentation and thereby 
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prolongs fog lifetime. Thus, in highly polluted environments, aerosols generally tend to enhance and prolong fog. However, 65 

aerosol effects on fog microphysics do not vary monotonically with aerosol concentration, but instead exhibit complex 

responses in both direction and magnitude. Some studies have found that the increases in fog droplet number concentration, 

liquid water content, and macroscopic fog characteristics may gradually weaken and approach saturation as aerosol 

concentration increases further. Once aerosol loading exceeds a certain level, the original enhancement may even turn into 

suppression (Quan et al., 2011; Jia et al., 2019; Mazoyer et al., 2019). From the perspective of microphysical processes, an 70 

increase in the number of activated fog droplets intensifies competition for water vapor, reduces environmental 

supersaturation, and inhibits the subsequent condensational growth of fog droplets (Stolaki et al., 2015; Poku et al., 2021; 

Wainwright et al., 2021). For aerosols containing absorbing components such as black carbon, the absorption of shortwave 

radiation can cause local heating and promote fog droplet evaporation, thereby shortening fog lifetime through the semi-

direct effect. The direction of this effect is opposite to the enhancement effects described above (Maalick et al., 2016). In 75 

addition, processes such as gravitational sedimentation of fog droplets can weaken the microphysical effects resulting from 

aerosol activation, causing the effects of aerosols on fog to vary with environmental conditions. Under some conditions, 

lower aerosol concentrations may instead correspond to a longer fog lifetime (Pope and Igel, 2025). In polluted boundary 

layers with abundant water vapor, however, increased aerosol concentrations can promote an increase in fog droplet size near 

the fog top and thicken the fog layer (Arun et al., 2026). In summary, the direction and strength of aerosol effects on fog are 80 

not determined by aerosol concentration alone, but depend on the relative relationship between water vapor supply and 

aerosol loading, as well as the physicochemical properties of aerosols. Therefore, the nonmonotonic behavior of aerosol 

effects on fog and the coupling of multiple processes make it difficult to quantitatively describe the effects of aerosols on fog 

microphysical characteristics in a reasonable way. 

To quantitatively describe the effects of aerosols on cloud or fog microphysical characteristics, previous studies have 85 

commonly used the aerosol-cloud interaction index (ACI) (Chen et al., 2021; Kaufman and Fraser, 1997; Feingold et al., 

2001). However, traditional ACI calculations based on cloud or fog droplet effective radius or optical thickness generally 

assume that liquid water content remains approximately constant, and the calculated ACI values are comparable only under 

specific liquid water content conditions (McComiskey et al., 2009). In contrast, ACI calculated from cloud or fog droplet 

number concentration does not rely on the assumption of a fixed liquid water content (McComiskey et al., 2009). Even so, 90 

limitations in satellite retrievals and the fact that the conversion of aerosol particles to cloud condensation nuclei is 

influenced by factors such as particle size, chemical composition, hygroscopicity, and supersaturation make the accurate 

quantification of aerosol effects on clouds and fog one of the most challenging and uncertain issues in this field (Andreae 

and Rosenfeld, 2008; Quaas et al., 2009; Carslaw et al., 2013; Rosenfeld et al., 2014; Gryspeerdt et al., 2016; Seinfeld et al., 

2016; Rosenfeld et al., 2019; Bellouin et al., 2020; Boucher et al., 2013). As discussed above, the direction of aerosol effects 95 

depends on the relative relationship between cloud water content and aerosol loading. Therefore, a reasonable quantitative 

analysis requires an indicator that can reflect both quantities simultaneously. Lin et al. (2026) proposed the cloud–aerosol 

mass mixing ratio (MCr), defined as the liquid water content per unit aerosol mass, to characterize the relative state between 
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cloud water and aerosol loading. However, this framework has so far been applied to free-tropospheric warm clouds and has 

not yet been applied to sea fog. Sea fog differs physically from the radiation fog and warm clouds discussed above. Sea fog 100 

is mainly governed by advective cooling, relative humidity remains close to saturation for long periods, and it forms and 

persists within a strongly stable boundary layer near the sea surface. Its thermodynamic and dynamic structures differ from 

those of continental radiation fog dominated by surface radiative cooling and warm clouds (Koračin et al., 2014; Huang et al. , 

2015; Koračin et al., 2001; Lewis et al., 2003). Therefore, the MCr threshold established for warm clouds cannot be directly 

transferred to sea fog. In-depth studies based on simultaneous observations of aerosols and fog droplet microphysics in sea 105 

fog remain limited. Existing sea fog observations mainly focus on the study of droplet microphysical properties, and rarely 

simultaneously obtain aerosol information (Gultepe et al., 2021; He et al., 2022). Satellite remote sensing can provide large-

scale identification and statistical information on sea fog, but it is difficult to directly analyze the microphysical 

characteristics of near-surface fog droplets (Liang and Griswold, 2024). In contrast, simultaneous and continuous ground-

based observations of aerosols and fog droplet microphysics mainly come from continental radiation fog and mountain fog 110 

rather than sea fog in the marine boundary layer (Mazoyer et al., 2019; Liu et al., 2025; Haeffelin et al., 2010; Mazoyer et al., 

2022). Overall, because observations of sea fog remain limited, it is still difficult to determine whether the MCr framework 

is applicable to sea fog and what its threshold value should be, which requires targeted field observations. 

This study is based on spring observations over the East China Sea from March to May 2025. During the observation 

period, five sea fog events were recorded with complete simultaneous measurements of aerosols and fog droplet 115 

microphysics. To address the research gaps described above, we use a fog droplet spectrometer, an automatic weather station, 

a forward-scatter visibility meter, and a particulate matter monitor to investigate in detail the effects of aerosols on sea fog 

from a microphysical perspective during these five events. This study applies the MCr framework from free-tropospheric 

warm clouds to sea fog in the marine boundary layer for the first time and attempts to determine the transition range of the 

MCr-ACI response in sea fog, as well as an empirical grouping threshold (MCr) for subsequent grouping analysis. This 120 

study mainly addresses three questions. How does the ACI evolve with time during different life-cycle stages of sea fog, and 

how is it related to MCr? Can MCr provide an empirical grouping threshold for different response states? Under different 

combinations of MCr and LWC, how does aerosol loading affect fog droplet effective diameter, droplet size spectra, and the 

autoconversion threshold? The remainder of this paper is organized as follows. Section 2 introduces the observation site, 

data, and methods. Section 3 presents the fog droplet microphysical and aerosol characteristics of multiple sea fog events, 125 

the temporal evolution of ACI and its relationship with MCr during the five sea fog events, and the differences in aerosol 

effects on fog droplet effective diameter, droplet size, and the autoconversion threshold under different MCr and LWC 

conditions. Section 4 presents the conclusions. 
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2 Data and Methodology 

2.1 Observation site and instrumentation 130 

The ground-based observation platform used in this study is located at Xifeng Bay on Qingbang Island in the Dongji Islands 

of the Zhoushan Archipelago, East China Sea (approximately 30.21° N, 122.70° E; about 10 m a.s.l.). It is situated at the 

easternmost part of the Zhoushan Archipelago, about 60 km from the nearest point on the mainland coastline. The island is 

far from the mainland and has few local anthropogenic emission sources. Thus, the observed aerosol and fog droplet 

microphysical characteristics can reasonably represent the conditions of the marine boundary layer over the East China Sea. 135 

At the same time, advection sea fog occurs frequently in this region during spring, providing an ideal natural experimental 

field for investigating aerosol–sea fog interactions (see Fig. 1 for the site location). The observation period covered spring 

from March to May 2025, and the instruments, observed parameters, and temporal resolutions used in this study are 

summarized in Table 1. 

