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Abstract: Sea fog is one of the main types of dangerous weather affecting offshore operations. The
sea surface temperature (SST) has an important influence on the water vapor content and intensity of
sea fog. In order to study the impact of SST on local relative humidity and atmospheric visibility, a
sea fog episode that occurred over the Yellow Sea and Bohai Sea on 21 January 2013 was investigated
through observational data, reanalysis data, and Weather Research and Forecasting (WRF) simulation.
The results show that the influence of SST on the distribution of sea fog with different properties is
inconsistent. Based on the time-varying equation of relative humidity, the changes in the advection,
radiation, and turbulence effects on the relative humidity with respect to SST are explored through
control and sensitivity experiments. The results show that the advection effect plays a decisive role in
the generation and dissipation stages of sea fog. The increase (decrease) in SST weakens (strengthens)
the radiative cooling and relative humidity. The contribution magnitude of advection effect to relative
humidity is 105, while those of radiation and turbulence are 10~¢ and 1077, respectively. The
atmospheric visibilities in the Bohai Sea and northern Yellow Sea decrease with increasing SST, which
are mainly affected by the positive turbulence effect; whereas the atmospheric visibility in the central
and southern Yellow Sea increases with SST, which is mainly influenced by the combined effects of
U-direction advection, radiation, and turbulence. The stability related to boundary layer height plays

an important role in water vapor condensation.
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1. Introduction

Sea fog is one kind of weather phenomenon that widely occurs over oceans and coastal
regions, wherein tiny water droplets sustained in the atmospheric boundary layer lead
to low atmospheric visibility (<1 km) [1]. Many scholars have long noticed the influence
of sea surface temperature (SST) anomalies on the atmospheric circulation pattern and
weather phenomena [2]; in addition, the importance of SST to sea fog generation cannot
be ignored [3,4]. In a brief review of sea fog research in China, Fu et al. [5] concluded that
sea fog is highly sensitive to SST. Both mixed fog and advection fog are greatly affected
by SST [6]. The local SST is a key driver of the interannual variation in summertime sea
fog [7]. The occurrence frequency and spatial distribution of sea fog are associated with a
difference in air-sea temperature [8-11], which was supported by observational evidence
in Bohai [12]. Qu et al. [13] showed that the SST difference could affect the value and
location distribution of liquid water content in foggy areas. In addition, the variation trends
of dense sea fog with respect to SST are inconsistent with those of thin sea fog [14]. Hee
et al. [15] compared the variation in autumntime sea fog between different coastal waters.
However, the above studies mainly focused on the effects of SST on sea fog distribution,
while the mechanism of SST influence on sea fog needs to be further investigated.
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The influence mechanism on sea fog from the perspective of advection, turbulence,
and radiation has been explored [16,17]. Li et al. [18] found that the moisture originates
from the advection, and the turbulence in the lower atmosphere promotes fog formation
and evolution. Gao et al. [19] simulated a real advection cooling fog in the Yellow Sea
and pointed out that the turbulent near-sea-surface mixing and cooling were the primary
mechanisms of fog formation. Long-wave radiation cooling at the top of the fog and near-
sea-surface buoyancy turbulence are equally important [20-22]. Yun et al. [23] classified
and discussed the turbulence characteristics related to the formation of cold and warm fog.
Yang et al. [24] emphasized the importance of long-wave radiation cooling on advection fog
top. Yang et al. [25] noted that turbulent mixing caused by fog top radiation and evaporative
cooling is crucial to the development of fog. However, there is a lack of understanding of
the trends in the advection, turbulence, and radiation regimes with respect to SST.

Temperature change has an important impact on humidity. For example, Zhu et al. [26]
considered that warmer air was able to hold more humidity. The influence of SST variation
on relative humidity also needs to be studied. Considering that the formation process of
sea fog is essentially the result of water vapor saturation and condensation by increasing
the relative humidity of the air through cooling or humidification, Hu et al. [27] attributed
the effects of advection, turbulence, and radiation on the formation process of sea fog to
their effects on relative humidity through the time-varying equation of relative humidity.
The advantage of this method is that the covariance of relative humidity makes the effects
comparable in analyzing the differences in and interactions of these effects in the generation
process of sea fog, which helps to explore the physical mechanism of sea fog formation.
However, in the theoretical analysis of the three effects, the relative humidity change
rate was calculated from the climate state value, the source-sink terms of temperature
and humidity were simplified, and the two-dimensional idealized numerical simulation
experiment was adopted. With an improved numerical simulation model, the influence of
SST change on the above three effects can be further explored through three-dimensional
numerical model experiments.

