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Abstract In this paper, a heavy sea fog event occurring over the Yellow Sea on 11 April 2004 was investigated based upon obser-
vational and modeling analyses. From the observational analyses, this sea fog event is a typical advection cooling case. Sea surface
temperature (SST) and specific humidity (SH) show strong gradients from south to north, in which warm water is located in the south
and consequently, moisture is larger in the south than in the north due to evaporation processes. After fog formation, evaporation
process provides more moisture into the air and further contributes to fog evolution. The sea fog event was reproduced by the Re-
gional Atmospheric Modeling System (RAMS) reasonably. The roles of important physical processes such as radiation, turbulence as
well as atmospheric stratification in sea fog’s structure and its formation mechanisms were analyzed using the model results. The
roles of long wave radiation cooling, turbulence as well as atmospheric stratification were analyzed based on the modeling results. It
is found that the long wave radiative cooling at the fog top plays an important role in cooling down the fog layer through turbulence
mixing. The fog top cooling can overpower warming from the surface. Sea fog develops upward with the aid of turbulence. The
buoyancy term, i.e., the unstable layer, contributes to the generation of TKE in the fog region. However, the temperature inversion

layer prevents fog from growing upward.

Key words sea fog; the Yellow Sea; developing mechanism

1 Introduction

Sea fog is often a deadly impediment to oceanic navi-
gation (Trémant, 1987), and is frequently observed over
the Yellow Sea (hereafter YS) and around the Korean
Peninsula coasts in spring and summer (Wang, 1985;
Zhou and Liu, 1986; Cho et al., 2000; Fu et al., 2006,
2010; Kim and Yum, 2012; Li et al., 2011; Li and Zhang,
2013). Sea fog study for the eastern Asian area only
emerged in the middle of the twenties (Wang, 1948),
whereas in western countries, sea fog has been studied as
early as in the beginning of twentieth (Taylor, 1917).
Generally, sea fog over the YS is the advection cooling
fog (Wang, 1985; Zhou and Liu, 1986; Fu et al., 2004a,
2006; Gao et al., 2007; Zhang et al., 2009; Kim and Yum,
2011), in which the warm and moist air is brought by the
southerlies from the south of East China Sea to the YS
where the sea surface temperature (SST) is usually colder
than that of the southern seas. Thus, the fog is formed
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when the air is cooled down below its dew-point and
reaches saturation.

Previous studies have indicated that weak winds, stable
atmospheric conditions and continuous supply of moist
air are necessary conditions for the sea fog formation over
the YS (Wang, 1985). Zhou and Liu (1986) indicated that
80 percent of sea fog over the YS is advection cooling fog.
Cho et al. (2000) documented historical data of sea fog
and investigated the relationship between the environ-
mental factors and sea fog occurrence around the Korean
Peninsula (including the YS). Fu ef al. (2004b) provided a
comprehensive view of the nature of sea fog over the YS
by describing climate characteristics such as the duration
and dissipation of sea fog, and the seasonal and daily
variations of sea fog. In addition, Zhou et al. (2004) ex-
plored the oceanic features and synoptic conditions dur-
ing the spring fog season over the YS.

Recent years, a series of work has been conducted on
sea fog over the YS and other seas by using state-of-
the-art numerical modeling systems (Ballard ez al., 1991;
Kora¢in and Dorman, 2001; Koracin et al., 2005; Fu et al.,
2006; Gao et al., 2007; Fu et al., 2008; Zhang et al., 2009;
Fu et al., 2010). Koracin et al. (2005) identified the roles
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of radiation cooling, advection, surface heat flux, and en-
trainment in a fog case along the California coastal waters
from 14 to 16 April 1999 by using a three-dimensional
model. Fu et al. (2006) investigated a heavy sea fog case
of 11 April 2004 by using observational data and the
modeling results of the Regional Atmospheric Modeling
System (RAMS). It was shown that this sea fog event was
caused mainly by advection cooling effect. Gao ef al.
(2007) successfully employed the Fifth-generation Penn-
sylvania State University/National Center for Atmos-
pheric Research Mesoscale Model (MMY5) to reproduce a
spring fog case over the YS and found that turbulence
mixing was the primary mechanism for the cooling and
moistening of the marine layer. Zhang et al. (2009) indi-
cated that the Yellow Sea fog season is characterized by
an abrupt onset in April in the southern coast of the Shan-
dong Peninsula and an abrupt, basin-wide termination in
August. They investigated the mechanisms for such step-
like evolution of the YS fog season by using the Weather
Research and Forecasting (WRF) modeling results.