 140 

The routine meteorological elements are observed by the AWS1900 automatic weather station with a sampling interval 

of 10 seconds, and it can simultaneously provide temperature (T), relative humidity (RH), wind speed (WS), and wind 

direction (WD). The mass concentration of particulate matter PM and horizontal visibility are measured using an 145 

environmental particulate matter monitor (PMS100) and a forward-scatter visibility meter (VM3000), respectively. The 

particulate matter measurement module adopts a heated inlet sampling method to ensure that the RH of the measured 

particulate matter drops to 40%, allowing the particles to be in a dry state during measurement. The characteristic parameters 

of fog droplets are measured using an FM-120 fog droplet spectrometer manufactured by Droplet Measurement 

Technologies (DMT). The instrument is based on the single-particle forward-scattering principle and measures the fog 150 

droplet number concentration and size distribution over a diameter range of 2–50 μm in 30 size bins at a sampling frequency 

of 1 Hz. The FM-120 provides measurement parameters of fog droplet number concentration (Nd), liquid water content 

Figure 1: Location of Observation Stations. Satellite imagery in panels (b) and (c) is from Esri World Imagery (sources: Esri, Vantor, 

Earthstar Geographics, and the GIS User Community | Powered by Esri). 
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(LWC), and fog droplet diameter (D). To achieve the collaborative analysis of multi-source data, in this study, the data from 

FM-120, AWS1900, VM3000, and PMS100 were uniformly averaged to a common time resolution of 1 minute and strictly 

matched by time. 155 

Table 1. Instruments used in sea fog analysis and their measured parameters. 

Instrument Name Equipment model Measurement parameters Temporal resolution 

Fog Monitor FM-120 Nd, LWC, D 1s 

Automatic Weather Station AWS1900 T, RH, WS, WD 10s 

Forward Scatter Visibility Sensor VM3000 Vis 10s 

Particulate Matter Monitor PMS100 PM2.5 10s 

2.2 Sea fog event identification and life-cycle stage classification 

Sea fog events are identified using a combined criterion of horizontal visibility and relative humidity (WMO/GAW, 2003; 

Met Office, 1994). Specifically, sea fog is identified when horizontal visibility remains below 1 km and relative humidity 

exceeds 90%. The stages of each sea fog event are classified according to the following method. The sea fog process (with 160 

relative humidity all greater than 90%) can mainly be divided into 4 stages. The formation stage (visibility decreases from 

1500 m to 1000 m), development stage (between the formation and mature stages of sea fog), mature stage (visibility shows 

only small variations after decreasing to its minimum value, with a continuous duration of more than 30 min), and 

dissipation stage (visibility begins to increase from its minimum value to 1000 m). Sea fog events are also often 

accompanied by two additional stages, the explosive enhancement stage (visibility decreases by 500 m within 30 min) and 165 

the oscillation stage (visibility is below 1000 m while showing frequent oscillations). 

2.3 Methods 

We investigate the microphysical characteristics of five sea fog events in detail using observations from the FM-120. From 

these observations, we calculate fog droplet number concentration (Nd), liquid water content (LWC), and fog droplet 

effective diameter (ED) as follows. 170 

dN = n(D) dD                                                                                                                                                                       (1) 

3

WLWC =  ρ  n(D) D  dD
6


                                                                                                                                                 (2) 

3

2

D  n(D) dD
ED =

D  n(D) dD




                                                                                                                                                              (3) 

where n(D) is the number of fog droplets within the unit volume and unit droplet size, with the unit being·cm-3·um-1. ρw 

is the density of liquid water, which is 1.0 g·cm-3. 175 
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The aerosol mass extinction efficiency (MEE) is defined as the ratio of the aerosol extinction coefficient (σext) to the 

aerosol mass concentration ρ(PM2.5) (Saide et al., 2022). Under sea fog conditions, MEE includes the extinction 

contributions from both fog droplets and aerosols. The unit of σext is Mm-1, the unit of ρ(PM2.5) is μg·m-3, and the unit of 

MEE is m2·g-1. The value 3.912 is the Koschmieder constant (Lee and Shang, 2016). 

ext 2.5MEE (PM )=                                                                                                                                                             (4) 180 

ext 3912 / Vis =                                                                                                                                                                     (5) 

To quantitatively assess the effects of aerosols on sea fog microphysical characteristics from observations, this study 

uses the aerosol–cloud interaction index (ACI). The index was first proposed by Kaufman and Fraser (1997). It uses changes 

in cloud droplet effective radius caused by changes in aerosol optical depth to quantify aerosol-related microphysical 

responses. ACI can also be calculated from effective radius, optical depth, or cloud droplet number concentration. ACI 185 

calculated from effective radius or optical depth usually needs to be compared under similar LWC conditions. Otherwise, its 

variation may reflect the evolution of sea fog itself rather than aerosol effects. McComiskey et al. (2009) pointed out that 

cloud droplet number concentration directly corresponds to the activation of aerosol particles into cloud droplets and does 

not require a fixed LWC condition, and therefore has an advantage. PM2.5 mass concentration is selected as the proxy for 

aerosol loading. Lin et al. (2026) verified that the ACI calculated using PM2.5 mass concentration is similar to that calculated 190 

using aerosol number concentration (Na). Therefore, in this study, ACI is calculated using PM2.5 mass concentration and fog 

droplet number concentration (Nd). 

d 2.5

d
N ,PM

2.5

ln N1
ACI

3 ln PM

 
=  

 
                                                                                                                                             (6) 

Theoretically, when all newly added aerosol particles are activated and grow into fog droplets, ∂ln Nd / ∂ln PM2.5 equals 

1. Therefore, 0 < ACI ≤ 0.33 is an ideal reference range for the microphysical process in which aerosol particles are activated 195 

and grow into fog droplets. However, variations in actual atmospheric conditions and the complexity of aerosol composition 

can cause ACI to exceed this range or become negative. A positive ACI indicates a positive logarithmic sensitivity between 

PM2.5 and Nd, which is consistent in direction with the Twomey response. A negative ACI indicates a negative logarithmic 

sensitivity between PM2.5 and Nd can be classified as a non-Twomey response. A negative ACI does not mean that it has no 

physical significance. The mechanisms responsible for this phenomenon are complex. They may involve not only the semi-200 

direct effect caused by absorbing aerosols, but also the covariation of macroscopic meteorological variables and the extreme 

competition for water vapor caused by aerosol overloading during sea fog. 