Thus, we performed a set of control and sensitive experiments using the three-
dimensional numerical prediction model, and the effects of SST variation on horizontal
atmospheric visibility and the vertical distribution characteristics of the three effects were
identified during the generation, maintenance, and dissipation of sea fog.

Our modeling design and theoretical basis are provided in the following section,
Section 3 gives results and discussion, and the conclusions are given in Section 4.

2. Material and Methods
2.1. Study Area

In this study, a sea fog process in the Yellow Sea and Bohai Sea on 21 January 2013
was selected. To carefully analyze the evolution process of this sea fog case, the Weather
Research and Forecasting (WRF) model was employed. Figure 1 shows the main simulation
area with 3 km resolution, the buoy observation stations, and two key regions for analyzing
the differences in sea fog formation and evolution mechanism.

2.2. Data and Methods

The NCEP final operational global 6-hourly analysis data (FNL, 1° x 1°) and the
real-time global daily sea surface temperature (RTG_SST_HR, 0.083° x 0.083°) were used
for the initial field of Weather Research and model (WRF) Forecasting. The FNL data
were available four times per day at 00, 06, 12 and 18 UTC, and were downloaded from
http:/ /dss.ucar.edu/datasets /ds083.2 accessed on 01 June 2021. The RTG_SST_HR are
daily average data and can be downloaded from ftp:/ /polar.ncep.noaa.gov/history/sst/
accessed on 16 July 2020.

The FNL data and buoy observation data (No. 54646 and 58573) were used for analysis
and verification of simulation results.
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Figure 1. Map of the study area. The large square indicates the simulation domain with 3 km
resolution. The two small squares indicate the analysis area of humidification effects. + denotes the
observational stations 54646 and 58573.

2.2.1. Modeling and Experimental Design of Sea Fog Simulation

In our study, the simulation period was from 00 UTC 21 January to 00 UTC 23 January 2013.
Two domains with two-way nest interaction were designed with the outer range of 949° N,
98-155° E and inner range of 26-47° N, 112-131° E. The two domains had grid numbers of
484 x 445 and 478 x 730 at horizontal resolutions of 9 and 3 km, respectively. The domain
had 35 unevenly spaced full-sigma levels in the vertical resolution (8 levels below 850 hPa),
and identical physical options applied to both domains. The parameterization schemes
mainly included the WSM6 scheme [28] for microphysical process, YSU scheme [29] for
planetary boundary layer, and RRTM [30] and Dudhia schemes [31] for long- and short-
wave radiation schemes, respectively.

The control simulation and two sensitivity experiments were used to simulate the varia-
tion in atmospheric visibility with SST during the sea fog event (Table 1). The RTG_SST_HR
and FNL data were used in the control experiment. For the model, the ocean underlying
surface was provided by the former while the background field was provided by the latter
for the model.

Table 1. Numerical simulation experimental design.

Experiment Name Experimental Design
Exp.1 control experiment (RTG_SST+FNL)
Exp.2 sensitivity experiment: increasing SST by 2 degrees
Exp.3 sensitivity experiment: decreasing SST by 2 degrees

2.2.2. Time-Varying Equation of Relative Humidity

On the basis of the time-varying equation of relative humidity [32], the effects of
advection, turbulence, and radiation can be analyzed. The time-varying equations of
relative humidity are as follows:
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where f is the relative humidity; u is the horizontal wind speed; w is the vertical wind

speed; k is the turbulent exchange coefficient, k = 1 m? s~1: T is the air and sea temperature;
P is the pressure; q is the specific humidity; 6 is the virtual potential temperature of

the air; R, is the gas constant of water vapor ratio; (%—{) ’ is the rate of temperature
ra

change due to radiation; L = 2500.7 ] g~!. On the right side of the equation, the first
three terms are horizontal advection, convection, and turbulent diffusion. The last three
terms (M; + My + M3) can be regarded as the “source and sink” of the logarithm of relative
humidity (In f), in which M;, My, and M3 are the radiation term, air pressure term, and
interaction term between temperature and humidity, respectively.

In this study, the contributions of the three effects of advection (the first and second
terms on the right side of the equation), turbulence (the third and sixth terms on the right
side of the equation), and radiation (the fourth term on the right side of the equation) with
respect to relative humidity were separately analyzed based on the time-varying equation
of relative humidity. A vertical hierarchical analysis of the three effects was also performed
to obtain the variation characteristics of the three effects with SST during sea fog.

