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Abstract. Evolution mechanisms of explosive advection sea fog coupled with long-range dust transport over East Asia
remain unclear. This study investigates a dust-advection sea fog event using multi-source data. Results show that dust
underwent significant aging during transport, promoting sea fog under high humidity (RH > 90%). Before sea fog formation
(Stage 3: 12:40-16:47 on the 25th) and during the sea fog period (Stage 4: 16:47-19:30 on the 25th), the proportion of 0-1
um particles decreased by 18% and 24%, respectively. The proportion of 1-2.5 um particles increased by 5% and 4%,
respectively. The proportion of 2.5-10 pm particles increased by 13% and 20%, respectively. This indicates that aging
enhanced dust hygroscopicity. Unlike classical advection cooling, radiative forcing of dust and cold air formed a deep
inversion (9°C) before fog, which with warm-moist advection suppressed turbulent mixing and provided a favourable
thermodynamic background for fog maintenance. The threshold ranges of turbulence parameters (U, TKE, ., 1, Iy, Iy) were
relatively distinct when sea fog maintains visibility within 1 km. The friction velocity (u,) was within a narrow range of
0.62-0.69 ms™', indicating high sensitivity to u.. The system showed a significant characteristic of turbulence acting first and
fog responding later during the late stage of mist. The downward longwave radiation (DLR) was highly sensitive to changes
in fog layer structure. Fog dissipation was caused by circulation adjustment and re-invasion of dry-cold dust carried by
northerly winds, destroying phase equilibrium. These findings advance understanding of sea fog under complex aerosol

backgrounds.

1 Introduction

Fog is a hazardous weather phenomenon that occurs at the bottom of the planetary boundary layer. It essentially consists of

tiny water droplets or ice crystals suspended in the near-surface atmosphere, leading to low horizontal visibility (Gultepe et
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al., 2007). Its low visibility has serious impacts on transportation, aviation, power systems, and human health (Gultepe et al.,
2015; Niu et al., 2010a). Most observational and simulation studies mainly focus on land radiation fog (Fernando et al., 2021;
Gultepe et al., 2014; Liu et al., 2011; Ian et al., 2018; Brege et al., 2018; Jia et al., 2019; Tsai et al., 2021), while relatively
fewer studies pay attention to sea fog. Sea fog is usually formed by advection cooling when warm-moist air masses flow
over cold ocean surfaces (Cotton et al., 1989; Gilson et al., 2018). The life cycle of sea fog is controlled by more complex
physical processes. It is the result of nonlinear coupling of aerosol activation, condensation, radiation, turbulence,
thermodynamic and dynamic processes at multiple scales (Mazoyer et al., 2017; Tardif et al., 2007; Haeffelin et al., 2010).
These processes interact with each other in complex ways. Currently, the understanding of sea fog mechanisms remains
insufficient, and accurate prediction of sea fog still has significant uncertainty. Therefore, advancing a comprehensive
understanding of the microphysical processes of sea fog is crucial (Yang and Gao, 2020).

Atmospheric aerosols play an important role in global climate by affecting the Earth-atmosphere radiation balance
through direct or indirect effects (Huang et al., 2014; Bellouin et al., 2020; Liu et al., 2021). The interaction between
aerosols and fog is rather complex and has similarities with the interaction between aerosols and clouds (Fan et al., 2016;
Guo et al., 2018; Wang et al., 2023). As cloud condensation nuclei (CCN) (Twomey 1959), the concentration, size, and
chemical composition of aerosols can significantly affect the microphysical and optical properties of fog (Jia et al., 2019;
Yan et al., 2020; Dusek et al., 2006; Zhao and Garrett, 2015). Meanwhile, fog processes can also modify the evolution of
aerosols (such as size, composition, mixing state, new particle formation, wet scavenging, etc.) (Schroder et al., 2015; Qian
et al., 2023; Roth et al., 2016; Biswas et al., 2008). Numerous studies have shown that the increase in aerosol concentration
can lead to higher fog droplet number concentration (Liu et al., 2021; Yan et al., 2020; Maalick et al., 2016; Stolaki et al.,
2015) and fog top height (Liu et al., 2021; Stolaki et al., 2015), and may extend the fog lifetime (Quan et al., 2021; Yan et al.,
2021). Currently, research on the interaction between sea fog and aerosols is still limited. Previous studies have mostly
focused on sea salt aerosols acting as condensation nuclei for sea fog. However, spring is both the outbreak period of sea fog
and dust. Studies have shown that dust from northern China and Mongolia can be transported over long distances across the
Yellow Sea, East Sea, and even to the Pacific Ocean (Cahill et al., 2003; Sullivan et al., 2007). Traditional views suggest that
pure dust is hydrophobic (Li et al., 2025) and tends to inhibit fog formation. Dust can undergo atmospheric aging through
coagulation, cloud processes, and heterogeneous chemical reactions on surfaces. It can mix with ammonium sulfate,
ammonium nitrate, and biomass burning particles (Li et al., 2025; Clarke et al., 2004; Korhonen et al., 2003; Yin et al., 2002;
Zhang and Iwasaka, 2004; Zhang et al., 2003). It can also react with marine biogenic DMS to promote sulfate formation,
thus forming complex internal mixing states (Zhuang et al., 1992; Zhang et al., 2000). Studies have indicated that long-range
transported dust undergoes aging processes, and its hygroscopicity is significantly enhanced (Li et al., 2025; Tobo et al.,
2010; Sullivan et al., 2009; Ma et al., 2013; Yin et al., 2007). Due to the very complex interactions of multiple influencing
factors between long-range transported dust and sea fog, the details of the effects of long-range transported dust on sea fog

processes have not been well understood.
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The radiative forcing of aerosols can alter the thermodynamic and dynamic structure of the boundary layer (Deaconu et
al., 2019; De Graaf et al., 2020), which can change the formation and dissipation conditions as well as the life cycle of fog.
The strong scattering and absorption of shortwave radiation by dust aerosols can cause significant cooling of near-surface
atmosphere (Obiso et al., 2024; Wang et al., 2024). For advection sea fog, the classical theory mainly emphasizes the
advection cooling mechanism when warm-moist air flows over cold sea surfaces (Yang et al., 2024). However, under dusty
conditions, can the radiative cooling induced by the aerosol layer promote the establishment of an inversion layer? There is
still a lack of sufficient understanding. Inversion can provide stable stratification conditions for fog formation (Fitzjarrald
and Lala, 1989; Holets and Swanson, 1981; Roach et al., 1976). Currently, research on the feedback mechanism between
aerosol radiative effects and boundary layer thermal stratification has mostly focused on heavy pollution and haze processes
over land. The role in marine advection fog remains unclear. In fact, radiation is a key factor regulating the life cycle of sea
fog (Fernando et al., 2021; Yun and Ha, 2022). In addition, observational and simulation studies have indicated that
turbulence can affect the macrophysics of fog (Ye and Zhang, 2015; Porson et al., 2011) (suppressing or deepening the fog
top height (Zhou and Ferrier, 2008)). However, moderate turbulence can promote fog development (Zhou and Ferrier, 2008;
Price, 2019). Turbulence that is too weak is unfavourable for water vapor transport, while turbulence that is too strong leads
to air entrainment and dissipation. Under the high aerosol background caused by the explosive input of dust, is there a
moderate turbulence threshold for maintaining sea fog? The microphysical evolution and dynamic processes during sea fog
do not exist in isolation. Their realization is inevitably controlled by the macroscale modulation of synoptic conditions and
sea-air interface conditions (Yang et al., 2024; Dorman et al., 2021).