To better quantify the effects of aerosols on sea fog microphysical characteristics without constraining LWC, the 

relative relationship between liquid water content and aerosol loading needs to be considered. Therefore, this study uses the 

cloud–aerosol mass mixing ratio (MCr) proposed by Lin et al. (2026). MCr is defined as the liquid water content per unit 205 

aerosol mass and is used to quantify the abundance of liquid water relative to aerosol loading in sea fog. 
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6

2.5

LWC 10
MCr = log

PM

 
 
 

                                                                                                                                                   (7) 

where LWC is expressed in g·m-3, PM2.5 is expressed in μg·m-3, and 106 is the unit conversion factor. MCr is a 

dimensionless ratio of cloud water mass to aerosol mass. 

The fog droplet size can be altered by aerosols, and the resulting changes can feed back through the collision-210 

coalescence process, thereby affecting the maintenance and dissipation of sea fog. The fog droplet diameter must exceed a 

critical diameter, Dc, for the collision–coalescence process to become effective. Liu and Daum (2005) and Liu et al. (2006) 

proposed the autoconversion threshold function (T) to evaluate the strength of the collision-coalescence process during fog. 

The value of T ranges from 0 to 1, and a larger value indicates a stronger collision-coalescence process. 

c c

6 3

D D

6 3
0

0 0

D  n(D) dD D  n(D) dDP
T = =

P D  n(D) dD D  n(D) dD

 

 

   
   
   
      

 

 
                                                                                                              (8) 215 

1/6
-4 1/6 d

c con 1/3

N
D = 8.18 10  

LWC
β                                                                                                                                              (9) 

where Dc represents the automatic conversion critical diameter, and ꞵcon=1.15×1023 is the empirical coefficient (Liu et 

al., 2004). 

2.4 Removal of edge effects and determination of the characteristic time window W 

During the evolution of sea fog, rapid changes in dynamical and meteorological conditions are often accompanied by sudden 220 

changes in air entrainment and advection. To reduce the influence of rapid changes during the initial and final dissipation 

periods of sea fog on the reasonable determination of the characteristic time window, the first 10 min and the final 10 min of 

all sea fog events were removed for basic quality control. The data from each instrument were uniformly averaged to 1 

minute and matched by time. Subsequently, a unified characteristic time window (W) was determined using the changes 

with window size in the normalized mean standard errors of PM2.5, Nd, and LWC and in their first-order differences (SEM 225 

Differential) for the five sea fog events (Fig. 2). The use of this unified window ensures a consistent basis for ACI 

calculations across different events. For a given sliding window size n (min), the mean standard error SEMv,j(n) of the 

physical parameters v(PM2.5、Nd、LWC) in event j is defined as follows. 

v, j

v, j

σ (n)
SEM (n) =

n
                                                                                                                                                             (10) 

where σv,j(n) represents the mean sample standard deviation of parameter v within sliding windows of length n for event 230 

j. To achieve equal-weighted horizontal comparison of different background concentration events, the SEM is normalized 

based on the minimum test window (nmin = 2min) to obtain SEMnorm,v,j. 
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v, j

norm,v, j

v, j min

SEM (n)
SEM (n) =

SEM (n )
                                                                                                                                        (11) 

To further characterize the sensitivity of normalized SEM to changes in window length, the first-order forward 

difference with respect to window length n was calculated. 235 

norm,v, j norm,v, j

v, j

SEM (n +Δn) -SEM (n)
D (n) =

Δn
                                                                                                             (12) 

where ∆n represents the interval between two adjacent test windows. The smaller the absolute value of Dv,j(n), the lower 

the sensitivity of the normalized SEM to the further increase in window length. 

 

Figure 2: Normalized SEM and Differential of PM2.5, Nd, and LWC for the five sea fog events under different window lengths. 240 

Fig. 2(a), (b), and (c) show that the normalized SEM of PM2.5, Nd, and LWC decrease rapidly when W is approximately 

2-20 min. This indicates that the statistical results are relatively sensitive to high frequency variations at shorter window 

lengths, which may increase the sensitivity of ACI calculations to short-term fluctuations and reduce their stability. Fig. 2(d), 

(e), and (f) show that, as W increases, the normalized SEM curves of all parameters gradually become flatter, and their first-

order differences also gradually approach zero. When W is between 38 and 40 min, the first-order differences of PM2.5, Nd, 245 

and LWC for all events generally fall within a low amplitude range close to zero. This indicates that the sensitivity of the 

normalized SEM to further increases in window length has markedly decreased. Considering both the reduction in the 

influence of high-frequency variations and the preservation of information on sea fog evolution, a characteristic time 

window of 40 min was selected and applied uniformly to this dataset. All ACI calculations were calculated at this timescale. 

This time window represents an empirical characteristic timescale for the present dataset and should not be regarded as a 250 

universally optimal value for other sea fog datasets. 
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3 Results and discussion 

3.1 Fog droplet and aerosol characteristics during the five sea fog events 

This study is based on spring observations over the East China Sea from March to May 2025. During the observation period, 

five sea fog events were recorded with complete simultaneous measurements of aerosols and fog droplet. The basic 255 

meteorological information for these events, including event duration, mean relative humidity (RH), mean wind speed (WS), 

mean wind direction (WD), and mean visibility (Vis), is shown in Table 2. During all five sea fog events, RH remained at 

100%, the mean near-surface wind speed ranged from 3.44 to 4.56 m·s-1, and the mean wind direction ranged from 170° to 

181°, with all five events dominated by southerly flow. 

Table 2. Basic information of 5 sea fog events. 260 

Event Duration(h) RH(%) WS(m/s) WD(°) Vis(km) 

Event 1  2.4 100 3.45 181 0.44 

Event 2  6.1 100 3.44 177 0.59 

Event 3  7.6 100 3.71 170 0.55 

Event 4  3.0 100 3.57 175 0.66 

Event 5  4.1 100 4.56 170 0.58 

Under similar meteorological and dynamical conditions, the five events exhibited clear differences in aerosol loading 

and sea fog microphysical characteristics (Fig. 3). 

 

Figure 3: Microphysical characteristic parameters of aerosols and droplets. 

Fig. 3(a) shows that the mean PM2.5 value of Event 1 was 131 μg·m-3, markedly higher than those of the other four sea 265 

fog events. The mean PM2.5 values of Events 2, 3, and 4 were at intermediate levels, ranging from 67 to 75 μg·m⁻³. The 

mean PM2.5 value of Event 5 was the lowest, at 52 μg·m-3. Fig. 3(b) shows that the mean Nd of Event 1 was 34 cm-3, 

approximately three times those of the other events, and it also showed the largest dispersion. The mean Nd values of Events 
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2-5 were concentrated within the range of 9-13 cm-3. Event 1 was characterized not only by high aerosol loading but also by 

sufficient LWC (Fig. 3(d)). It also had the smallest mean ED, at 19.5 μm (Fig. 3(c)). These results are highly consistent with 270 

the expected characteristics of the classical Twomey effect. The mean PM2.5 value of Event 4 was 75 μg·m-3, the second 

highest among the five events, whereas its LWC and Nd were both the lowest, at 0.026 g·m-3 and 9.4 cm-3, respectively. This 

combination of limited water vapor and relatively high aerosol loading may lead to suppressed activation. 

The overall statistics for each event can often obscure the transient formation and dissipation processes within sea fog. 

