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A sea fog event in the South China Sea was simulated using a coupled ocean—
atmosphere model (WRF for the atmosphere and ROMS for the ocean).
Offshore and onshore visibility, liquid water content, air temperature,
humidity, and wind speed observations and MICAPS data were utilized to
validate the model results. The results of the coupled model were also
compared with those of the uncoupled atmosphere model. Sea fog duration
in the coupled model was closer to offshore and onshore observations, but the
uncoupled model emptily forecasted offshore fog, and underreported onshore
fog. Air—sea temperature difference played an important role in regulating the
formation and dissipation of sea fog. The decrease of sea surface temperature
in the coupled model cooled the low-level atmosphere, promoted the
condensation of low-level water vapor, and increased the low-level water
vapor. The decrease of air—sea temperature difference strengthened the low-
level stable stratification, which weakened the horizontal wind speed and
favored the formation and development of sea fog. Rising wind speed was
the major driver of fog dissipation.
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1 Introduction

Sea fog formation and dissipation are related to many
physical, chemical, and sea-surface conditions on different
temporal and spatial scales. Fog-related physical parameters
range from aerosols (including condensation nuclei) to
processes on synoptic and hemisphere scales. Given that a
typical fog condensation nuclei diameter is 0.1 pum (10 cm)
or lower, and relevant synoptic scale events are on a scale of
10® ¢m or larger, the ratio of length scales for sea fog was
conservatively estimated to be 10" (Koradin and Dorman,
2017). In sea fog research, formation, evolution, and
dissipation remain the focus, but these are also barriers to
progress. Sea fog is a boundary layer phenomenon, so its
formation and evolution are strongly affected by the sea
surface temperature (SST) and thermodynamic flux at the air-
sea interface (Heo and Ha, 2010).

As supercomputers develop and are increasingly used in
meteorology, numerical simulations based on atmospheric
motion and thermodynamic equations have been adopted as
an approach in sea fog formation and dissipation research.
Previously, numerical simulations were one-dimensional (1D)
or two-dimensional and explored the basic physical process of
fog evolution (Fisher and Caplan, 1963; Barker, 1977; Oliver
et al., 1978). With numerical modeling development, three-
dimensional (3D) models have been used to study the complex
physical process. The simulation of 3D fog structure
emphasizes the effects of inversion layer (Nakanishi, 2000),
cloud-top long-wave radiation (Koracin et al., 2001), land-sea
difference (Zhang et al., 2009), and complex interactions
between advection, weather evolution, and local circulation
(Koracin et al., 2005). Compared with satellite cloud images
and microphysical parameter observations, the cloud-water
mixing ratio, liquid water content, and droplet number
concentration in the model are the main factors affecting the
atmospheric horizontal visibility distribution (Fu et al., 2004;
Gultepe and Milbrandt, 2007). With the development of 3D
numerical simulation study, physical processes in sea fog
formation and dissipation are more realistically reflected.
Based on a coupled ocean-atmosphere model that considered
SST and sea-air interaction, Heo and Ha (2010) showed that a
decrease in SST was able to cool the atmosphere and initiate
condensation of advective moist air and stable stratification. As
detailed physical parameterization is lacking in 3D modeling
but can be realized in 1D modeling, coupling 3D and 1D
models is considered beneficial for fog simulations (Kim and
Yum, 2010; Kim and Yum, 2012). Many other meaningful
studies have been conducted, including the improvement of
data assimilation of initial fields (Gao et al., 2010; Wang et al.,
2012), selection and improvement of cloud microphysics and
boundary layer schemes (Huang and Peng, 2017; Rao et al.,
2019), selection of vertical resolution for studying the role of
turbulence and fog top radiation (Yang and Gao, 2016),
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regional climate models for studying fog climate
characteristics (O’Brien et al.,, 2013), ensemble forecasts
based on different models and/or parameterization schemes
(Zhou and Du, 2010), the influence of aerosols on sea fog
processes (Wang, 2015; Yan et al,, 2020; Yan et al,, 2021), and
interconversion between stratus and sea fog (Huang
et al., 2015).