Previous sea fog research has mostly focused on long-term statistical characteristic analysis. However, systematic case
study analysis is still lacking for the refined physical mechanisms of the full life cycle of sea fog under complex synoptic
backgrounds, especially during dust aerosol intrusion. How do aerosols, radiation, turbulence, synoptic, and air-sea
conditions co-evolve in this complex coupling process? Do dust acrosols promote or inhibit sea fog formation? How does the
aerosol-radiation-turbulence feedback mechanism affect the life cycle of sea fog? Is there a specific turbulence dynamics
threshold during sea fog periods? To address the scientific questions, this paper utilized multi-source data including
Himawari-9 satellite remote sensing data, relevant data from the ground observation platform at Qingbang Island in the East
China Sea, and ERAS reanalysis, to conduct a full life-cycle study of a event of explosive dust transport and advection sea
fog coupling that occurred from March 24 to 28, 2025. The aim of this study is to clarify the comprehensive driving
mechanism of sea fog formation and dissipation in the dust aerosol environment by exploring the evolution laws of aerosol
microphysics, radiation and boundary layer thermodynamic structure, turbulent dynamic characteristics, as well as synoptic
conditions and air-sea conditions during this event. The organizational structure of this paper is as follows: Section 2
introduces the observation site, data sources and analysis methods. Section 3 systematically presents the results and
discussions. The focus is on analysing the comprehensive influence of the physicochemical properties of aerosols, radiation
characteristics and feedback of boundary layer thermodynamic structure, turbulent dynamic characteristics, and multi-scale

meteorological conditions during the sea fog process. Section 4 summarizes the main conclusions.

3
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2 Materials and methods
2.1 Observation period and regions

The study area is located at Qingbang Island (30.1°N, 122.4°E) in the East China Sea. The observation instruments were
deployed at Xifeng Bay on this island. The geographical location is shown in Figure 1. This island belongs to the Zhoushan
Archipelago and is far from land. It is less affected by direct interference from anthropogenic emission sources on land and
can well represent the typical marine atmospheric background environment of the East China Sea. This sea area is a high-
incidence region of advection sea fog. Sea fog phenomena are significantly concentrated in spring (March to May).
Currently, sea fog observation data in the East China Sea are relatively limited and observation is difficult. This study
utilized the unique geographical advantage of Qingbang Island to conduct fixed-point observations. The aim is to further
understand the refined evolution process of sea fog. A dust-advection sea fog case observed from March 24 to 28, 2025 was

selected to explore the multi-scale comprehensive mechanism of sea fog processes under complex environmental conditions.
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Figure 1: Geographical location of the observation site. The satellite images in panels (b) and (c) are from © Google Earth.

2.1 Instruments and data analysis

The data used during the study period mainly include: (1) surface meteorological observation data; (2) radiation data; (3)
near-surface turbulence observation data; (4) microwave radiometer retrieval data; (5) Himawari-9 satellite

data(https://www.eorc.jaxa.jp/ptree/index.html); (6) ERAS reanalysis data(https:/cds.climate.copernicus.eu/). The data

sources and instrument descriptions are shown in Table 1.

Table 1. List of data sources and instruments.

4
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Data category Instruments Measurement Range/Accuracy Interval
parameters
T -30-70 °C £ 0.1 °C
RH 0-100% +2.5%
Pa 450-1100 hPa + 0.1 hPa
AWS1900 Automatic
Weather Station data WS 0.5-65 ms™'+ 0.5 ms™! 10s
Weather Station
WD 0-360° £ 2°
PM 0-999 ugm™ + 10 ugm
Vis 10-10000 m + 5%
o DSR, USR, )
Radiation data CNR4-KIPZONE 0-2000 Wm™2 =+ 5% Imin
DLR, ULR
+ 0.04 ms™! for horizontal
Turbulence data CSAT3 u, v, w 10Hz
+0.02 ms™ for Vertical
Microwave radiometer data RPG-HATPRO T 0-10 km 10s
AOD 5km 1h
Satellite data Himawari-9
BT3.89, BT11.24 2 km 10min
MSLP, Tom,
. U10m, V10m
Reanalysis data ERAS(ECMWF) 0.25°%0.25° 1h
SST, Zsso
d2m

Due to the lack of conventional meteorological data with high spatiotemporal resolution in this sea area, raw
observation data with a temporal resolution of 10 s were obtained by the automatic weather station (AWS) independently
established in this study. The main observation parameters include air temperature (T), relative humidity (RH), pressure (Pa),
wind speed (WS), wind direction (WD), particulate matter mass concentration (PMi. PMz.s. PMuo), and visibility (Vis). To
eliminate high-frequency random noise and ensure data stability, all surface meteorological elements were subjected to strict
quality control and were averaged into time series data with 1 min intervals for subsequent analysis.

Radiation parameters were measured by a four-component radiometer (CNR4). This instrument can simultaneously
measure downward shortwave radiation (DSR), upward shortwave radiation (USR), downward longwave radiation (DLR),
and upward longwave radiation (ULR). Net radiation (Rn) was calculated based on the surface radiation balance equation:
Rn = (DSR - USR) + (DLR - ULR). To match the analysis scale of boundary layer fluxes, all radiation component data were
processed into 30-min averages. In addition, a ground-based microwave radiometer (RPG-HATPRO) was used. Vertical
profiles of air temperature in the boundary layer with high temporal resolution were obtained through retrieval algorithms.

In this study, a 3-D Sonic Anemometer (CSAT3) was used for near-surface turbulence observation. It can measure
instantaneous 3-D wind velocities (u, v, w) and sonic speed (c). The acoustic virtual temperature (Tv) was calculated from
these measurements. The processing of turbulence data mainly included outlier removal, strict quality control, planar fit

rotation, damping loss correction, and Webb-Pearman-Leuning (WPL) correction (Schaller et al., 2017).

5
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For large-scale monitoring, L1 data from Himawari-9 (H-9), the new-generation geostationary meteorological satellite
of the Japan Meteorological Agency (JMA), was used in this study. The satellite is equipped with the Advanced Himawari
Imager (AHI), which has the capability of high-frequency and multi-spectral observations (Bessho et al., 2016). For fog area
identification, the commonly used steps in fog detection were combined, including temperature, texture, and noise
monitoring. Nighttime fog was identified based on the brightness temperature difference (BT3.89-BT11.24) between the
mid-infrared channel at 3.89 um and the thermal infrared channel at 11.24 pm (Kim et al., 2019). For aerosol optical depth
(AOD) data, the AHI L3 gridded aerosol product provided by JAXA Himawari Monitor (supported by the MASINGAR
model system) was used. This product constrains the Meteorological Research Institute (MRI) aerosol transport model by
assimilating AOD retrieved from H-9. Hourly AOD for components including sulfate, organic carbon, black carbon, sea salt,
and dust can be output. During sea fog occurrences, satellite retrievals may be filtered out or contaminated by cloud
screening mechanisms. In this case, model outputs lack direct observational constraints. Therefore, during sea fog
occurrences, this AOD data was mainly used as a qualitative or semi-quantitative reference for the regional background
aerosol environment. It was not used as an accurate observational basis for aerosol microphysical changes within the fog.

Finally, to clarify the background circulation pattern and air-sea conditions of this dust-sea fog event, ERAS reanalysis
data provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) was used in this study (Yang et al.,
2024). The extracted variables include mean sea level pressure (MSLP), 2-m air temperature (T2m), 2-m dew point

temperature (d2m), sea surface temperature (SST), 10-m wind speed (ulOm, v10m), and 850 hPa geopotential height (Z850).