Therefore, data from the automatic weather station, particulate matter monitor, forward-scatter visibility meter, and fog 275 

droplet spectrometer were used to calculate and present the temporal evolution of aerosol and fog-droplet microphysical 

parameters for the five sea fog events (Fig. 4). The parameters include visibility (Vis), mass extinction efficiency (MEE), fog 

droplet number concentration (Nd), PM2.5 mass concentration, liquid water content (LWC), and air temperature (Ta). 

 

Figure 4: Temporal evolution of microphysical parameters and aerosols during the five sea fog events. The numbers in the figure indicate 280 

the different stages of sea fog. The numbers 1 to 6 denote the formation stage, development stage, mature stage, dissipation stage, 

explosive enhancement stage, and oscillation stage, respectively. 
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During the formation stage, Vis in all five events decreased from 1.43-1.51 km to 1.0 km, while MEE began to increase. 

An explosive enhancement stage occurred in four of the five events, and all of these stages occurred during the development 

stage. In the four events with explosive enhancement, the development stage was accompanied by a decrease in Ta. The 285 

explosive enhancement mainly occurred at night, in the early morning, or in the evening, suggesting that near-surface 

cooling may have provided favorable conditions for the rapid enhancement of sea fog. During the explosive enhancement 

stage, Vis decreased by at least 500 m within 30 min, while MEE increased markedly. In Event 3, MEE increased from 125 

to 265 m2·g-1, whereas Nd decreased from 21 to 9 cm-3. During this stage in Event 5, MEE increased by 135%, while Nd 

showed only a slight change. In Events 3 and 5, the increase in MEE during the explosive enhancement stage was 290 

accompanied by a decrease or little change in Nd. This indicates that the rapid deterioration in Vis was not accompanied by a 

simultaneous increase in Nd and may be related to the combined changes in LWC, fog droplet size distribution, and air-mass 

properties. The mature stage is the most complex stage of aerosol- sea fog interactions, during which Vis generally remained 

at a low level. During this stage, LWC reached relatively high values in all events, whereas Nd showed different variations 

among the events. Among them, Event 1 generally shows higher LWC, Nd, and aerosol loading, with peak values of 0.086 295 

g·m-3, 75 cm-3, and 202 μg·m-3, respectively. Event 2 showed the coexistence of high LWC and relatively low Nd. In Event 3, 

the peak Nd 

 was 34 cm-3 under relatively high LWC conditions. In Event 5, the peak Nd was 22 cm-3 under moderate LWC 

conditions. In Event 4, although PM2.5 remained at a relatively high level of 70-80 μg·m-3 under relatively low-LWC 

conditions, Nd remained at 3-9 cm-3 and showed a decreasing trend. These differences among the events indicate that there is 300 

no fixed relationship between aerosol loading and Nd. The microphysical response may be regulated by environmental 

conditions such as LWC. The oscillation stage occurred only in Events 2, 3, and 5, which had relatively long sea fog 

lifetimes. During this stage, Vis oscillated between 0.2 and 0.9 km, while MEE and LWC also showed oscillatory variations. 

These repeated changes in multiple parameters indicate that the microphysical state of sea fog underwent multiple 

adjustments during its maintenance. This may reflect the intermittent maintenance of sea fog under complex boundary-layer 305 

conditions. 

3.2 Temporal evolution of ACI and its relationship with MCr during the sea fog events 

The analysis of aerosol and fog-droplet microphysical characteristics for the five sea fog events in Sect. 3.1 preliminarily 

indicates that there are nonlinear characteristics between aerosol PM2.5 and LWC and Nd. To further quantify the effects of 

aerosols on sea fog, the ACI index of aerosol-cloud interaction as a quantitative measurement standard. The temporal 310 

evolution of ACI for the five sea fog events was calculated using the unified 40 min characteristic window in this paper (Fig. 

5). Positive ACI indicates a positive logarithmic sensitivity relationship between PM2.5 and Nd, and the direction is consistent 

with the Twomey response. Negative ACI indicates a negative logarithmic sensitivity relationship between PM2.5 and Nd, 

and it represents a non-Twomey response. The specific mechanism needs to be determined by combining LWC, effective 

diameter, fog droplet size spectrum, and meteorological changes. 315 
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Figure 5: Temporal evolution of ACI during the five sea fog events. 

In Event 1, which had both high LWC and high aerosol loading, ACI remained positive for most of the time. During the 

early mature stage (00:48-01:47), ACI remained positive and reached 0.7. During the same period, Nd increased from 37 to 

75 cm-3, and LWC increased from 0.016 to 0.086 g·m-3. This stage showed a positive response consistent in direction with 320 

the Twomey effect. It should be noted that the ACI value of 0.7 exceeded the ideal reference range of 0 < ACI ≤ 0.33 under 

the assumption of one-to-one aerosol activation. Because PM2.5 mass concentration was used as the aerosol proxy in this 

study, this range cannot be regarded as a strict upper limit for the ACI. The relatively high ACI may also be affected by the 

rapid evolution of LWC, air mass transport, and the common time trends within the window. During the oscillation stages of 

the long-lived sea fog Events 2 and 3, ACI showed continuous negative ACI responses for more than 1 hour. Some periods 325 

of negative ACI were accompanied by an increase in Ta and continuous accumulation of PM2.5, while Nd did not increase 

correspondingly. This phenomenon is similar to the semi-direct effect reported by Lin et al. (2026) in free-tropospheric 

warm clouds (Ta increased and Nd was insensitive to aerosols). In Event 4, ACI remained within the range of 0.1-0.4 during 

the development stage and the early mature stage (06:29-07:50), but became negative during the middle and late mature 

stage (07:50-08:21), showing a non-Twomey response. In addition, Event 5 showed a negative ACI response during the 330 

oscillation stage (17:11-17:40). Overall, ACI in the five events showed clear alternations between positive and negative 

values over time, indicating that the response relationship between PM2.5 and Nd would change with the evolution state of 

sea fog, rather than being solely determined by the aerosol load. 
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Figure 6: The proportion of positive ACI time for 5 sea fog events and its relationship with the duration of the events. 335 

The proportion of time with positive ACI ranged from 45% to 94% among the different sea fog events (Fig. 6(a)).  The 

proportion was 94% in Event 1, 74% and 75% in Events 4 and 5, respectively, and 52% and 45% in Events 2 and 3, 

respectively. Fig. 6(b) shows that, among the five events, the proportion of time with positive ACI generally decreased as the 

sea fog duration increased. Because of the limited number of events, this trend is not sufficient to establish a universal 

statistical relationship. Physically, this trend may be related to the relatively lower availability of water relative to aerosol 340 

loading in longer-duration sea fog events. Enhanced competition for water vapor may weaken the positive response of Nd to 

increasing aerosol loading and limit the further growth of fog droplets, thereby reducing the proportion of time with positive 

ACI responses that are consistent with the Twomey effect. If this water-limited state also suppresses the formation of larger 

fog droplets as well as collision-coalescence and sedimentation, it may favor the sustained maintenance of sea fog. 