As sea fog formation requires sufficient water vapor and
stable atmospheric stratification, it is not only related to
meteorological factors such as temperature and humidity,
but also to sea-surface conditions (Wang, 1985; Koracin et al.,
2001; Zhang et al., 2009). For example, small horizontal SST
changes can have a large impact on the vertical structure of
the marine atmospheric boundary layer (Skyllingstad et al.,
2007) and facilitate fog formation (Hu and Zhou, 1997), while
a low SST can cool the air temperature and reduce surface
wind speed, creating a prominent inversion layer favorable
for fog formation (Tokinaga and Xie, 2009). The Guangdong
Coast is one of the areas with the most sea fog events in China
(Zhang and Bao, 2008), with more than 20 fog days in the
Qiongzhou Strait and the Pearl River Estuary during the fog
season (Qu et al., 2008). The types and spatial distribution of
sea fog events over the South China Sea and along the coast
indicate that advective fog is more common along the
Guangdong Coast (Wang, 1985; Huang et al., 2015; Koracin
and Dorman, 2017), and sea fog over the South China Sea
occurs mainly within two latitudes in the coastal area (Han
et al., 2021). Sea fog studies over the South China Sea and
coastal areas have generally focused on the analysis of
observations from stations along the coast or on islands.
Given the lack of offshore stations and the requirement for
a regular distribution, observations can be combined with
numerical simulations to study sea fog formation and
dissipation. Although Huang et al. (2016) has been
simulated a sea fog study on the southern China coast, sea
fog numerical simulation studies over the South China Sea are
still rare. Moreover, Heo and Ha (2010) examined the effects
of air-sea interaction on the sea fog over the Yellow Sea. South
China Sea fog dynamics are different than that over the
Yellow Sea (Koracin and Dorman, 2017). Therefore, the
effects of air-sea interaction on the sea fog over the South
China Sea need to be further studied. The Coupled Ocean-
Atmosphere-Wave-Sediment Transport (COAWST)
modelling system has been applied in examining coastal
processes at regional scales (Olabarrieta et al., 2011; Carniel
et al., 2016; Ricchi et al., 2016 and Olabarrieta et al., 2012;
Kumar and Nair, 2015; Kumar and Vimlesh, 2016). In the
present study, we used COAWST modelling system(Weather
Research and Forecasting (WRF) for the atmosphere and
Regional Ocean Modelling System (ROMS) for the ocean)
to simulate sea fog over the South China Sea based on offshore
and coastal observations, and focused on the effects of sea-air
interactions on sea fog formation and dissipation.
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2 Data source and model
introduction

2.1 Data source

Observation instruments, including an FM-100 fog droplet
spectrometer (DMT Co., USA) and the TRM-ZS4
Environmental Gradient Meteorological Observation System,
were carried onboard the “Haike 68” research vessel to
conduct sea fog observations at a fixed point in the northwest
South China Sea (110.86°E, 21.02°N). Relevant instruments were
mounted on the vessel mast approximately 10-m above the deck,
and observations were conducted from March 8th to 18th, 2017.
Liquid water content (LWC) was measured with a sampling
frequency of 1 Hz using the FM-100 droplet spectrometer. The
TRM-ZS4 system was used to measure general meteorological
elements, including air temperature, humidity, and wind speed,
with one datum collected per minute for each parameter. Hourly
onshore sea fog data were obtained from the Xuwen National
General Meteorological Station (110.18°E, 20.33°N) on the
northern side of the Qiongzhou Strait, including variables such
as visibility, air temperature, humidity, and wind speed.
Meteorological Information Comprehensive Analysis and
Process System (MICAPS) data were used to verify model
capability, for which data were observations of the simulated
area every three hours, including 2 m air temperature and 10 m
horizontal wind speed.