2.2 Methods

The aerosol mass extinction efficiency (MEE) is a key parameter for characterizing the optical properties of aerosols. Its
physical meaning is the scattering and absorption efficiency of light by particles with a unit mass concentration. It directly
reflects the attenuation ability of aerosols on atmospheric visibility (Saide et al., 2022). Due to the lack of liquid water

content data in this study, the MEE is defined as the ratio of the aerosol extinction coefficient (Gex) to the aerosol mass

concentration:
MEE = O /p(PMz.S) (1
o, =3921/Vis @)

Where o.x is the aerosol extinction coefficient with a unit of Mm™, p(PM3s) is the mass concentration of PM, s with a
unit of pg-m=3, the unit of Vis is km, and 3.912 is the Koschmeider constant (Lee and Shang, 2016).

In order to study the evolution characteristics of turbulence during this event, high-frequency fluctuation data obtained
from the 3-D Sonic Anemometer (CSAT3) was used. Turbulence-related parameters were calculated using the eddy
covariance method (Zhou and Ferrier, 2008). These include turbulence intensity (/,, 1., 1.,), horizontal mean wind speed (U),
friction velocity (u.), turbulent kinetic energy (TKE), and stability parameter ({). The calculation expressions of related

physical quantities are as follows:
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Where ', v, w' are the wind velocity fluctuations of u, v, w. o4, 6y, G,, are the standard deviations of wind velocity, z is

the instrument observation height, and L is the Monin-Obukhov length.

3 Results and discussion

3.1 Overview of dust-sea Fog events

During March 24-28, 2025, the Qingbang Island in the East China Sea experienced an event of dust -advection sea fog. This

process was clearly monitored by the H-9 satellite (Fig. 2).
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Figure 2: Sea fog monitoring images from the H-9 satellite. (a, c are the AHI RGB true-colour images at 09:00 LST on March 25 and
15:00 LST on March 26, respectively (local standard time (LST) = Universal Time Coordinated (UTC) + 8 h). b, d are the sea fog
identification images at 18:00 LST on March 25 and 00:00 LST on March 28, respectively. Purple indicates fog identified at nighttime.
The yellow pentagram indicates the observation site.)

The satellite monitoring results showed that at 09:00 LST on March 25 (Fig. 2(a)), sea fog first formed in the coastal
area with a hook-shaped distribution. It was close to but did not cover the observation site. In the AHI RGB true-color
images, the fog area appeared as gray and uniform features compared to the surrounding clouds. This is consistent with the
typical radiative characteristics of sea fog (Lv et al., 2014). Subsequently, the sea fog system showed obvious offshore
development and expansion. By 18:00 LST on March 25 (Fig. 2(b)), the fog area had expanded to the observation site. Its
main body evolved into an elongated columnar structure. Its range extended to the central Yellow Sea, indicating that the sea
fog had entered a mature development stage. At 15:00 LST on March 26 (Fig. 2(c)), the morphology and structure of the sea
fog changed significantly. The previously continuous fog belt began to show fragmented and discrete distribution, and the
overall structure weakened. This indicates that the boundary layer conditions maintaining fog layer stability (such as low-
level cooling or inversion structure) may have begun to weaken. Finally, at 00:00 LST on March 28 (Fig. 2(d)), the sea fog at
the observation site had completely dissipated. The satellite sea fog monitoring results indicate that this sea fog event has
similar spatial evolution characteristics to typical advection fog (Lv et al., 2014).

The satellite monitoring results provided the overall spatial structure and evolution characteristics of this advection fog
event. To clarify the specific evolution processes of various meteorological elements and atmospheric particulate matter
during this event, a comprehensive analysis was conducted based on ground observation data of meteorology and pollutants.
Fig. 3 shows the temporal evolution characteristics of mass concentrations (PMi, PM..s, PMio), atmospheric visibility (Vis),
and main meteorological elements (relative humidity (RH), temperature (T), pressure (Pa), wind speed (WS), and wind

direction (WD)) during the observation period.
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Figure 3: Pollutant concentrations and meteorological elements during the observation period.

Based on the fog identification criteria of WMO (WMO/GAW, 2003) and the UK Met Office (Met Office, 1994) (Vis <
1 km and RH > 95% is identified as fog, 1 km < Vis << 5 km and RH > 95% is identified as mist). This event was divided

205 into 7 detailed stages (Table 2). Table 2 shows the sequence numbers, stage name, time, visibility, and relative humidity of
the 7 stages.
Table 2. Seven refined phases of the event
Stages Name Time Vis (km) RH (%)
(Average value)
1 Pre-dust phase Mar 24 00:00-15:00 4.8-2.5 (4.5) 47-40
2 Dust phase Mar 24 15:00-20:00 2.5-3.7(24) 40-65
3 Pre-formation phase of Mar 24 20:00-Mar 25 16:47 3.7-1(3.7) 65-100
advection sea fog
4 Advection sea fog phase Mar 25 16:47-Mar 26 00:15 0-1(0.4) 100
5 Alternating evolution phase of Mar 26 00:15-08:00 1-2.3(1.2) 100
advection sea fog and mist
6 Sustaining phase of mist Mar 26 08:00-Mar 27 17:47 2.3-4.5(3.1) 100-95
7 Dissipation phase of mist Mar 27 17:47-Mar 28 18:00 4.5-30 (10) 95-69
*The Vis and RH values (in the form of au-bw) are the values corresponding to time ti-t2; Vis (Average value) is the average visibility
value within this stage.
210 Fig. 3 shows that the mass concentrations of PMi, PMz.5, and PMio were relatively stable during Stage 1. The average

mass concentrations were 22, 33, and 41 pg/m?, respectively. The RH showed a trend of first increasing and then oscillating
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downward due to the enhancement of solar radiation and dry air entrainment. The overall wind speed was below 4 m/s. The
key feature of this stage was two wind direction changes. First, the west wind turned counterclockwise to north-northeast
(NNE), bringing cold air intrusion with a temperature drop of 2.6°C. Then, the wind direction remained at south to south-
southwest (S-SSW) after 08:00. This established the basic conditions for water vapor accumulation of advection sea fog.

Stage 2 was affected by strong external disturbance. The PM mass concentrations showed explosive increases during
this period. The peak values of PMi, PM..s, and PMio at 17:08 on March 24 were 267, 460, and 469 pg/m?, respectively (an
increase of 11-14 times). This trend is consistent with the explosive input characteristics of dust aerosols (Rodriguez et al.,
2024). Therefore, this stage was inferred and defined as the dust passage period (supported by satellite data in Section 3.1).
The radiative cooling effect of dust combined with cold air intrusion intensified the extent and rate of temperature drop (a
decrease of 5.0°C within five hours, with a cooling rate of 1.0°C/h). The visibility dropped sharply by 28.4% to 1.79 km,
showing a strict inverse trend with PM mass concentration changes. The near-synchronous coupling between the PM mass
concentration peak (17:08) and the wind speed peak (6.3 m/s) might indicate the enhanced downward transport of dust
aerosols by turbulent mixing during this stage. In addition, the pressure showed an increase during 16:27-20:00. This may be
related to the thermodynamic pressurization effect of aerosol increase on the local boundary layer (Luo et al., 2022).