2.2.3. Atmospheric Visibility Method

Atmospheric visibility related to the extinction coefficient is an important physical
quantity for identifying foggy areas. SST anomalies also affect the change in extinction
coefficient [33]. The atmospheric visibility can be generated according to the atmospheric
visibility calculation formula established by Kunkel [34] and Stoelinga et al. [35]:

Xvis = — In 0/302 (5)
B = Bcw + Bei + Bsnow + Prain (6)

where Xy;s is the horizontal atmospheric visibility; the extinction coefficient § includes the
effects from cloud water (B.w), cloud ice (B.;), snow (Bsuow), and rain water (B,4iy)-

3. Results
3.1. Observational Analysis and Comparison between Simulation and Observation

The sea fog process was characterized by a short duration, complex weather conditions,
and a large distribution.

Throughout most of this fog event, high clouds were present; thus, it was difficult to
detect the fog using satellite data (Figure 2a). However, in the Yellow Sea and Bohai Sea
region, some stratus clouds are stable and less moving, and low visibility is observed with
ground observations (Figure 2b). Sea fog was observed at station 58573 (29.75° N, 122.75°
E) at about 03 UTC, and dense fog was observed at station 54646 (38.45° N, 118.44° E) at 00
UTC, which then turned to light fog at 04 UTC.

At 06 UTC 21 January 2013, the southern and central Yellow Sea, which was in front of
the trough on the 850 hPa level, was controlled by the warm advection. Warm advection
can bring abundant water vapor to a region [36]. The Bohai Sea and northern Yellow Sea
were located behind the trough. On the ground level, the Bohai Sea and the northern
Yellow Sea were located in front of the cold high pressure, which brought weak cold air
(Figure 2c). The wind speed on the sea surface decreased to 4 m s~!, which was favorable
to the stability of the sea surface stratification. At the same time, relative humidity in most
areas of the Yellow and Bohai Seas reached more than 90%. In the maintenance period of
sea fog, it was controlled by two weather systems. One was controlled by the front of cold
high pressure in the Bohai Sea and the northern Yellow Sea, and the other was controlled
by warm advection in the front of low pressure in the central and southern Yellow Sea.
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Figure 2. (a) HMWR visible satellite imagery at 06UTC 21 January 2013; (b) observation and simula-
tion visibility at stations 58573 and 54646; (c) the distribution of height, temperature, and wind field
at the 1000 hPa level; (d) sea—air temperature difference (unit: °C).

The sea—air temperature difference in the northern Yellow Sea was positive (Figure 2d),
and this situation promoted the formation of sea fog due to the humidification of sea
surface evaporation. On the contrary, the SST difference in the south-central Yellow Sea
was mainly negative, and the cooling and condensation effect of the sea temperature on
the sea fog maintained the development of sea fog. Thus, it could be concluded that SST
played different roles in the development of sea fog in different regions of the Yellow Sea
and Bohai Sea.

From the viewpoint of weather conditions and SST difference, it was relatively complex
in the whole sea fog area. Radiation fog occurred over the Bohai Sea and the northern
Yellow Sea, and advection fog was observed over the central and southern Yellow Sea.

The WRF simulation results were interpolated using those from the observation
station. The comparison between observational and simulation results showed that the
WRF model could simulate the sea fog phenomenon. For station 58573, although the
simulation results failed to reproduce the visibility values about 8-9 km in the first three
hours, the variation trend in the simulated visibility showed a sharp change in visibility
at 3—4 h, which was similar to the observed data. The simulation results were generally
reliable. For station 54646, the model could simulate the low visibility in the first three hours.
After 4 h, the observation turned to higher atmospheric visibility (light fog), while the
density of simulated sea fog was relatively strong. Station 58573 was located in the Yellow
Sea area, and the simulation results were relatively good. Station 54646 was located in
the Bohai Sea area, and the simulation results of visibility were relatively low. Based on
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the simulation results, the Yellow Sea area was selected as the main study area for the
subsequent discussion.

3.2. Atmospheric Visibility Simulation Results

The simulated fog patches were identified as the atmospheric visibility (<1 km).
Based on the control experiment result, the sea fog was distributed in the Laizhou Bay
of the Bohai Sea, the north of the Yellow Sea, the south of Shandong Peninsula, and the
middle and southern parts of the Yellow Sea (Figure 3a). The simulated sea fog range
during the sensitivity experiments changed with the variation in SST (Figure 3b,c). When
the SST increased/decreased by 2 °C, the atmospheric visibility in the Bohai Sea and
the northern Yellow Sea region decreased/increased based on the difference between
Exp. 2 and Exp. 1; the atmospheric visibility changes in the central and southern Yellow
Sea region were reversed.