2.2 Model introduction

The Model Coupling Toolkit (MCT) was used to couple the
atmospheric and oceanic models. During the model
initialization stage, the MCT internally recorded the domain
decomposition for the atmosphere and ocean models, the
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variables were transferred, and their direction of transfer
between the different model components was initialized. The
atmospheric model supplied heat and momentum fluxes to the
oceanic model according to a boundary-layer parameterization
scheme, while the oceanic model contributed the sea-surface
temperature field to the atmospheric model. When the coupled
model ran, the integral of different components was conducted
independently, and the variables were exchanged at preset
coupling times. In contrast to the SST in the uncoupled
model, where the initial settings were retained during the
entire simulation period, SST in the coupled model was
updated every 30 min. The coupled Ocean-Atmosphere model
and uncoupled model were set as control and sensitivity
experiments, respectively, to investigate the effects of air-sea
interaction on the evolution of sea fog. For a detailed description
of the coupled ocean-atmosphere model and model
configuration, please refer to the report of Warner et al. (2010).

3 Case overview and model
experimental design

3.1 Synoptic background and
satellite image

Figure 1 shows the sea level pressure (SLP) (contour), wind
(barb), and temperature (number) at 2000BJT on March 10th,
2017 from MICAPS. The high-pressure system centered over the
East China Sea. The South China Sea was located behind the
high-pressure system, which is the favorable synoptic weather
system for the occurrence of advection cooling sea fog. The cold
front intruded the northern coast of the South China Sea. The
southerlies transported warm and moist air from the South
China Sea, which were cooled by the underlying surface,

resulting the formation of sea fog. The sea fog could be
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FIGURE 1

SLP (contour), wind (barb), and temperature (humber) at 2000BJT on March 10th, 2017 (A), and the MODIS infrared true color at 1435BJT on

March 10th, 2017 (B).
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identified over the north South China Sea at 1435BJT on March
11th, 2017 using a MODIS true color image, which was a
relatively uniform, dull, and soft image without obvious
columnar structure.

3.2 Offshore and onshore observations

The air temperature, humidity, wind speed, and fog duration
at the offshore station (point A in Figure 3; 110.86°E, 21.02°N)
from 1200BJT on March 10th to 1200BJT on March 11th, 2017
are displayed in Figure 2A. According to Kunkel (1984), the fog
extinction coefficient is correlated with LWC: a horizontal
visibility of less than 1 km suggests LWC is greater than 0.018
g/m’ at a height of 5 m and 0.027 g/m” at a height of 30 m. Hence,
in our study, according to the principle of linear interpolation, an
LWC greater than 0.02 g/m’ at 10 m was considered as a sign of
sea fog. As suggested by the observed LWC time series, sea fog
took place rapidly and formed after 21:00 on March 10th, and
lasted until 06:00 on March 11th (marked as a shaded area in
Figure 2A). The 10 m air temperature had an obvious decline
from before sea fog formation to the first hour after its formation,
then slightly increased in the subsequent fog evolution process,
and dropped after the fog dissipated. The humidity rose before
and during the sea fog event.

Figure 2B shows the 2 m air temperature, 2 m humidity, 10 m
wind speed, and fog duration at the onshore Xuwen observation

10.3389/fmars.2022.1000051

station (point B in Figure 3; 110.18°E, 20.33°N) from 1200BJT on
March 10th to 1200BJT on March 11th, 2017. Although sea fog is
defined as a weather event in which a large number of water
droplets or ice crystals are suspended in the atmospheric boundary
layer and cause atmospheric visibility at sea (including on shores
and islands) to drop below 1 km (Wang, 1985), the visibility
threshold for fog formation at the onshore station was set at
1100 m (fog occurred in the prior hour) or 900 m (no fog
occurred in the prior hour) in this study, as the Belfort Model
6000 Visibility Sensor may have an error of £10%. The duration of
onshore sea fog was approximately two hours from 22:00 to 24:00
on March 10th (marked as the shaded area in Figure 2B), which was
shorter than the duration of offshore sea fog. The wind speed
increased before sea fog formation, favoring the transport of
moisture from the sea to the onshore station, which resulted in
slight increases in humidity and sea fog formation.