The system then entered the coupling period of the core mechanism of sea fog outbreak, including Stage 3 and Stage 4.
At the beginning of Stage 3, the residual dust aerosols showed a gentle oscillating decrease. The settling rate of PMio was
about 1.8 pg/m?/h, which is consistent with the gravitational settling model. The PM mass concentrations increased during
12:32-16:47 on March 25. This may be related to the hygroscopic growth of aerosol particles. During 04:30-09:00 on March
25, the wind direction of near-surface changed from land to sea breeze. After 09:00 on March 25, the wind speed continued
to increase to 6.0 m-s™' with continuous warm and moist advection. This provided sufficient water vapor transport for sea fog
outbreak. It was favourable for the hygroscopic growth of settled dust and other aerosols to prepare for sea fog outbreak. At
the end of Stage 3 (16:20-16:47), the thermodynamic conditions changed obviously. The temperature cooling rate was about
2.89°C/h, and the RH jumped to 100%. At the same time, the pressure turned to a weak increase after reaching the bottom
since 15:30 on March 25. This indicates that the overall environmental field (thermal and dynamic background) changed.
The combined effect of thermal and dynamic condition changes finally led to a sharp decrease in visibility to 1.0 km at 16:47
on March 25. During Stage 4, the visibility decreased sharply. The minimum visibility was 0.31 km. The aerosol
concentrations showed a significant increase with multi-peak fluctuation characteristics.

The system attenuation began in Stage 5, which was still under the conditions of RH at 100% and stable southerly wind.
The PM mass concentrations showed a three-peak decreasing trend, and the decreasing rate showed PMio > PMa.s > PM..
This was closely related to the efficient removal of coarse aerosol particles by the gravitational collision and wet deposition
of fog droplets. The atmospheric visibility was basically maintained at about 1 km, consistent with the alternating evolution
trend of advection sea fog and mist. In Stage 6, the stable southerly wind drove the RH to remain at 95%-100%. A dynamic
balance was formed between warm and moist advection and highly hygroscopic aerosols. The mist state was maintained for

33 hours (visibility 2-4 km). A dense fog disturbance event of nearly 1 hour occurred during this stage. During 08:08-09:05

10
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on March 27, PMio suddenly increased to 131 pg/m?. The visibility dropped sharply to 0.4 km. The wind speed increased to
5.8 m/s. After 09:25 on March 27, the northwest wind intruded. The intrusion of dry and cold air caused significant cooling.
The RH dropped to the critical value of 95%. This caused the mist system to collapse (visibility increased to 4 km).

In the final Stage 7, driven by the continuously strengthening of the northwest wind, the dry and cold air mass
completely replaced the warm and moist marine air mass. This caused the RH to drop from 95% to 77%, breaking the phase
transition critical value of aerosols. In the early period from 17:50 to 19:00 on March 27, the wind speed increased from 6.4
to 9 m/s. This enhanced the turbulent vertical mixing and mechanically destroyed the residual fog droplets. The average
mass concentrations of PMi, PMaz.s, and PMio in this stage decreased by 30%, 28%, and 25%, respectively, compared to

those in Stage 6. The visibility continued to increase to 30 km, indicating the irreversible dissipation of the mist system.

3.2 Analysis of Aerosol Characteristics

This analysis aimed to investigate whether the explosive increase of PM mass concentrations in Stage 2 was caused by dust
transport passing through the observation site. It also explored whether dust had an impact on the evolution mechanism of
sea fog. The AOD data of different aerosol types from H-9 were used. The distribution results of different aerosol types in

different regions at typical moments during this event (Fig. 4).
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Figure 4: (a), (b), (c), (d), (e), and (f) show the distribution of different types of aerosols at 08:00 LST on March 24 (Stage 1: Pre-dust
phase), 15:00 LST on March 24 (Stage 2: Dust phase), 00:00 LST on March 25, 15:00 LST on March 25 (Stage 3: Pre-formation phase of

265  advection sea fog), 18:00 LST on March 27, and 18:00 LST on March 28 (Stage 7: Dissipation phase of mist), respectively. In the figure,
green, gray, red, blue, and yellow represent sulfate, black carbon, organic carbon, sea salt, and dust aerosols, respectively.

Form Fig. 4(a), the dust had not reached the observation site at 08:00 on March 24. At the same time, the aerosols at

this site were mainly sulfate aerosols. In Fig. 4(b) at 15:00 on March 24, the dust originated from Mongolia and moved
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eastward through Inner Mongolia, Shaanxi, Shanxi, Jiangsu, and Shanghai to Qingbang Island in the East China Sea. This
result is consistent with the sharp increase of aerosol PM mass concentrations at the near-surface observation site at 15:00 on
March 24. This also confirms our conjecture that this increase was caused by dust passage. During Stage 2, the aerosols at
this site were mainly dust particles. During Stage 2, the near-surface wind speed was relatively high and the turbulent kinetic
energy was enhanced. This led to the strengthening of vertical mixing in the boundary layer. The dust in and above the
boundary layer was fully mixed and settled to the near-surface. Therefore, the aerosol PM mass concentrations at the near-
surface showed a significant sharp increase. From Fig. 4 (c) and (d), during Stage 3 (pre-formation phase of advection sea
fog), dust always existed above the study area. The direct contribution to near-surface PM concentrations was relatively
weakened. This indicates that dust acrosols were undergoing a slow settling process. Fig. 4 (d) further shows that the dust at
the observation site was weakening before sea fog formation. The high-value area of dust AOD was transported to
northeastern China. Fig. 4 (e) and (f) indicate that during Stage 7 (dissipation phase of mist), dust passed through the
observation site again, which may accelerate its dissipation.

To further study the impact of aerosols on the formation and dissipation mechanism of this sea fog, based on the aerosol
component AOD product of the H-9 satellite, the bilinear interpolation method was used. The temporal variation
characteristics of AOD for sulfate, black carbon, organic carbon, sea salt, and dust aerosols at Qingbang Island in the East
China Sea were calculated (Fig. 5(a)). Based on this, the average contribution rates of different types of aerosols during the

entire study period were calculated (Fig. 5(b)).
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Figure 5: (a) and (b) show the temporal variation of AOD and the contribution rates of sulfate, black carbon, organic carbon, sea salt, and
dust aerosols at Qingbang Island in the East China Sea, respectively.
From Fig. 5 (a) and (b), it can be seen that dust aerosol particles dominated and contributed the most during Stage 1-

3(01:00 on March 25) before the outbreak of sea fog. The aerosol contributions from high to low were dust, sulfate, organic
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carbon, black carbon, and sea salt aerosols. It is notable that the contribution of sea salt aerosols was the lowest. This
indicates that the aerosols at the observation site were mainly dominated by long-distance dust transport during this stage.

During the pre-formation phase of advection sea fog (Stage 3), the dust AOD was gradually decreasing. The sulfate
AOD was gradually increasing and became the dominant component. The contribution of sea salt remained at a low level.
Dust and sulfate showed significant coupling characteristics. This close coupling in temporal and spatial may be related to
the complex mixing and aging processes that dust experienced during long-distance transport and cross-sea transport.
Previous studies have shown that in the marine atmospheric environment, Fe ions on the surface of dust can accelerate the
formation of sulfate through the Fe-S coupling mechanism (Zhuang et al., 1992; Duce et al., 1980; Martin et al., 1994). This
is highly consistent with the gradually increasing trend of sulfate AOD observed in our study. Previous studies have shown
that dust particles can form a mixed structure of dust core and sulfate shell during the aging process. This internal mixing
state can enhance the hygroscopicity of dust and effectively reduce the critical supersaturation required for its activation.
This makes it easier to transform into cloud condensation nuclei (CCN) (Li et al., 2025; Tobo et al., 2010; Sullivan et al.,
2009; Ma et al., 2013; Yin et al., 2007). In addition, the large accumulation of sulfate aerosols can cause a cooling effect on
the atmosphere due to its negative forcing on solar radiation. Combined with the continuous moist advection, this further
promotes the formation of sea fog.