To identify the empirical transition range of the mean MCr-ACI response in sea fog and establish a unified grouping 345 

basis for the subsequent comparison of aerosol–sea fog microphysical characteristics, the ACI results obtained using the 40 

min window for the five sea fog events and their corresponding MCr results were used in this section (Fig. 7). The kernel 

density distribution of MCr-ACI was shown. The binned medians with a bin width of 0.02 and a quadratic polynomial fitting 

curve were also superimposed to jointly identify the range over which the MCr-ACI response changes. 
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 350 

Figure 7: Scatter plot and kernel density distribution of MCr-ACI for the five sea fog events. The kernel density distribution represents the 

distribution calculated from all data, while the scatter points with different shapes and colors represent the distributions of the individual 

sea fog events. For the scatter plot, one data point is displayed for every 25 calculations. 

The MCr values of the five sea fog events were distributed within the range of 2.17-2.93, which is lower than the MCr 

threshold value of 4.5 reported by Lin et al. (2026) for warm clouds. When calculated using the same definition, this result 355 

indicates that the relative state between LWC and PM2.5 aerosol loading in the sea fog samples of this study generally 

corresponds to a lower MCr range. Due to differences in cloud type, LWC, aerosol composition, and observation system, 

these two values should not be interpreted as directly interchangeable universal thresholds. For the binned median curve, 

when MCr < 2.44, the binned median ACI ranged from -0.65 to -0.14, with a non-Twomey response dominant. When MCr ∈ 

[2.44, 2.62], the binned median ACI began to shift from negative values toward near zero and positive values. This range lies 360 

outside the high-value region of the kernel density distribution, where the sample size is relatively limited and the binned 

medians show large fluctuations. Therefore, this range alone is insufficient to serve as the basis for grouping. When MCr ∈ 

[2.62, 2.93], the data were located within the kernel density region, and the binned median ACI crossed zero at MCr = 2.63. 

The quadratic polynomial fitting curve crossed zero at MCr = 2.51. However, the amount of data on the left side of this value 

was relatively small and not representative. The fitting curve reached a local maximum the MCr range of 2.78-2.85. Based 365 

on these results, the range of 2.50-2.63 was identified as the empirical response transition range, and MCr_threshold = 2.63 

was selected as the empirical grouping threshold for the subsequent grouping analysis of aerosol–sea fog microphysical 

characteristics. This value is used only for the samples in this study and does not represent a universal physical critical point. 

The scatter points from different events still showed clear differences in ACI within the same MCr range. Most data 

points from Event 1 were distributed in the region of MCr ∈ [2.45, 2.62] and ACI > 0. Although most samples from this 370 

event had MCr values below the empirical grouping threshold, positive responses were dominant, indicating that MCr < 2.63 
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does not necessarily correspond to a non-Twomey response. Most data points from Event 4 were distributed within MCr ∈ 

[2.27, 2.61], with ACI reaching a relatively low negative value of -0.87, corresponding to activation suppression under 

water-vapor-deficient conditions. Most data points from Event 5 were concentrated within MCr ∈ [2.7, 2.9], but ACI 

changed from negative to positive. Negative ACI was also observed in Event 3 when MCr > 2.7, and the ACI variation may 375 

be related to the rise in Ta and boundary-layer disturbances during the oscillation stage. The above results collectively 

indicate that MCr being higher or lower than 2.63 is not sufficient to independently determine the response direction. LWC 

and thermal conditions can still further change the response within the same MCr range. 

To evaluate the stability of the candidate grouping threshold and the selection of nearby thresholds, a scanning 

threshold sensitivity test was used in this study. Within MCr ∈ [2.25, 2.85], MCr_threshold was set sequentially at an 380 

interval of 0.05. For each selected threshold, all data were divided into a low-MCr group (MCr≤MCr_threshold) and a high-

MCr group (MCr≥MCr_threshold). The mean ACI, the correlation coefficient (r) between ln(PM2.5) and ln(Nd), and the root 

mean square error (RMSE) were then calculated separately for the two groups (Fig. 8). 

 

Figure 8: (a) Mean ACI, (b) mean r, and (c) mean RMSE. 385 

The mean ACI of the high-MCr group remained within the range of 0.06-0.13 throughout the entire scanning range (Fig. 

8(a)). The mean r remained stable within the positive range of 0.07-0.10 (Fig. 8(b)). The mean RMSE ranged from 0.21 to 

0.26 (Fig. 8(c)). The three metrics changed only slightly with the grouping threshold, indicating that the mean response 

direction of the high-MCr group was relatively robust to the threshold selection. It should be noted that the r values were 

generally small. Therefore, the robustness here mainly refers to the direction of the mean ACI response and does not indicate 390 

a strong linear correlation between PM2.5 and Nd. 

In the low-MCr group, when MCr_threshold≤2.40, the mean ACI ranged from -0.27 to -0.22, and the mean r ranged 
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increased, the metrics of the low-MCr group gradually shifted toward those of the high-MCr group. The mean r changed 

from negative to positive when MCr_threshold was approximately 2.50. The mean ACI remained negative at when 395 

MCr_threshold was 2.60, but became positive when MCr_threshold was 2.65, indicating that the zero crossing occurred 

within the range of 2.60-2.65. MCr = 2.63 falls within this range and is also within the dense region of the MCr–ACI kernel 

density distribution (Fig. 7). This also indicates that the response on the low-MCr side did not complete its transition at a 

single MCr value, but underwent a gradual transition from a change in the direction of the mean r to a positive mean ACI. 

Based on Fig. 7 and Fig. 8, the range of approximately 2.50-2.63 was finally identified as the empirical transition range of 400 

the mean MCr–ACI response, and MCr = 2.63 was adopted as the empirical grouping threshold for the subsequent 

comparison of microphysical characteristics. 

3.3 Difference in the effective diameter of fog droplets 

Aerosols regulate the surface energy budget through radiative effects (Huang et al., 2014; Bellouin et al., 2020; Liu et al., 

2021). However, the influence of surface radiation processes on the thermodynamic structure of the boundary layer 405 

(Deaconu et al., 2019; Graaf et al., 2020) directly affects the formation, maintenance, and dissipation of sea fog. The 

temporal evolution results of radiation parameters and the evolution results of boundary layer temperature with time and 

space during the observation period (Fig. 8 and Fig. 9) were used to analyse how radiation affects the stable structure of the 

boundary layer and the evolution characteristics of the sea fog life cycle. 

To analyze the relationship between aerosol load and the effective diameter (ED) of droplets under different MCr and 410 

LWC conditions, this study divided the samples into high- and low-MCr intervals based on MCr = 2.63. The high-MCr 

range was MCr ∈ [2.63, 2.93], and the low-MCr range was MCr ∈ [2.17, 2.63]. Meanwhile, the full sample was divided into 

low-, medium-, and high-LWC groups according to the 33.33rd and 66.67th percentiles of LWC. The low-LWC range was 

LWC ∈ [0, 0.025] g·m-3, the medium-LWC range was LWC ∈ [0.025, 0.039] g·m-3, and the high-LWC range was LWC ∈ 

[0.039, 0.094] g·m-3. The relationship between ln(PM2.5) and ED was investigated for the full sample and within the different 415 

MCr and LWC ranges (Fig. 9). The aerosol-cloud interaction index based on effective radius, ACIre = − ∂ln(re) / ∂ln(PM2.5), 

and the corresponding correlation coefficient r(ACI) were also calculated under constant liquid water conditions. Because 

ED = 2re, ln(ED) and ln(re) differ only by a constant. Therefore, the corresponding logarithmic sensitivity slopes are 

equivalent. 
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 420 

Figure 9: The relationship between aerosols and ED under different MCr and LWC conditions. 