3.3 Model experimental design

With one offshore observation station (110.86°E, 21.02°N) at
the center, the atmospheric model consisted of three nested layers
with spatial resolutions of 3, 9, and 27 km, respectively. The coupled
Regional Ocean Model System (ROMS) model was composed of
the WRF model’s innermost oceanic layer and the land to the west
(the yellow frame in Figure 3). To improve the vertical resolution of
the near-surface layer, the atmospheric model was divided into 66
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FIGURE 2

Time series of wind speed, air temperature, humidity, and fog duration (gray shaded areas) for station (A) and station (B) in Figure 3
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FIGURE 3

Simulation domains of the models (black, blue, and red boxes are the simulation domains of the three-layer atmospheric model, the yellow box is
the simulation domain of the oceanic model, and the stations marked by A and B are the offshore and onshore observation stations, respectively).

layers, and the ocean model 40 layers. Major parameterization
schemes for the atmospheric model were as follows: MYNN2.5
(Sukoriansky et al., 2005) for the boundary layer; New Thompson
(Thompson et al, 2008) as the microphysical scheme; RRTM
(Mlawer et al, 1997) for longwave radiation; Dudhia (Dudhia,
1989) for shortwave radiation; Noah (Chen and Dudhia, 2001) for
the land surface process; New Kain-Fritsch (Kain, 2004) for the
outer layer of cumulus but no scheme for the innermost layer, and
the Monin-Obukhov scheme (Zhang and Anthes, 1982) for the
near-surface layer (Table 1). Gridpoint Statistical Interpolation was
used in the atmospheric model of both the coupled and uncoupled
models for cyclic assimilation every 6 h. The assimilated data were
regular Global Telecommunication System (GTS) observations of
the ground and automatic stations. ERA5 reanalysis data were used
in the WRF model as the initial field and boundary condition driver
with a horizontal resolution of 0.25°, 37 vertical layers, and a
temporal resolution of 6 h. The hindcasts data in the HYCOM
model were used in the ROMS model as the initial field and
boundary condition driver with a horizontal resolution of 0.08°, 40
vertical layers, and a temporal resolution of 24 h.

4 Results of model simulation
4.1 Model validation and analysis

MICAPS data and observation data of sea and offshore
stations are used to validate the model results in this section.

Frontiers in Marine Science

4.1.1 Spatiotemporal distribution of
root-mean-square error

To interpret the deviation of model data from the measured
MICAPS data for the innermost zone (3 km, DO03), the root-
mean-square error (RMSE) spatiotemporal distributions of the
2 m air temperature and 10 m wind speed were constructed.
According to the RMSE spatial distribution of 2 m air
temperature in the northwest of the South China Sea
(Figures 4A, B), the coupled model RMSE was lower than that
of the uncoupled model on both sides of the Qiongzhou Strait,
while the uncoupled model RMSE was smaller in the Pearl River
Delta region. The 2 m air-temperature RMSE (Figure 4C) of the
coupled model was lower than that of the uncoupled model, yet
they had the same trend; both models reached a maximal RMSE
during 1400B]JT to 1700B]T (Beijing time) on March 10th, but
the uncoupled model RMSE was approximately 1.6 times that of
the coupled model at this time.

The RMSE spatial distribution of the 10 m wind speed for
the coupled model (Figure 5A) was consistent with that of the
uncoupled model (Figure 5B), and the maximum RMSE errors
for both models were present near the northwest boundary of
the simulated area. The RMSE in the coastal area was mostly
below 2 m/s for both models. According to the RMSE time series
(Figure 5C), after 1400BJT on March 10th, the RMSE of the two
models followed the same trend, yet the coupled model had a
slightly larger RMSE. The maximum wind speed RMSE
difference between the two models was below 0.6 m/s in the
studied period.
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TABLE 1 Major parameterization schemes.

Physical process Scheme

Planetary boundary layer MYNN2.5

Microphysics New Thompson
Longwave radiation RRTM
Shortwave radiation Dudhia

Land surface Noah

New Kain-Fritsch
Monin-Obukhov

Cumulus

Surface layer

4.1.2 Sea fog simulation compared with
offshore and onshore observation

The air temperature, humidity, wind speed, and fog duration
observed at the offshore station (110.86°E, 21.02°N) and onshore
Xuwen observation station (110.18°E, 20.33°N) were used to
confirm the simulation results of the coupled and uncoupled
models (Figures 2 and 6). Compared with the offshore station
(Figure 2A), the 2 m temperature from the coupled model
(Figure 6A) had a similar trend, while that from the
uncoupled model was clearly different. The humidity of the
coupled model (Figure 6B) reached 100% during the sea fog
event, while the that from of the uncoupled model decreased,
different from the trend seen in the observations. For simulation
results and observations, increasing wind speed led to fog

10.3389/fmars.2022.1000051

dissipation. The fog in the coupled model dissipated one hour
later than that in the observations, which was related to observed
light rain, while dissipation in the uncoupled model was one
hour earlier, and a fog forecast from 0800BJT to 1100BJT on
March 11th was lacking.