During the sea fog and maintenance stages (Stage 4-6), the sulfate AOD did not decrease. Instead, it remained at a high
level and contributed the most to sea fog. This is consistent with the research results of Zhao (Zhao et al., 2022). Combined
with the characteristic that the contribution of sea salt aerosols always remained at a low level, the sulfate aerosols during
this stage may contain secondary products from heterogeneous reactions during the aging process of dust. During the mist
dissipation phase (Stage 7), the dust AOD increased significantly. This may cause cooling through the combined effect of
scattering to reduce surface shortwave radiation and cold air. At the same time, it changed the stratification stability. This
finally led to the evaporation of fog droplets, the increase of visibility, and the dissipation of mist. This further verifies the
conjecture in Fig. 4 (e) and (f) that the dissipation of sea fog is related to the second passage of dust. In summary, dust
aerosols may have played a dual role in this dust-sea fog event. During the pre-formation phase of sea fog (Stage 3) and the
mist dissipation phase (Stage 7), the temperatures both showed a decreasing trend. In Stage 3, when the RH increased, dust
may have transformed into more hygroscopic mixed-state aerosols through the aging process, promoting the formation of sea
fog. In Stage 7, when the RH decreased, dust inhibited the maintenance of mist.

To further understand the microphysical and optical properties of aerosols during this event, the following analysis was
conducted. Based on the mass concentrations of near-surface pollutants PMi, PMz.s, and PMio during the observation period,
the proportions of aerosol particle size distributions in the ranges of 0-1, 1-2.5, and 2.5-10 um were calculated. The results of

aerosol mass extinction efficiency (MEE) were also calculated (Fig. 6).
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Figure 6: (a) and (b) show the mass concentration proportions of aerosol particle size distributions in the ranges of 0-1, 1-2.5, and 2.5-10
um, and the temporal variation of aerosol mass extinction efficiency, respectively.

From Fig. 6(a), during the dust period (Stage 2, 15:00-20:00 on March 24), the proportion of aerosols with particle sizes
of 0-1 and 1-2.5 um significantly increased, while the proportion of aerosols with particle sizes of 2.5-10 pm decreased
significantly (by 19%). This phenomenon is related to the typical characteristics of long-distance dust transport. During the
transport process, fine particles (0-1 pm and 1-2.5 pm) can remain suspended over long distances due to their lower mass
and slower settling rate. This also indicates that during the long-distance transport of dust passing through the observation
site, dust aerosols were mainly fine particles. The particle size was mainly concentrated in the 0-2.5 um. In addition, the dust
transport passed through regions with strong pollution emissions. Dust particles may have mixed and interacted with
regional pollutants, undergoing a certain degree of chemical aging.

In the early period of Stage 3, aerosols were mainly submicron particles (0-1 pm). However, after the RH increased to
90% at 12:40 on March 25, a significant modal shift occurred in the aerosol particle size distribution. During Stage 3 (12:40-
16:47 on March 25) and the early period of Stage 4 (16:47-19:30 on March 25), the proportion of particles with sizes of 0-1
um decreased by 18% and 24%, respectively, while the proportion of particles with sizes of 1-2.5 pm increased by 5% and
4%, respectively, and the proportion of particles with sizes of 2.5-10 um increased by 13% and 20%, respectively. Combined
with the result in Fig. 5 that the contribution of sea salt remained at a low level, this modal shift was mainly attributed to the
strong hygroscopicity of aged dust and its mixed-state aerosols with sulfate. At the same time, this also indicates that before
and in the early period of sea fog formation, a large number of submicron particles acted as CCN and underwent explosive
hygroscopic growth in the near-saturated environment, then activated into fog droplets. In the middle and late period of
Stage 4, the proportions of particles with sizes of 0-1 pm and 1-2.5 um showed oscillating increases, while the proportion of
particles with sizes of 2.5-10 pm showed an overall oscillating decrease. This phenomenon was attributed to the gravitational

settling and wet removal effect of large fog droplets. During Stage 5, the proportions of all particle sizes showed oscillating
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variation trends, and the PM mass concentrations showed an overall oscillating decrease. This indicates the dynamic
competition between external transport and wet removal by fog droplets, ultimately resulting in the wet removal effect of fog
on aerosols.

In the early period of Stage 6, the proportions of particles with sizes of 0-1, 1-2.5, and 2.5-10 pm basically showed a
balanced oscillating trend. However, a short-term sea fog disturbance event occurred during 08:08-09:05 on March 27.
During the early period of the sea fog disturbance (07:10-08:30 on March 27) and during the disturbance (08:30-09:05 on
March 27), the variation characteristics of aerosol particle size were highly consistent with the variation trends in Stage 3
(12:40-16:47 on March 25) and the early period of Stage 4 (16:47-19:30 on March 25). In the late period of Stage 6 and the
early period of Stage 7, the proportions of aerosol particles with sizes of 0-1 and 1-2.5 pm decreased by 23% and 4%,
respectively, while the proportion of aerosol particles with sizes of 2.5-10 um increased by 27%. Interestingly, compared
with the particle size variation characteristics at before and in the early period of sea fog formation, only the trend of the
proportion of aerosol particles with sizes of 1-2.5 pum was opposite. At the same time, the RH was continuously decreasing.
his indicates that there are non-hygroscopic physical processes at play at this time, such as external transport. This
corresponds to the satellite monitoring result in Fig. 3(a) that dust invaded the observation site again. At the same time, it
changed the atmospheric radiation-thermal conditions and enhanced the boundary layer mixing, further promoting the
complete dissipation of mist.

In Fig. 6(b), during the dust passage (early period of Stage 2), the MEE decreased by 87% compared with the baseline
before dust arrival. This indicates that the extinction efficiency per unit mass of dust aerosols was significantly lower under
low RH conditions. As the RH increased (late period of Stage 2 to Stage 3), the MEE showed an oscillating increase. In the
early period of sea fog formation (early period of Stage 4), the MEE increased by 2.3 times, reaching 125 m?g™'. During the
sea fog period (Stage 4), the MEE mostly remained between 70-120 m?g™'. This indicates the dominant contribution of fog
droplets to extinction, keeping the visibility at low values. Subsequently, during the alternating evolution phase of advection
sea fog and mist (Stage 5), the MEE showed an obvious oscillating decrease. This was related to the gravitational collision
and wet removal processes of fog droplets. During the short-term sea fog disturbance in Stage 6, the MEE showed a peak
value as high as 139 m?g™! again, increasing by 4.3 times. This further verifies that fog droplets have a strong extinction
effect during the sea fog process. After entering the dissipation period, the RH continued to decrease. With the second
invasion of dust, fog droplets disappeared and aerosols turned to dry state, and the MEE decreased rapidly.

The modal shift of particle size and the enhancement of MEE confirmed the hygroscopic growth characteristics of dust
aerosols after aging from the microphysical and optical perspectives. To understand how aerosol mass concentration and RH
affect the macroscopic visibility evolution of this event, the meteorological station observation data (PM mass concentration,
Vis, RH) during the entire process were used. This aimed to explore the relationship of visibility to PM mass concentration

and its sensitivity to RH (Fig. 7).
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Figure 7: The relationship between visibility and PM mass concentration modulated by RH during the dust-sea fog event from March 24-
28, 2025.