The results for the full sample (Fig. 9(a)) show that, without constraining MCr, only the high-LWC group exhibited a 

clear decrease in ED with increasing aerosol load, and the direction of the droplet size change was consistent with the 

Twomey effect. In contrast, the ACIre values of the medium- and low-LWC groups were −0.01 and 0.01, respectively, and 

their regression lines were nearly horizontal. These results indicate that the response between aerosol load and fog droplet 425 

size has a clear dependence on LWC conditions. These results also show clear differences in the relationship between PM2.5 

and ED among different LWC groups, and the overall analysis without LWC grouping may mask these differences. 

In the high-MCr range (Fig. 9(b)), the ACIre values of the three LWC groups increased successively as LWC increased. 

The ACIre values of the low-, medium-, and high-LWC groups were 0.02, 0.03, and 0.14, respectively. The absolute values 

of r(ACI) also increased as LWC increased. The r(ACI) values of the low-, medium-, and high-LWC groups were -0.04, -430 

0.08, and -0.36, respectively. The relationship between PM2.5 and ED was weak in the low- and medium-LWC groups, 

whereas a relatively clear negative correlation was observed in the high-LWC group. The direction of the droplet size change 

was consistent with the Twomey effect. This indicates that even within the high-MCr range, there are still differences in the 

association between PM2.5 and ED among the LWC groups, and high-MCr does not necessarily correspond to a stronger 

response of droplet size. 435 

In the low-MCr range (Fig. 9(c)), the ACIre values of the three LWC groups changed from negative to positive as LWC 

increased. The ACIre values of the low-, medium-, and high-LWC groups were -0.09, -0.03, and 0.21, respectively. The 
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correlation coefficient r(ACI) showed a trend from positive to negative. The r(ACI) values of the low-, medium-, and high-

LWC groups were 0.21, 0.08, and -0.66, respectively. In the low- and medium-LWC groups, ED showed a weak non-

Twomey change with increasing PM₂.₅. In the high-LWC group (LWC ≥ 0.039 g·m-3), ED decreased markedly with 440 

increasing PM2.5, and the direction of the droplet size change shifted to one consistent with the Twomey effect. This high-

LWC group mainly originated from the high aerosol load and high LWC state during the early mature stage of Event 1. 

Because this group was clearly dominated by a single event, its representativeness across events still requires further 

examination using more independent observations. These results indicate that, under low-MCr conditions, the response 

direction between PM2.5 and ED still shows a clear dependence on LWC conditions. MCr below 2.63 does not necessarily 445 

correspond to a non-Twomey response. In the high-LWC group of this dataset, the droplet size response under low-MCr 

conditions can shift from a non-Twomey type to a direction consistent with the Twomey effect. Overall, the relationship 

between PM2.5 and ED shows a clear dependence on the combined MCr-LWC state. 

3.4 Differences in droplet size 

In this section, within the high- and low-MCr subranges, the data were divided into high and low aerosol loading groups, 450 

based on the median of PM2.5 in each subinterval. Under this classification, the normalized frequency distributions of LWC, 

ED, and Nd were investigated (Fig. 10). 

 

Figure 10: Normalized frequency distributions of LWC, ED, and Nd for the high and low aerosol loading groups within different MCr 

ranges. The left columns (a), (c), and (e), shows the normalized frequency distributions of LWC, ED, and Nd, respectively, within the high-455 
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MCr range. The right columns (b), (d), and (f), shows the normalized frequency distributions of LWC, ED, and Nd, respectively, within the 

low-MCr range. 

In the high-MCr range in Fig. 10, the high aerosol loading group showed higher Nd and smaller ED, exhibiting the 

typical characteristics of the Twomey effect. For the Nd distribution (Fig. 10(e)), the low aerosol loading group showed a 

strong unimodal distribution, with the mode concentrated at 8-10 cm-3. The high aerosol loading group showed a bimodal 460 

structure, with the main mode shifting to 18-20 cm-3. Meanwhile, the frequency of Nd > 20 cm-3 was higher than that in the 

low aerosol loading group. For the ED distribution (Fig. 10(c)), the mode of the low aerosol loading group was concentrated 

at 21.5-22.5 μm, whereas the mode of the high aerosol loading group shifted to a smaller ED of approximately 21 μm. With 

the increase in aerosol load, the synergistic change of Nd increase and ED decrease is consistent with the Twomey effect. Fig. 

10(a) further shows that the LWC distribution of the high aerosol loading group shifted overall toward higher values, with 465 

the mode at approximately 0.04-0.05 g·m-3, compared with approximately 0.025 g·m-3 for the low aerosol loading group. 

In the low-MCr range in Fig. 10, the main distributions of the three microphysical parameters were relatively similar 

between the high and low aerosol loading groups. For the LWC distribution (Fig. 10(b)), the modes of both the high and low 

aerosol loading groups were concentrated within the relatively low-LWC range of 0.015-0.025 g·m-3, while the distribution 

of the high aerosol loading group extended toward higher LWC. The Nd and ED distributions of the high and low aerosol 470 

loading groups (Fig. 10(f, d)) showed a high degree of overlap within their main distribution ranges and did not exhibit the 

clear combined characteristics of increased Nd and decreased ED observed in the high-MCr range. The main peaks of Nd 

were both concentrated at 7-10 cm-3. The high aerosol loading group showed a weak tailing distribution over 20-75 cm-3. 

These samples mainly corresponded to the high aerosol loading and high LWC state during the early mature stage of Event 1 

in the low-MCr and high-LWC subgroup shown in Fig. 9(c). Overall, after empirical grouping using MCr = 2.63, clear 475 

differences were observed in the fog droplet microphysical distributions associated with changes in aerosol load between the 

high- and low-MCr ranges, indicating that this empirical grouping threshold can effectively characterize different sea fog 

microphysical states. 

To further compare the differences in fog droplet size distributions between the high and low aerosol loading groups 

within different MCr ranges, the mean fog droplet spectra of the high and low aerosol loading groups and the observational 480 

mean of the full sample were presented (Fig. 11). 
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Figure 11: The mean fog droplet spectra of the high and low aerosol loading groups within the two MCr ranges, together with the 

observational mean of the full sample. 

The mean fog droplet spectra in the two MCr ranges both showed similar bimodal structures. The small droplet modal 485 

peak occurred at 4-6 μm, the spectral valley occurred at 12-13 μm, and the large droplet modal peak occurred at 20-23 μm. 

The fog droplet number size distribution decreased rapidly at diameters larger than 25 μm. In the high-MCr range (Fig. 

11(a)), fog droplets in both the small and large droplet size ranges increased markedly under high aerosol loading conditions. 

The small droplet modal peaks of the high and low aerosol loading groups were 3.0 and 2.0 cm -3, respectively, with a ratio of 

approximately 1.5. The large droplet modal peaks of the high and low aerosol loading groups were 2.4 and 1.5 cm -3, 490 

respectively, with a ratio of approximately 1.6. The peak ratios of the two modes in the high and low aerosol load groups 

were basically consistent. This result showed simultaneous enhancement of the small and large droplet modes. This indicates 

that, while small droplets associated with activation increased, larger fog droplets also increased accordingly. Overall, this 

spectral feature is consistent with continued growth of fog droplets toward larger sizes after activation. 