The 2 m air temperature, 2 m humidity, 10 m wind speed,
and fog duration at the onshore Xuwen observation station
(Figure 2B) were used to further check the simulation results of
the coupled and uncoupled models (Figures 6C, D). Unlike the
different heights adopted in the observation and simulation
during the offshore phase, the height for the simulation was
the same as that for observation at the land station, which
brought the coupled and uncoupled model output trends closer
to observations before and after the fog. For fog evolution, the
coupled-model (Figure 6C) fog duration output was consistent
with the observed duration, while no fog was forecasted by the
uncoupled model (Figure 6D), most likely resulting from the
stronger simulated wind and lower humidity.

The coupled model had lower 2 m air temperature RMSE
than the uncoupled model, compared with MICAPS data
(Figure 4). In addition, the coupled model simulated the
duration of the sea fog closer to offshore observations, while
the sea fog dissipated one hour earlier and a false fog event was
occurred in the uncoupled model (Figures 2A, 6A, B). The
comparison with the measured visibility observed at the
onshore Xuwen station (Figure 2B) showed that the coupled
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FIGURE 4

Spatial distribution of 2 m air temperature RMSE for (A) the coupled model and (B) the uncoupled model) and (C) time series.
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Spatial distribution of 10 m wind speed RMSE for (A) the coupled model and (B) the uncoupled model and (C) time series.

model forecasted fog duration more precisely, and the
uncoupled model failed to forecast a fog event. Those results
indicated that the coupled model simulated the sea fog better
than the uncoupled model.

4.2 Effects of air—sea interaction

Taking LWC>0.02 g-m™ as the threshold for fog formation,
according to the coupled and uncoupled model simulations, the
fog moved from the coast of Western Guangdong to the
Qiongzhou Strait on March 11th (not shown). According to
spatial distribution of LWC at the lowest model level from the
coupled and uncoupled models at 0700BJT on March 11th
(Figure 7), the fog was smaller in area and weaker in the
uncoupled model than in the coupled model. Within the
target area marked by the black rectangular frame in Figure 7,
a large area of strong fog was forecasted by the coupled model,
while no fog was forecasted by the uncoupled model. The
coupled and uncoupled model outputs differed for the areas
east and west of the target area, but the difference was not
obvious at other times.

To clarify the different results in terms of fog area and
intensity in the target area, the coupled and uncoupled model
simulation results were compared and the sea-air interactions
analyzed. The maximum LWC exceeded 0.42 g-m™ at 0700BJT
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on March 11th, and the average LWC might have been greater
than 0.02 g-m'3 for the uncoupled model, as there were a few
scattered large-LWC-value zones in the target area (Figure 7).
Therefore, when judging whether fog forms in the target area,
the size of the fog area should also be considered. Against the
criterion that fog forms when the LWC of three-fourths of the
target area exceeds the threshold of 0.02 gm™, no fog formed in
the uncoupled model, while fog lasted from 0300BJT to 0800BJT
on March 11th in the coupled model (the gray shaded area
in Figure 8A).

SST average value over the target area (marked by the black
rectangular frame in Figure 7) in the coupled model was slightly
higher than that in the uncoupled model with constant SST, but
it clearly decreased before fog formation (Figure 8B). LWC
showed the opposite trend to ASTD in the coupled model
(Figure 8C), and the shift in LWC was one hour earlier than
that of ASTD, which was most likely due to LWC being an
average value for the entire area (given fog does not form
simultaneously in an area). The change of ASTD was small
during pre-fog and fog processes in the uncoupled model, and
the fog simulation failed. The influence of ASTD on fog
evolution should be analyzed by three factors. Firstly, the low-
level atmosphere was cooled by cold water prior to fog
formation, which reduced the 2 m temperature of the fog
process and promoted the condensation of water vapor at low
levels (Figure 8D). Secondly, wind speed in the coupled model
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FIGURE 6