The results of Fig. 7 (a, b, ¢) all show that there was a typical exponential decay relationship between visibility and
aerosol mass concentration. However, the decay rate was strictly controlled by the RH. During the low RH phase of dust
passage (as shown in the blue-purple colour results at around 2-5 km in the figure), the sensitivity of visibility to PM
concentration was relatively low. The exponential decay result showed a high exponential decay rate in the sea fog under
high RH conditions. When the visibility was in the range of 0-1 km, the mass concentrations of PMi, PMz.s, and PMio were
in the ranges of 26-77, 38-157, and 47-275 pgm™3, respectively. The low critical thresholds for sea fog occurrence were 26,
38, and 47 pgm™3, respectively. This significant result indicates that only a low aerosol mass concentration is needed to
trigger sea fog. This phenomenon is highly consistent with the previous result that aged dust and its mixed-state aerosols
with sulfate can enhance their hygroscopicity. At the same time, this indicates that aged dust and its mixed-state aerosols

with sulfate can act as efficient CCN. They have a strong exponential decay effect on visibility under high RH conditions.

3.3 Radiation Characteristics and Thermal Stratification Structure of the Boundary Layer

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
(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.
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Figure 8: Evolution of near-surface radiation parameters with time during the event from March 24-28, 2025 (SR: shortwave radiation,
DSR: downward shortwave radiation, USR: upward shortwave radiation, LR: longwave radiation, DLR: downward longwave radiation,
ULR: upward longwave radiation, Rn: net radiation).

Fig. 8 shows that from Stage 1 to Stage 2, the radiation field changed from typical clear-sky diurnal variation
characteristics to attenuation characteristics dominated by aerosol radiative forcing. During Stage 2, dust acrosols increased
the attenuation rate of DSR through their scattering and absorption effects. DLR did not weaken with the decrease of solar
elevation angle, in the early period of dust passage, but remained at about 335 W-m™. This confirms that the dust layer
compensated energy to the surface through thermal radiation after absorbing shortwave radiation. However, with sunset and
the gravitational settling of dust, ULR showed an attenuation trend. Rn turned negative early at 17:30 on March 24,
indicating that the surface energy budget reversed from surplus to deficit. In Stage 3, with the increase of sulfate aerosol
concentration and its mixing with dust, aerosols showed strong scattering characteristics. Observations showed that DSR
decreased by 744 W-m™ from 12:30 to 17:00 on March 25. The decrease rate was 8% higher than that under clear-sky
background (the same period in Stage 1-2). This further reflects that the radiative properties of different types of aerosols can
change the surface-atmosphere radiation balance and heating or cooling rate, and then change the PBL structure. The strong
scattering effect of sulfate aerosols combined with water vapor accumulation provided the necessary thermodynamic
preconditions for the subsequent condensation and outbreak of sea fog in the near-surface layer.

The value of DSR and USR rapidly decreased to zero and remained after dust settling and sea fog formation. This
indicates that the surface lost the direct heating source of sun. However, DLR increased obviously from 330 W-m™ to 374

W-m™. This was attributed to the significant enhancement of atmospheric reverse radiation by the dense fog layer. ULR
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showed a weakening trend and then remained at 382 W-m2, due to the continuous surface cooling and longwave radiative
cooling at the fog top. At the same time, Rn rapidly changed from positive to negative and remained negative. This
continuous net radiation deficit would enhance the boundary layer stability, which is favourable for the maintenance and
development of fog. DLR fluctuated slightly around 371 W-m during Stage 5. This indicates that the fog layer thickness or
the interior of the fog changed. This is also the result of the alternating evolution of advection sea fog and mist. Rn changed
from negative to positive after sunrise on March 26 (234.8 W m™2 at 08:00 on March 26). This indicates that the surface
regained net energy input, driving fog droplet evaporation and promoting the system to evolve toward mist. All radiation
parameters showed high-frequency oscillating non-steady characteristics during the mist period. Especially, DLR was the
most sensitive, which directly reflects the fluctuation of fog top height, the uneven liquid water content, and the rapid
evolution of fog layer thickness during the mist process. Finally, cold air carrying dust invaded the observation site with a
daytime cumulative precipitation of 3.8 mm. The thermal balance was destroyed, blocking the microphysical conditions for

fog droplet maintenance, and the mist completely dissipated.
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Figure 9: Boundary layer temperature with time and height from March 24-28, 2025.

Fig. 9 shows that an inversion structure began to form in the near-surface layer at 10:00 on March 24, mainly
concentrated at 0.4-1 km. Its occurrence and development were related to the continuous increase of dust AOD observed by
satellite on March 24 (Fig. 5(a)). With dust passage and continuous settling, the inversion intensity in the near-surface layer
continued to increase, with the maximum inversion intensity reaching 9°C. At the same time, the thickness of the inversion
layer also expanded significantly. This strong inversion layer was favourable for the accumulation of dust aerosols of sea
surface and provided initial thermal conditions for the stabilization of the lower atmosphere. From 09:00 to 16:47 on March
25, with the establishment of sea breeze carrying warm and moist airflow over the cold sea surface, a continuously stable and
deeper inversion layer formed in the boundary layer. This accelerated the continuous accumulation and physicochemical

reactions of aerosols, providing sufficient CCN and ideal thermodynamic conditions for the outbreak of sea fog. During
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Stage 4 (advection sea fog period), warm and moist advection and the stable and deep inversion layer continued to exist.
This is highly consistent with the continuous negative net radiation results at the near-surface. The combined effect of
surface cooling and longwave radiative cooling at the fog top continuously strengthened the stability of the boundary layer,
which was favourable for the formation and maintenance of sea fog. In Stage 5, there were signs of warming at the bottom
of the inversion layer and the overall inversion intensity weakened, marking the beginning of the initial decay period of the
system. At 06:00 on the 26th, the combined effect of the increase of DSR and turbulent mixing began to erode the cold air
near-surface, causing some fog droplets to evaporate. This resulted in the oscillating characteristics of alternating between
sea fog and mist. The thermal structure of the boundary layer became complex during the mist maintenance stage, with
multi-layer thermal structures and instantaneous disturbances. This is consistent with the high-frequency fluctuations of
radiation parameters SR, LR, and Rn. Finally, the original inversion structure had completely disintegrated, and a top-down
mixing cooling process occurred. This may be related to large-scale synoptic systems. The intrusion of dry and cold air

broke the warm, moist, and stable thermal conditions required for mist maintenance.

3.4 Analysis of Turbulence Characteristics

The life cycle of sea fog depends not only on aerosol and radiation effects, but is also finely regulated by near-surface
turbulence disturbances. Turbulence is a key dynamic factor determining the formation, maintenance, and dissipation rate of
fog by regulating the mixing intensity and turbulent transport. Therefore, the near-surface high-frequency observation data
collected by CSAT3 were used in this study. The results of turbulence intensity (/,, Iy, Iw), horizontal wind speed (U),
friction velocity (u.), turbulent kinetic energy (TKE), and stability parameter ({) with time were calculated (Fig. 10).
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Figure 10: Evolution of near-surface turbulence parameters with time during the dust-sea fog event from March 24-28, 2025.

Fig. 10 shows that TKE exhibited significant diurnal variation characteristics before dust passage (Stage 1), with a peak
at 07:30 on March 24. This was mainly controlled by thermal buoyancy driven by shortwave radiation. However, with the
passage of dust aerosols (Stage 2), the turbulence structure showed characteristics of dynamic enhancement and thermal
stability. Although U, TKE, and u, all showed an overall increasing trend, providing a strong mechanical shear source,
rapidly turned positive (£ > 0 for 60% of the time) due to the forcing of radiative cooling effect of the dust layer. This is
consistent with the boundary layer inversion in physical mechanism. With the establishment of sea breeze (Stage 3), U (U
increased to 4.67 m-s™! at the end of Stage 3), TKE, and u, first decreased and then increased. The stability parameter { was
close to neutral. After the establishment of the sea breeze stability, the enhancement of turbulence promoted the rapid
formation of sea fog.