Although some typical sea fog cases (KoraCin and
Dorman, 2001; Fu et al., 2006; Gao et al., 2007; Fu et al.,
2010) and the large-scale meteorological factors, such as
surface anticyclones (Zhang et al., 2011), marine bound-
ary layer structure (Kim and Yum, 2011) have been inves-
tigated based upon observational data and modeling re-
sults, issues related to various aspects of sea fog still re-
main, especially to the roles of turbulence, long wave
radiation as well as the underlying sea surface (Gultepe
et al., 2007). Kim and Yum (2011) mentioned that radia-
tive cooling rather than turbulence seems to be critical in
the eventual formation of cold sea fog cases (air tem-
perature minus (T) sea surface temperature (SST) larger
than 0, i.e., T-SST>0) off the west coast of the Korean
Peninsula based on the observational analysis. Turbulence
and radiation cooling make opposite contributions to the
heat and moisture budget of the air. However, in specific
sea fog cases, T-SST may vary differently. The sea fog
case occurring over the YS on 11 April 2004 was investi-
gated and it was found that the T-SST showed different
phases during the formation period, i.e., before fog for-
mation, T-SST>0, while during fog development, T-SST<O0.

The main purpose of the present study is to quantita-
tively investigate these physical processes, including ra-
diation, turbulence, and atmospheric stratification, in or-
der to understand their roles in influencing sea fog struc-
ture and its formation mechanism. The paper is organized
as follows. The data is introduced in Section 2. Section 3
presents a brief overview of the fog event and observa-
tional analyses. Section 4 describes the modeling and
verification. The structure and formation mechanism of
this sea fog event is discussed in Section 5. Conclusion
and discussion will be given in Section 6.

2 Data

The data used in the present study are as follows. (1)
6-hourly (00, 06, 12, 18 UTC®) 1.25°%1.25° grid reanaly-
sis data (Onogi et al., 2007) issued by Japan Meteoro-
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logical Agency (JMA). The variables used in the present
RAMS modeling are the zonal and meridional wind, air
temperature, dew point temperature, geopotential height
at 1000, 925, 850, 700, 500, 400, 300, 250, 200, 150, 100
hPa, respectively. (2) The skin temperature of Final Ana-
lyses (FNL) data from 18 UTC 10 to 00 UTC 12 April
2004 which can be downloaded from the web http://dss.
ucar.edu/datasets/ds083.2/data/fnl-200404/ issued by the
National Centers for Environmental Prediction (NCEP).
(3) Geostationary Operational Environmental Satellite
(GOES)-9 satellite image at 02 UTC 11 April 2004 down-
loaded from the web http://weather.is.kochi-u.ac.jp at the
Kochi University of Japan. (4) Sea Surface Temperature
(SST) and air temperature observed at 5 coastal stations
in the YS and Bohai Sea region from 12 UTC 9 to 12
UTC 12 April 2004. (5) Sounding profiles from 12 UTC
10 to 00 UTC 12 April 2004 downloaded from the web of
http://weather.uwyo.edu/upperair/sounding.html at the Uni-
versity of Wyoming. JMA and FNL data are used as the
initial and boundary conditions for RAMS modeling.
Data (4) and (5) are used for observational analyses and
modeling verification.

3 Case Overview and Observational
Analyses

3.1 Case Overview

From 11 to 13 April 2004, a heavy sea fog event was
observed over the YS. As shown in GOES-9 satellite im-
age (Fig.1), the YS and its western coastal arcas were
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Fig.1 GOES-9 visible satellite image at 01 UTC 11 April
2004. Some geographic locations and observation sta-
tions mentioned in the text are labeled. 5 coastal stations
from north to south are Dalian (DL), Chengshantou (CT),
Qianliyan (QY), Qingdao (QD), Rizhao (RZ), respec-
tively. The model domain is also shown in the image,
which is used for model design later.
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influenced by this sea fog episode. The fog patch spread
several tens of kilometers into the Shandong Peninsula
and lasted about 20 hours, reducing the atmospheric
horizontal visibility to several tens of meters on a coastal
stretch of a major highway and leading to a series of traf-
fic collisions. Its evolutionary process has been docu-
mented by Fu et al. (2006) by using GOES-9 visible im-
ages.

3.2 Observational Analyses

The southerlies associated with the Northwestern Pa-
cific high pressure system (NPH) centering around (30°N,
140°E) during the onset period prevailed over the YS
(Fig.2). The maximum air-sea temperature difference
(surface air temperature minus SST, SAT-SST) is about
4°C located in the northern part of the YS. The specific
humidity (SH) is larger in the south than that in the north.
The SH is about 5 to 6 gkg ' in the fog region at 00 UTC
10 April 2004. The distribution of SAT-SST, specific hu-
midity and wind are typical for the advection cooling fog
which was previously identified by Wang (1985), Fu et al.
(2006) and Li et al. (2011).