In the low-MCr range (Fig. 11(b)), the fog droplet spectrum showed response characteristics that were clearly different 495 

from those in the high-MCr range. The main feature was a marked enhancement of the small droplet mode, while the 

enhancement of the large droplet mode was relatively limited. The small droplet modal peaks of the high and low aerosol 

loading groups were 5.8 and 1.7 cm-3, respectively, with a ratio of approximately 3.4. Meanwhile, in the low-MCr range, the 

small droplet modal peak of the high aerosol loading group was approximately twice that of the high-MCr range. This 

indicates a clear accumulation characteristic of small droplets under low-MCr conditions. However, the large droplet modal 500 

peaks of the high and low aerosol loading groups were 1.45 and 1.05 cm-3, respectively, with a ratio of approximately 1.38. 

The large droplet mode also increased under high aerosol loading conditions, but its increase was clearly smaller than that of 

the small droplet mode. Compared with the high-MCr range, the large droplet modal peak of the high aerosol loading group 

was also relatively lower in the low-MCr range. This spectral feature indicates that, under low-MCr conditions, increasing 

aerosol load mainly corresponded to a marked enhancement of the small droplet mode, while the enhancement of the large 505 

droplet mode was relatively limited. This reflects that when more aerosols participate in droplet activation, due to the 
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relatively limited water content conditions, the ability of droplets to further develop towards larger sizes is weakened, 

thereby forming a clear small droplet accumulation spectral feature. From the spectral feature, this reflects that the 

activation-growth pathway of fog droplets was somewhat restricted under low-MCr conditions, and fog droplet growth 

remained relatively more concentrated at the small droplet end. 510 

Based on the results in Fig. 11, the LWC constraint was further introduced to compare the differences in fog droplet 

spectra corresponding to changes in aerosol load under different MCr-LWC combined states (Fig. 12). 

 

Figure 12: The mean fog droplet spectra of the high and low aerosol loading groups within the two MCr ranges, together with the 

observational mean of the full sample. 515 

In the high-MCr range, under low-LWC conditions (Fig. 12(a)), the peak ratios between the high and low aerosol 

loading groups for the small and large droplet modes were approximately 1.13 and 1.41, respectively. Under medium-LWC 

conditions (Fig. 12(c)), the peak ratio between the high and low aerosol loading groups for the small droplet mode was 1.24, 

while the large droplet modal peaks of the two groups completely overlapped. Under high-LWC conditions (Fig. 12(e)), the 

peak ratios between the high and low aerosol loading groups for the small and large droplet modes further increased to 1.59 520 

and 1.43, respectively. In the decay region at the large droplet end (D ≥ 30 μm), the spectral values of the fog droplets 

dN/dlogD in the low aerosol load group were generally higher than those in the high aerosol load group, and the difference 
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between the two groups was more obvious at the larger droplet sizes end. As LWC increased, the peak ratio between the 

high and low aerosol loading groups for the small droplet mode continuously increased from 1.13 to 1.24 and then to 1.59. 

Because the small droplet mode mainly represents fog droplets formed by aerosol activation, this result indicates that, under 525 

high-MCr conditions, the fog droplet activation response corresponding to an increase in aerosol load gradually strengthened 

as LWC increased. The direction of this change was consistent with the Twomey effect. This result and the finding in Fig. 

9(b) mutually corroborate each other. Under high-MCr conditions, ACIre increased with LWC (0.02, 0.03, and 0.14), 

reflecting a strengthening of the Twomey effect with increasing LWC. 

In the low-MCr range, under low-LWC conditions (Fig. 12(b)), the small droplet modal peaks of the high and low 530 

aerosol loading groups were 2.3 and 1.8 cm-3, respectively, with a ratio of 1.28. The large droplet modal peaks of the high 

and low aerosol loading groups were 0.78 and 0.95 cm-3, respectively, with a ratio of 0.82. A similar spectral feature was 

observed under medium-LWC conditions (Fig. 12(d)). Because the large droplet mode mainly reflects the further growth of 

fog droplets toward larger sizes after activation, this spectral feature of an enhanced small droplet mode and a relatively 

weakened large droplet mode is consistent with a state in which subsequent fog droplet growth is restricted under relatively 535 

limited water content conditions. Under high-LWC conditions (Fig. 12(f)), the spectral values of the fog droplets dN/dlogD 

increased overall across all droplet size ranges. The small droplet modal peak of the high aerosol loading group (16.9 cm-3) 

was much higher than that of the low aerosol loading subgroup (6.5 cm-3). The peak ratios between the high and low aerosol 

loading groups for the small and large droplet modes were 2.6 and 1.6, respectively. 

Under the high-LWC constraint in Fig. 12(e) and (f), the small and large droplet modal peaks of the high aerosol 540 

loading group were both higher than those of the low aerosol loading group. In both MCr ranges, the small droplet mode was 

enhanced as aerosol load increased, indicating that the small droplet response associated with aerosol activation was 

strengthened in both ranges. The main differences between the two MCr ranges were reflected in the magnitude of the 

spectral values of the fog droplets dN/dlogD and in the relative changes of the small and large droplet modes. The small 

droplet modal peak of the high aerosol loading group in Fig. 12(f) was four times that of the corresponding peak in Fig. 12(e). 545 

Meanwhile, the spectral feature in Fig. 12(f) showed a more pronounced small droplet accumulation characteristic. These 

differences in the magnitude of the spectral values and in the relative changes of the small and large droplet modes further 

indicate that empirical grouping using MCr = 2.63 can distinguish two different microphysical states. One state occurs under 

high-MCr and high-LWC conditions, where both the small and large droplet modes are enhanced as aerosol load increases, 

showing a relatively complete activation-growth pathway. The other state occurs under low-MCr and high-LWC conditions, 550 

where the enhancement of the small droplet mode is clearly greater than that of the large droplet mode. This state shows a 

pronounced small droplet accumulation characteristic and reflects a restricted activation-growth pathway. 

3.5 Differences in the autoconversion threshold function (T) 

Aerosols can affect the T by changing the fog droplet spectral shape, thereby influencing the collision–coalescence processes 

of fog droplets. Therefore, the normalized frequency distributions of the T in the high- and low-MCr ranges were calculated 555 

https://doi.org/10.5194/egusphere-2026-5934
Preprint. Discussion started: 21 October 2026
c© Author(s) 2026. CC BY 4.0 License.



24 

 

in this section. The value of T ranges from 0 to 1, and a larger T indicates a stronger collision–coalescence process of fog 

droplets. Meanwhile, the relationship between T and ln(PM2.5) was analyzed under different LWC constraint (Fig. 13). 

 

Figure 13: Normalized frequency distributions of the T in different MCr ranges (a, b), and the relationships between T and ln(PM2.5) under 

different LWC constraints (c, d). 560 

In the overall distribution of T (Fig. 13(a) and (b)), the T distribution range in the high-MCr range (0-0.75) was higher 

than that in the low-MCr range (0-0.5). This indicates that higher T states occurred more readily in the high-MCr range, 

whereas the collision–coalescence process was relatively weaker overall in the low-MCr range. In the high-MCr range (Fig. 