During Stage 4, the boundary layer showed strongly stable characteristics ( was all positive). The turbulence intensity
(Iv, Iw) was limited, which was favourable for the formation and development of sea fog. This was related to the radiative
cooling at the fog top and the long-term maintenance of boundary layer inversion (Fig. 8, 9). This result is consistent with
the strengthening of stratification stability by negative Rn. Before 20:00 on March 25, TKE and U synchronously first
decreased and then increased. At the same time, u, remained at a high level, indicating that mechanical turbulence was
relatively high. In the later period, TKE weakened accordingly with the decrease of U. Overall, this turbulence structure
maintained the material exchange in the near-surface layer (supporting the hygroscopic growth of aerosols, the continuous
interaction with fog droplets, and extinction with fog droplets). This also explains the observation results of the coexistence
of continuously low visibility and multi-peak fluctuations of aerosol mass concentration PM during this period.

In the morning of March 26 (Stage 5), although the stratification was still mainly stable, the resumed an upward trend of
DSR (Rn turned positive) and the enhancement of local shear triggered intense instantaneous turbulence fluctuations (U
instantaneously reached 5.43 m/s at 06:30, TKE reached 2.874 m%s?, and u, reached 0.756 m-s™" at 07:00 on March 26). This
fluctuation broke the previous quasi-steady equilibrium, accelerated the wet removal and collision of fog droplets, and
promoted the transformation from dense fog to mist. Subsequently, the system entered a strong non-steady oscillation period
(Stage 6). Especially during 06:30-09:00 on March 27, the sharp rise and turbulence parameters (U, u,., TKE, ()
corresponded to a dense fog disturbance. Then dry and cold northwest wind intruded. The turbulence intensity showed
dramatic changes (/, dropped sharply, /, and / rose sharply). This indicates that the turbulence components underwent rapid
reorganization. The vertical mixing efficiency improved, and the phase equilibrium was disrupted, while accelerating the
evaporation and entrainment of fog droplets. After 09:00 on the 27th, U and TKE showed a sharp drop followed by a rapid
increase trend before the end of Stage 6. This led the system to enter irreversible dissipation. The observation of the
meteorological station showed that the ground was still in mist during this period. This indicates that the macroscopic
dissipation of fog lagged behind the pulsation mutation of turbulence, showing a significant characteristic of turbulence
acting first and fog responding later. Finally (Stage 7), /, and I, remained at relatively high values. At the same time,

gradually increased, indicating that horizontal and vertical turbulent mixing and entrainment in the boundary layer were
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relatively active at this time, with strong turbulent exchange capacity. Dust again invaded, and the mechanical turbulent
mixing dominated by dry and cold northwest wind further enhanced the momentum exchange in the lower atmosphere. At
this time, the RH decreased significantly, the water vapor competition effect intensified, the phase equilibrium between
aerosols and fog droplets was disrupted, causing the fog droplets to rapidly evaporate, and the system completely dissipated.
To further clarify the threshold ranges of turbulence parameters required during sea fog, the relationships between PMio
mass concentration (representing total aerosol mass concentration) and key turbulence parameters (1, v, Iw, TKE, u,, U)

during Stage 4-6 were analysed (coloured by Vis) (Fig. 11).
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Figure 11: Relationships between PMio mass concentration and key turbulence parameters during the fog period (Stage 4-6, RH > 95%)
(coloured by Vis).

A clear result in Fig. 11 (a-f) all consistently show, when PMio mass concentration exceeded 80 ugm=3, Vis was mostly
below 1 km. Based on this characteristic threshold, the threshold ranges of turbulence parameters for maintaining sea fog
below 1 km were also relatively obvious. The thresholds of U and TKE were concentrated in the ranges of 3.1-5.1 ms™ and
1.91-2.74 m?s2, respectively. It is notable that the u. was limited to a significantly narrow range of 0.62-0.69 ms™'. This
indicates that the sea fog has extremely high sensitivity to u.. The thresholds of I, I,, and I, were concentrated in 0.2-0.4,
0.8-0.95, and 0.21-0.31, respectively. This moderate turbulence threshold range established a quasi-steady dynamic

equilibrium. This turbulence intensity was sufficient to maintain the co-suspension of high-concentration aerosols and fog
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droplets under near-saturated conditions. At the same time, it was effectively limited below the critical value, thus avoiding

the dissipation of sea fog caused by stronger entrainment or mechanical turbulence at higher intensity.

3.5 Synoptic and Marine meteorological conditions at the sea-vapor interface

The microphysical and radiative properties of aerosols and the dynamic characteristics of local turbulence had synergistic
effects in regulating the life cycle of sea fog during this event. However, the realization of this regulatory effect depends on
specific circulation background and air-sea conditions. Aerosols, radiation, and turbulence provide potential microphysical
regulatory factors. The large-scale and local meteorological conditions of the air-sea system are the key background
determining whether sea fog can form, maintain, and dissipate. To systematically study the external driving mechanisms
behind the evolution of sea fog and macroscopic characteristics, the comprehensive influence mechanism of multi-scale
circulation and air-sea conditions on the evolution process of sea fog was studied through the elements of 850 hPa
geopotential height, sea level pressure and RH, near-surface air temperature and wind field, and air-sea temperature
difference (Fig. 12).
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Figure 12: (a-k), (b-k), (c-k), and (d-k) (k=1, 2, 3) show the 850 hPa geopotential height (contour, gpm), sea level pressure (contour, hPa)
and RH (shaded, %), 2-m air temperature (shaded, °C) and horizontal wind (m/s), and air-sea temperature difference (shaded, °C) and
horizontal wind (m/s) at 3 different time, respectively. k=1 is Stage 2 (dust period) at 15:00 on March 24, k=2 is Stage 4 (advection sea fog
period) at 17:00 on March 25, and k=3 is Stage 7 (mist dissipation period) at 18:00 on March 27.

During the dust period (Stage 2), Fig. 12 (a-1) shows that the northwest region of China was controlled by the
Mongolian cyclone, with a central geopotential height of 1280 gpm. A strong westerly low-level jet formed in the south of
this cyclone. This westerly jet served as an efficient transport channel, transporting dust particles from Mongolia and Inner
Mongolia to the observation site at Qingbang Island in the East China Sea of China. Fig. 12 (b-1, c-1) show that a cold air
mass moved southward along the Bohai Sea, forming an obvious cold tongue structure. In addition, the observation site was
at the convergence of the westerly wind from the dust transport channel and the southerly wind carrying warm and moist
airflow from the southeast. This showed the characteristic of dust passage accompanied by moistening. At this time, the
observation site was not yet controlled by the core area of cold air, but located at the junction of cold and warm air. The air-
sea temperature difference was 1.5°C (Fig. 12 (d-1)). The Mongolian cyclone provided dynamics and channel for dust
transport. The moistening effect at the convergence of cold and warm air created initial conditions for the physicochemical
reactions of aerosols. The positive air-sea temperature difference laid the thermal foundation for sea fog formation.