Time series of wind speed, air temperature, humidity, and fog duration (gray shaded areas) at station A [(A) for the coupled model; (B) for the
uncoupled model] and station B (C) for the coupled model; (D) for the uncoupled model.

decreased significantly before fog formation and was weaker
than in the uncoupled model during fog evolution (Figure 8E),
suggesting that decreasing ASTD made the low-level
stratification more stable and reduced low-level wind speed.
However, wind speed in the coupled model exceeded that in the
uncoupled model after 0700BJT, corresponding to fog
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dissipation. Finally, the 2 m air temperature decreased during
fog evolution and caused a significant decrease in air-dew point
temperature difference (ADTD) (Figure 8F). Because a smaller
ADTD can cause higher humidity, this led to an increase in 2 m
humidity during fog evolution (Figure 8G). In general, ASTD
affects the evolution of sea fog by lowering the temperature,
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FIGURE 7
Spatial distribution of LWC (g-m™>) at the lowest model level at 0700BJT on March 11th, 2017 as forecasted by (A) the coupled model and
(B) the uncoupled model.
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FIGURE 8

Temporal evolution of (A) LWC (g-m™®), (B) SST (°C), (C) ASTD (°C), (D) 2 m air temperature (°C), (E) wind speed (m-s), (F) ADTD (‘C), and (G) 2 m
relative humidity (%) average value over the target area (marked by the black rectangular frame in Figure 7) by using the coupled (solid line) and
uncoupled (dashed line) models.
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increasing the humidity, and strengthening the low-level
atmospheric stable stratification.

Equations (1) and (2) are empirical equations for sensible
and latent heat fluxes, respectively:

SHF = pC,,U(T, - T,) (1)

LHF = pL.c,U(q, - 4,) @)

where p is the density of air; L, is the latent heat of evaporation
for water; C, is the specific heat of air at constant pressure; c. and
¢, are the water vapor transfer coefficient and heat exchange
coefficient, respectively, U is the mean wind speed at a. height of
10 m; T and T, are the potential temperatures of air at the sea
surface and near-surface atmosphere, respectively; and qs and q,
are the specific humidity of air at the sea surface and near-surface
atmosphere, respectively (Yu and Weller, 2007).

From the difference of sensible heat flux and latent heat flux
average value over the target area (marked by the black
rectangular frame in Figure 7) between the coupled and non-
coupled models, the main characteristics of the influence of air-
sea interaction on sea fog are the negative sensible heat flux
before fog and the negative latent heat flux during fog (Figure 9).
The decrease of SST before fog cools the atmosphere through
sensible heat flux exchange. Latent heat flux in the coupled
model was negative at the beginning of fog formation. In the
empirical equation for latent heat flux, q and q, are the specific
humidity of the sea surface and near-surface atmosphere,
respectively, so when the latent heat flux is negative, it means
that q is smaller than q,, which indicates condensation caused
by oversaturation. The negative latent heat flux at the beginning
of fog for the coupled model was related to the drop in SST prior
to fog formation, as well as the drop in 2 m air temperature
during fog evolution that led to condensation and stable
stratification in the near-surface area. Therefore, advective fog
formation and evolution depend not only on SST cooling the
atmosphere through sensible heat flux exchange, but also on the
effect of the negative latent heat flux during the condensation of
advective moist air.

To confirm the effect of the decrease in ASTD, Figure 10
shows the vertical-time profiles of air temperature, horizontal