13(c)), the regression lines between T and ln(PM2.5) were nearly horizontal under low- and medium-LWC conditions, 

indicating that the effect of aerosol load on T was weak when LWC was relatively low. Under high-LWC conditions, T was 565 

negatively correlated with ln(PM2.5), and T decreased from 0.53 to 0.23 as ln(PM2.5) increased. This result is consistent with 

the Twomey effect in the direction of droplet size reduction under high-MCr and high-LWC conditions shown in Fig. 9(b). 

This indicates that, as aerosol load increased, fog droplet size decreased and T also decreased markedly, corresponding to a 

weakened collision-coalescence process. In the low-MCr range (Fig. 13(d)), T was positively correlated with ln(PM2.5) under 

low-LWC conditions, and T increased from 0.07 to 0.24 as ln(PM2.5) increased. This change is consistent with the non-570 

Twomey response of ED increasing with aerosol load in the low-MCr and low-LWC condition in Fig. 9(c). This indicates 

that an increase in aerosol load was accompanied by increases in fog droplet size and T, corresponding to an enhanced 

collision-coalescence process. Under high-LWC conditions, T showed a strong negative correlation with ln(PM2.5). This 

phenomenon was mainly contributed by the high aerosol loading and high-LWC state during the early mature stage of Event 

1. This result is consistent with the decrease in ED with increasing aerosol load under low-MCr and high-LWC conditions 575 
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shown in Fig. 9(c). This indicates that, as aerosol load increased, the decrease in fog droplet size and the decrease in T 

occurred simultaneously, corresponding to a tendency toward a weakened collision-coalescence process. Therefore, within 

the low-MCr range, the response direction of T to aerosol load changed with LWC conditions, further indicating a clear 

dependence of the collision–coalescence process on the combined MCr-LWC state. 

4 Summary and conclusions 580 

This study was based on high temporal resolution observations from the ground-based observation platform on Qingbang 

Island in the East China Sea. Five advection sea fog events observed during spring from March to May 2025 were 

investigated in detail over their entire life cycles. Based on the convergence characteristics of the normalized standard errors 

of PM2.5, Nd, and LWC and their first-order differences, a characteristic time window of 40 min was determined for the ACI 

calculation. This window was used to suppress high-frequency fluctuations while retaining the main evolution characteristics 585 

of the sea fog processes. The MCr framework was extended from warm clouds to sea fog. An empirical transition range of 

the MCr-ACI response was identified, and an empirical MCr threshold was selected for the subsequent grouping analysis. 

On this basis, the temporal evolution of ACI and its relationship with MCr were further analyzed. The differences in sea fog 

microphysical responses corresponding to aerosol load were then analyzed by combining ED, fog droplet spectral 

characteristics, and the T under different MCr and LWC conditions. The results show that the microphysical responses of 590 

aerosol-sea fog interactions exhibit a clear dependence on the combined MCr-LWC state (Fig. 14). The main conclusions are 

as follows. 

 

Figure 14: Conceptual diagram of the microphysical responses of aerosol-sea fog interactions under the constraints of MCr-LWC. 

The five sea fog events show that aerosol-sea fog microphysical responses varied markedly among events and life-cycle 595 

stages rather than being determined by aerosol loading alone. Event 1 showed the highest Nd and the smallest ED under high 
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aerosol loading and sufficient LWC, which was consistent with the classical Twomey effect. In contrast, low LWC and Nd 

were observed in Event 4 despite relatively high aerosol loading. The six-stage analysis further showed that explosive 

enhancement occurred during the development stage, whereas oscillation was observed only in long-lived events. 

Consistently, ACI alternated between positive and negative values across events and stages, and the proportion of time with 600 

positive ACI generally decreased with increasing sea fog duration. These results indicate that the PM2.5-Nd response changed 

with the evolving sea fog state and the relative availability of water. These differences in microphysical response states were 

further characterized using MCr. MCr ranged from 2.17 to 2.93, and the MCr-ACI response showed a gradual transition 

from negative to positive within approximately 2.50-2.63. MCr = 2.63 was therefore selected as the empirical grouping 

threshold for subsequent microphysical analysis. This value is substantially lower than the MCr threshold of 4.5 reported by 605 

Lin et al. (2026) for free-tropospheric warm clouds. The threshold sensitivity analysis showed a relatively stable mean 

response on the high-MCr side and greater sensitivity on the low-MCr side. Thus, MCr boundaries derived for different 

cloud and fog regimes cannot be directly transferred between systems (Figs. 3-8). 

Within the empirical MCr grouping, both the direction and strength of the aerosol-related microphysical responses were 

further regulated by LWC. In the high-MCr range, ACIre increased from 0.02 to 0.14 with increasing LWC, indicating a 610 

progressively stronger droplet-size reduction response consistent with the Twomey effect. In the low-MCr range, ACIre 

shifted from -0.09 and -0.03 under low- and medium-LWC conditions to 0.21 under high-LWC conditions, demonstrating 

that low MCr does not necessarily correspond to a non-Twomey response. Fog droplet spectra and T provided mutually 

consistent microphysical evidence for this state dependence. Under high-MCr and high-LWC conditions, both the small and 

large droplet modes were enhanced with increasing aerosol load, indicating a relatively complete activation-growth pathway. 615 

Under low-MCr and high-LWC conditions, more pronounced small droplet accumulation and relatively restricted 

subsequent growth were observed. The small droplet modal peak under high aerosol loading was approximately four times 

that in the corresponding high-MCr group. The response direction of T to aerosol loading likewise changed with the 

combined MCr-LWC state. Taken together, the ACIre, ED, fog droplet spectra, and T results indicate that MCr distinguishes 

different relative aerosol–liquid water states, while LWC further regulates fog droplet activation, subsequent growth, and 620 

collision–coalescence. Aerosol effects on sea fog microphysics should therefore be interpreted in terms of the combined 

MCr-LWC state rather than aerosol concentration alone (Figs. 9-13). 

This study shows that aerosol-sea fog interactions exhibit a clear dependence on the combined MCr-LWC state. The 

single MCr threshold identified for warm clouds cannot be directly extended to sea fog, and aerosol responses in sea fog 

should not be parameterized as a monotonic function of aerosol concentration. Aerosol concentration alone is insufficient to 625 

determine the direction and strength of aerosol effects on sea fog microphysics. Combining MCr-LWC can more effectively 

distinguish fog droplet activation, droplet-size growth, and collision-coalescence responses under different aerosol-liquid 

water combined states. This helps deepen the understanding of the microphysical processes of aerosol-sea fog interaction. At 

the same time, it provides observational evidence for the analysis and prediction of the evolution of sea fog under high 

pollution conditions. This study uses PM2.5 mass concentration as a proxy for cloud condensation nucleus number 630 
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concentration, and does not directly characterize the size distribution and chemical composition of cloud condensation nuclei. 

The supersaturation under near-saturated conditions is also difficult to observe directly, and the number of observed events 

and the sample sizes of some subranges remain relatively limited. In the future, more sea fog events can be observed, and 

combined with direct measurements of cloud condensation nuclei, the applicability of the MCr-LWC framework in different 

regions and types of sea fog can be further tested. 635 
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