123°R 11 g 1e 123°8 125°E 1278 117°B 119°B 121°8 1238 125°8 127°E

(a) (b) (©

30°N

Figure 3. The difference in simulated visibility at 08 UTC 21 January 2013: (a) Exp.1, (b) Exp.2 minus
Exp.1, and (c) Exp.3 minus Exp.1. Shading indicates positive difference, dashed line represents
negative difference, and square area is the average range of the selected area (units: km).

4. Discussion
4.1. Analysis of Humidifying Effects of Advection, Radiation, and Turbulence

In order to further investigate the reasons for the opposite changes of sea fog, two regions
were selected. One region (36.4° N-36.6° N, 123.4° E-123.6° E) was in the central Yellow Sea,
and the other region (37.9° N-38.1° N, 124.4° E-124.6° E) was in the northern Yellow Sea
(showed in Figure 1). Based on the control simulation results, the average of the advection,
radiation, and turbulences effect of the above two regions was separately analyzed. A
positive value indicated that the corresponding mechanism had obvious humidification
effects on sea fog, while a negative value indicated responsibility for dehumidification. The
simulated fog patches were identified as the cloud water mixing ratio at the model’s lowest
level, which was greater than 0.01 g kg’l.

The control experiment results showed that the advection, radiation, and turbulence
effects basically differed by an order of magnitude. The contribution magnitude of the
advection effect to relative humidity was 10> in the middle of the Yellow Sea (Figure 4a,b),
while those of radiation and turbulence relative to relative humidity were 10~¢ and 107,
respectively (Figure 4c,d). Therefore, for the humidifying effects, the advection humidifi-
cation was the largest, followed by radiation cooling, and the turbulence humidification
was relatively small. The magnitudes of the three humidification effects are generally
consistent with the results found by Hu et al. [27]. However, at different stages of sea fog,
the advection, radiation, and turbulence effects had different humidifying effects.
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Figure 4. Regional average time series of contribution of three effects to relative humidity (contour,
units: x 107° s71) in central Yellow Sea: (a) advection effect in U-direction, (b) advection effect
in V-direction, (c) radiation effect, and (d) turbulence effect (shading: cloud water mixing ratio,
units: g kg‘l).

Before sea fog generation (0-5 h), the advection in the U-direction, radiation, and
turbulence had positive effects on the increase in relative humidity. The advection in the
V-direction had weak negative effects, and the positive effects of radiation and turbulence
gradually increased with time.

When the sea fog occurred (7 h), the contribution of advection to relative humidity
became positive in the V-direction and negative in the U-direction. The radiative cooling of
the whole layer (especially at the top of the fog) and the turbulence humidifying effect in the
lower layer promoted the transformation of stratiform clouds to fog. In the development
stage of sea fog (8-10 h), the maintenance of relative humidity in the lower layer was
dominated by the positive effects of radiation and turbulence.

In the dissipation stage of sea fog (>10 h), the radiation and turbulence effects were
still beneficial to the maintenance and increase in relative humidity, but the advection effect
in both directions in the lower layer became negative. We concluded that advection effect
played a key role in the reduction of relative humidity, and the dissipation of sea fog mainly
depended on the changes in the advection effect.

In the second study area in the northern Yellow Sea, the humidifying effects in the
control experiment were different from those in the central Yellow Sea. Before the generation
of sea fog, the primary effects were radiation and turbulence (Figure 5c,d), which promoted
the increase in relative humidity, and the advection humidifying effect in the middle and
lower layers was almost zero (Figure 5a,b). During the formation and development stages
of sea fog, the turbulence humidifying effect and radiative cooling were dominant in the
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Height (km)

lower and upper layers, respectively. In the sea fog dissipation stage, the strong negative
advection effect in the V-direction destroyed the water vapor supply and led to sea fog
dissipation. The dissipation mechanism of the sea fog in this area was the same as that in
the central Yellow Sea.
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Figure 5. Regional average time series of contribution of three effects to relative humidity (contour,
units: x 107° s71) in the northern Yellow Sea: (a) advection effect in U-direction, (b) advection
effect in V-direction, (c) radiation effect, and (d) turbulence effect (shading: cloud water mixing ratio,
units: g kg™1).

There were different generation mechanisms for the sea fog occurrences in the two
study areas. In the first study area, the surface fog was caused by the upper-level cloud
touching the sea surface; however, the sea fog in the second study area occurred on the sea
surface and developed into the upper level.

4.2. Analysis of the Effect of SST Changes on Sea Fog

The direct effect of SST changes on sea fog belonged to the thermal processes in
Equation (1), which is the sum of M; and M3. The thermal imbalance changed the pressure
distribution and indirectly affected advection. The change in cloud water mixing ratio
with respect to SST was consistent with the variation in atmospheric visibility, which also
reflected the opposite characteristics of the sea fog with SST in the two selected regions.