10.3389/fmars.2022.1000051

wind speed, and relative humidity average value over the target
area (marked by the black rectangular frame in Figure 7).
Corresponding to extremely low SST in the uncoupled model
(Figure 8B), the temperature profiles between the two
simulations suggest that the temperature in the uncoupled
simulation is noticeably lower than that in the coupled
simulation (Figure 10A). Due to the exchange of heat flux
caused by the SST decline of the coupled model, there is an
obvious inversion layer below 200 m before and at the beginning
of fog, which increases the stability of the low layer and limits the
mixing with the upper air. The horizontal wind speed on the sea
surface before fog formation in the coupled mode is significantly
lower than that at a height of 200 m, so the air-sea interaction
leads to the decrease of sea surface wind and the increase of
upper wind speed (Figure 10B). The decrease of low-level
temperature after fog formation promoted the condensation of
water vapor (Figure 10C), while the decrease of wind vertical
shear led to the thickening of the humidity layer. In the
dissipation stage, the increase of wind speed led to the
decrease of low-level humidity. In contrast, the SST in the
uncoupled model remained unchanged, and air temperature
was mainly affected by diurnal variation. Therefore, there was
a weaker inversion layer (Figure 10D), stronger vertical mixing
(Figure 10E), and lower humidity (Figure 10F) in the
uncoupled model.

The sea-air interactions impacting on sea fog were
investigated by comparing the differences of SST, ASTD,
sensible and latent heat fluxes, wind and temperature between
coupled and uncoupled model simulation results in terms of fog
area and intensity in the target area. In the coupled model, the
decrease of SST before fog formation (Figure 8A) cooled the low-
level temperature (Figure 8D) through the negative sensible heat
flux (Figure 9B) and increased the low-level humidity
(Figure 8G) through negative latent heat flux (Figure 9A).
These exchanges of sensible and latent heat fluxes resulted in
an obvious inversion layer below 200 m (Figure 10A) before and
at the beginning of the fog, which increased low-level stability,
and limited mixing with upper air (Figure 10B). These processes
of forming fog failed in the uncoupled model. Those results
indicated that the processes of cooling, humidification, and
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as (A—C), but for the uncoupled model.

strong low-level stability impacted by air-sea interaction had
important influences on the formation and evolution of sea fog.

5 Conclusion and discussion

Ocean-atmosphere coupled and uncoupled models were
used to simulate one sea fog event. Unlike the constant SST in
the uncoupled model, SST in the coupled model was updated at
preset times, thus realizing the exchange of momentum and heat
between the ocean and the atmosphere. Since sea fog is caused
due to complex interactions between atmospheric and oceanic
environments (Yun and Ha, 2022), this study investigated the
effects of air-sea interactions on the formation, evolution, and
dissipation of sea fog.

Against MICAPS data, the 2 m air temperature RMSE of the
coupled model was lower than that of the uncoupled model, but
the 10 m wind speed RMSE of the two models was similar. Sea
fog duration in the coupled model was closer to offshore
observations, but fog dissipated one hour earlier in the
uncoupled model, and another fog event was reported

Frontiers in Marine Science

afterwards, which was an error because fog was not actually
observed. For onshore simulations, the coupled model
forecasted fog duration more precisely, but the uncoupled
model failed to forecast a fog event that, according to
measured visibility, was observed at the onshore Xuwen station.
For the results of the coupled model, the air-sea interaction
mainly affected the formation and evolution of sea fog through
cooling, humidification, and strengthening the lower
atmospheric stable stratification. The SST decreased before fog
formation, cooling the low-level temperature through the
negative sensible heat flux exchange and increasing the low-
level humidity through negative latent heat flux exchange. These
exchanges of sensible and latent heat fluxes at the air-sea
interface before and at the beginning of the fog resulted in an
obvious inversion layer below 200 m, increased low-level
stability, and limited mixing with upper air. These processes of
forming fog failed in the uncoupled model. In the fog dissipation
stage, the enhancement of vertical mixing and the increase of
low-level wind speed made the low-level humidity decrease.
Sea fog is an important weather phenomenon in the South
China Sea because of its industrial impacts on ocean traffic,
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coastal ecosystems, and the energy balance of the climate system
(Clement et al,, 2009; Oliphant et al., 2021). Sea fog is not only
affected by surface features but is also sensitive to aerosol
characteristics (LaDochy, 2005; Boutle et al.,, 2018).
Guangdong Province near the South China Sea is one of
China’s well-developed industrial regions, with associated large
quantities of aerosol emissions. Importantly, aerosols are the key
to fog water nucleation. Therefore, numerical simulations
including chemical components are also worthy of further
study in the future.
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