During the advection sea fog period (Stage 4), Fig. 12 (a-2) shows that the Mongolian cyclone in Stage 2 had moved
eastward over the Bohai Sea to the coastal area of the Korean Peninsula, and established and developed a low-pressure

trough in this area. At the same time, a new cyclone system appeared in the northwest of Mongolia, with more intensity and
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a central geopotential height of 1200 gpm. Under the guidance of the airflow from this new cyclone, dust was transported to
the Yellow Sea and the northern East China Sea. However, the low-pressure trough over the Korean Peninsula continued to
guide the dust to move eastward. This is highly consistent with the satellite-observed spatial distribution of dust in Fig. 4 (¢)
and (d). Fig. 12 (b-2, c-2) show that the near-surface southerly wind speed increased significantly, providing sufficient water
vapor to the observation site. The RH was close to saturation and the air temperature increased. In Fig. 12 (d-2), the air-sea
temperature difference was 1.8°C. Warm and moist air flowed over the cold sea surface, providing favourable conditions for
the formation of typical advection cooling fog. This is consistent with the research results of Yang et al. (Yang et al., 2024).
It is notable that the satellite observation results in Fig. 5 (a) show that dust existed throughout Stage 2 to the early period of
Stage 4. Under high RH conditions, the mixed sulfate formed after the aging of dust underwent rapid hygroscopic growth.
This greatly promoted the condensation and collision processes of fog droplets. Therefore, under the synergistic effect of
favourable dynamic background (southerly wind transporting sufficient water vapor), thermal conditions (0-2°C air-sea
temperature difference), and sufficient CCN, typical sea fog was able to outbreak and maintain.

During dissipation period of mist (Stage 7), Fig. 12 (a-3) shows that under the supplementation and penetration of cold
air carried by the eastward movement of the new Mongolian cyclone system in Stage 4, the low-pressure trough along the
coast of the Korean Peninsula was further strengthened and extended southward. The observation site was in the pre-trough
area. The circulation adjustment strengthened the northerly airflow ahead of the trough, carrying dry and cold air southward
along a northerly path. The surface synoptic condition showed cold front passage. Fig. 12 (b-3, c-3) show that the northerly
wind speed reached 8-10 m/s. This strong dry and cold air destroyed the warm and moist environment for maintaining mist.
The RH dropped sharply to 75% and the air temperature decreased significantly. In Fig. 12 (c-3), the air-sea temperature
difference turned to negative (-0.15°C). This broke the thermal equilibrium required for sea fog and inhibited the
maintenance of mist. At the same time, the Himawari satellite data results in Fig. 4 (e, f) show that this northerly wind
process carried a new round of dust, passing through the northwest region of China, and transported it to the observation site.
A large amount of dust competed for water vapor under low RH conditions and inhibited condensation. At the same time, it

enhanced the evaporation of fog droplets and entrainment, accelerating the dissipation of mist.

4 Summary and conclusions

Based on the H-9 satellite remote sensing data, the high-resolution ground-based observation platform data at Qingbang
Island in the East China Sea, and ERAS data, a detailed full life cycle study on a dust-advection sea fog event from March
24-28, 2025 was study. Through comprehensive analysis of aerosol microphysical properties, radiation and boundary layer
thermodynamic structure, turbulence dynamic characteristics, and the evolution of synoptic situation and air-sea conditions,
the key parameters during this process were quantified. The comprehensive mechanism of typical dust-advection sea fog

event was systematically studied (Fig. 13). The main conclusions are as follows:
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Figure 13: Mechanism of the dust-sea fog event.

This event indicates that long-distance transported dust aerosols have a promoting effect on sea fog formation under
high RH conditions. Dust aerosols originating from Mongolia passed through the observation site under the guidance of the
westerly jet, causing the near-surface PMio mass concentration to explosively increase to 469 ugm=. Different from the

580 traditional view in sea fog research that sea salt acrosols act as CCN, this study found that during the Stage 3 to early Stage 4,
dust and sulfate aerosols showed high coupling in time and space (sulfate AOD showed an increasing trend). The dust
particles underwent complex aging processes (Fe-S coupling mechanism promoted sulfate formation, and mixed sulfate
formed after dust aging). During Stage 3 (12:40-16:47 on March 25) and early Stage 4 (16:47-19:30 on March 25), the
aerosol particle size distribution showed obvious modal shift. The proportion of 0-1 um particles decreased by 18% and 24%,

585 respectively, while the proportion of 1-2.5 um particles increased by 5% and 4%, respectively, and the proportion of 2.5-10
um particles increased by 13% and 20%, respectively. This significantly enhanced the hygroscopicity of dust. When the RH
rose to 90%, sulfate aerosols could replace sea salt as the dominant CCN and underwent explosive hygroscopic growth. This
also confirms that the cross-modal transformation of aerosols to fog droplets is the core microphysical cause of the sharp
drop of Vis to below 1.0 km.

590 Dust aerosols significantly changed the thermodynamic structure of the boundary layer through direct radiative effects,
constructing an ideal background for the formation of advection sea fog. Dust aerosols reduced DSR through scattering and
absorption effects and increased the attenuation rate of DSR. This caused the near-surface temperature to drop sharply by

5.0°C within 5 hours, forming an inversion. The inversion was mainly concentrated at 0.4-1 km, with the maximum
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inversion intensity reaching 9°C. Previous studies on advection sea fog mostly emphasized the advective cooling effect.
However, this study found that the radiative cooling of dust formed an inversion before sea fog formation, enhancing the
stability of the boundary layer in advance. This early inversion (Stage 2) superimposed with the subsequently established
warm and moist advection (the SAT-SST was 1.8°C in Stage 3), providing favourable thermodynamic conditions and
stratification stability for the occurrence of sea fog. During the advection sea fog period (Stage 4), the dense fog layer caused
the net radiation (Rn) to remain continuously negative. This kept the MEE at a high level of 70-120 m?*g, establishing the
long-term maintenance of the sea fog system. The study found that DLR was the most sensitive to the state changes of sea
fog (fluctuations of fog top height, uneven liquid water content, and fog layer thickness).

The turbulence characteristic study found that the boundary layer showed strongly stable characteristics ({ > 0) during
the advection sea fog period (Stage 4). The turbulence intensity (/y, /) was limited, which was favourable for the formation
and development of sea fog. However, during the alternating period of advection sea fog and mist (Stage 5), the recovery of
shortwave radiation after sunrise triggered turbulence fluctuations. This broke the stable stratification and accelerated the
gravitational collision and wet removal of fog droplets (PMio > PM..s > PM.). It is notable that dust played different roles in
different life stages of sea fog. Aged dust acted as CCN to promote sea fog formation during late Stage 3 to early Stage 4
(high RH). During the dissipation stage of mist (late Stage 6), the dynamic evolution pattern of turbulence acting first and
fog responding later was found. During the dissipation period of mist (Stage 7, low RH), with the intrusion of dry and cold
northwest wind (8-10 m/s) carrying dry dust, the air-sea thermodynamic equilibrium was destroyed (SAT-SST turned to -
0.15°C). Intense mechanical turbulent mixing and water vapor competition effect accelerated the evaporation of fog droplets
and entrainment, resulting in an increase in visibility to 30 km.

This event is a typical coupled case of dust-advection sea fog with synergistic effects of multiple influencing factors.
The large-scale circulation background provided sufficient water vapor, dust transport channels, and suitable air-sea
conditions. Aerosols and radiation can change the microphysical properties of sea fog and the thermodynamic structure of
the boundary layer, regulating the life cycle of sea fog. The turbulence process directly determined the maintenance and
dissipation of the sea fog system. The long-distance transport of dust to the ocean and its exchange process at the air-sea
interface have an important impact on the mechanism of sea fog formation and dissipation. This result supplements the
impact of dust aerosols on the mechanism of sea fog formation and dissipation. It has practical reference significance for the

in-depth understanding of the mechanism of sea fog formation and dissipation under complex aerosol backgrounds.

Data availability

The satellite data of H-9 is available at https://www.eorc.jaxa.jp/ptree/index.html.
The ERAS reanalysis data is available at https://cds.climate.copernicus.eu/.
The relevant data of the observation platforms at the observation sites in this study is available at https://doi.org/

10.5281/zenodo.19047355 (Ma, 2026).
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