Comparing the three effects in the two regions, the humidifying effect of radiative
cooling significantly reduced with increasing SST (Figures 6c and 7c); thus, the radiation
effect was not the main reason for the opposite changes in the sea fog.
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Figure 6. Regional average time-series difference diagram of the contribution of three effects to
relative humidity (contour, units: x 1075 s7!) in the sensitivity test of the central Yellow Sea

(Exp.2-Exp.3): (a) advection effect in U-direction, (b) advection effect in V-direction, (c) radiation
effect, and (d) turbulence effect (shading: difference in cloud water mixing ratio, units: g kg~1).

The changes in the humidifying effect of advection with SST were different in the
two regions (Figure 6a,b and Figure 7a,b). For the northern Yellow Sea, irrespective of
control or sensitivity experiment, there was no obvious humidification or dehumidification
by advection with increasing SST in the low layer during the maintenance period of sea
fog (Figure 7a,b). The effect of turbulent humidification increased with the growth in SST
(Figure 7d). The boundary layer stability changed from neutral to stable with increasing
SST, and the SST change had little effect on the height of the inversion layer (Figure 8b).
Thus, the water vapor saturation state was maintained in the lower layer (Figure 8d).

For the central Yellow Sea region, the variation in relative humidity was more affected
by advection and radiation effects. The dissipation of the sea fog with increasing SST in
the lower layer was related to the negative advection effect in the U-direction (Figure 7a)
and the reduced stability (Figure 8a), which caused an increase in the height for the top of
the inversion layer. The turbulent humidifying effect decreased with increasing SST below
a height of 300 m. These factors were not conducive to water vapor accumulation in the
central Yellow Sea region. Lee et al. [37] also found that strong turbulent mixing increases
the boundary layer height, which contributes to the rapid growth of the height of sea fog.

As a result, the main reasons for the opposite change in sea fog induced by the SST
variation were the advection effect in the U-direction, the turbulence effect in the lower
layer, and the stability related to the height of the inversion layer.
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Figure 7. Regional average time-series difference diagram of the contribution of three effects to
relative humidity (contour, units: x 1075 s71) in the sensitivity test of the northern Yellow Sea
(Exp.2-Exp.3): (a) advection effect in U-direction, (b) advection effect in V-direction, (c) radiation
effect, and (d) turbulence effect (shading: difference of cloud water mixing ratio, units: g kgfl).
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Figure 8. Vertical profiles of the regional mean pseudo-equivalent temperature for the control and
sensitivity experiments (units: K) at 08 UTC on 21 January 2013 in (a) central and (b) northern Yellow
Sea; regional average time series of water vapor pressure and saturation water vapor pressure difference
(e-es) (units: hPa) for control and sensitivity experiments in (c) central and (d) northern Yellow Sea.
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5. Conclusions

We conducted numerical simulation experiments on SST variation for a winter sea
fog process in the Yellow and Bohai Seas. Based on the time-varying equation of relative
humidity, the reasons for the contrary atmospheric visibility changes in the central and
northern Yellow Sea caused by SST were analyzed. The following conclusions were drawn
for this work:

(1) The direct turbulence effect on the relative humidity changes was less than the
radiation and advection effects.

(2) In this sea fog process, the influence of SST on advection may have been the main
reason for sea fog dissipation.

(3) The increase in SST weakened the radiative cooling and the relative humidity,
whereas the decrease in SST strengthened the radiation cooling and relative humidity.

(4) The opposite change in atmospheric visibility of the sea fog event in the two regions
was mainly affected by advection and turbulence effects with changing SST, and the stability
related to boundary layer height played an important role in water vapor condensation.

Shen et al. [38] indicated that there was significant differences in moisture advection
conditions and inversion layer intensities at different sites during the sea fog according to
the observation data, which confirms the view that sea fog with different properties appear
in the unified area in this study. Our inversion layer changes with the SST during the
sea fog through simulation analysis are also in accordance with those obtained by Rousta
et al. [39-41]. In this study, only an individual case was investigated. Large-scale studies
must be conducted to verify the three effects on relative humidity for different types of
sea fog. Moreover, the intensity of the turbulence and radiation effects depends on the
vertical resolution of the boundary layer, and the feedback of turbulence and radiation
effects may change if the vertical resolution is changed. The time-varying equation of
relative humidity is a two-dimensional equation, which can be re-derived from a three-
dimensional perspective to generate a more realistic result. The influence of evaporation
and condensation on the relative humidity changes is not considered in the equation, so
that the three effects on humidification do not fully reflect the variation of sea fog density.
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