45°N
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115° 120° 125° 130° 135° 140°E
s e
-1 012 3 4 10

Fig.2 SAT-SST (shaded, C), specific humidity (solid
line, gkg™") at 2m, winds (vector, ms ') at 00 UTC 10
April 2004.

Fig.3 shows the evolution of SST and air temperature
(AT) at 5 coastal stations, from south to north, Rizhao (RZ),
Qingdao (QD), Qianlianyan (QY), Chengshantou (CT),
Dalian (DL). The shaded area denotes the atmospheric
visibility less than 1km, which indicates fog. The atmos-
pheric visibility data are only available at QD, CT, and
DL stations. During most of this period (18 UTC 09 to 12
UTC 12 April), AT showed a decreasing trend for all the
stations. The air temperature dropped about 7.4°C during
this period at CT, which is the largest decrease among
these five stations. During the period (18UTC 09 to 00
UTC 11), the air temperature dropped about 4.6°C, 3.3°C,
2.5°C, 4.8°C, 1°C at RZ, QD, QY, CT, DL stations, re-
spectively. SST is warmer in the southern area than that in
the northern area. SST varied little during the fog episode
and showed a 5°C south-north gradient. During the onset
period of this fog event, SST is colder than AT, which is

identified in Fig.2. The configuration of SST is favorable
for advection cooling fog formation (Wang, 1985; Fu
et al., 2006). It is noteworthy that AT is colder than SST
at these stations sometime after fog formation except for
DL station. Turbulence exchange due to the fog top radia-
tion cooling may contribute to the air temperature cooling.
The radiation effect on fog formation mechanism will be
illustrated in Section 5. The satellite image (Fig.1) showed
that the edge of the fog patch reached DL station, whereas
the atmospheric visibility observed at DL station was lar-
ger than 1km during the whole fog episode.

4 Modeling Design and Verification
4.1 RAMS Modeling

RAMS is a non-hydrostatic, compressible equation
model using a rotated polar-stereographic projection in the
horizontal grid, where the pole of the projection is rotated
to an area near the center of the domain, thus minimizing
the distortion of the projection in the main area of interest
(Cotton et al., 2003). A 36-h simulation of this sea fog
event initialized at 12 UTC 10 April 2004 is conducted by
using the RAMS version 4.4. In this simulation, the do-
main center and the rotated pole point are located at
(125°E, 35°N) with the horizontal resolution 6kmx6km,
and horizontal 240%x240 grid points. The o, terrain-fol-
lowing coordinate system is used in the vertical structure
of the grid (Gal-Chen and Somerville, 1975; Clark, 1977,
Tripoli and Cotton, 1982). 40 o, levels are employed in
the simulation with a high-resolution below 850hPa (20
levels). The domain covers the area of 115.6°~130.4°E,
29.6°—42.1°N (Fig.1). JMA grid data are used as the initial
and boundary conditions. All available sounding data are
assimilated to improve the initial and boundary conditions.
FNL skin temperature data is used as the surface tem-
perature data with 6 hourly update. The microphysics
scheme accounting for each form of condensate (i.e.,
cloud, rain, snow, crystal, hail, aggregate and ice water) is
adopted in this simulation (Walko et al., 1995, particle
number of cloud droplets is selected to be 3x10%kg™).
Sea fog typically happens under high pressure system
without deep convection. Hence, the cumulus parame-
terization scheme is not used in the simulation. The short
wave scheme proposed by Chen and Cotton (1983), and
the long wave radiation scheme developed by Harrington
(1997) are employed. The turbulent kinetic energy
parameterization scheme developed by Mellor and Ya-
mada (1982) is used in the simulation.

4.2 Verification

In order to verify the modeling results, the observed
relative humidity, atmospheric horizontal visibility and
air temperature at QD, DL and CT stations are compared
with the modeling results. From Figs.4a—c, it can be seen
that the simulated relative humidity at QD, DL and CT
agrees reasonably well with the observations. The simu-
lated atmospheric horizontal visibility is calculated based
upon the following formula proposed by Stoelinga and
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Warner (1999):

Vis =—In(e)/ B, 1)
where ¢ is the threshold of contrast and equal to 0.02, £ is
the extinction coefficient, f=144.7(LWC)*® (Kunkel,
1984), where LWC is Liquid Water Content (kgm °). In
fact, LWC is the product of mixing ratio of cloud water
(kgkg™") and air density (kgm ). Hence, if there is no
cloud, the simulated atmospheric horizontal visibility (SV)
will be infinite due to f=144.7(LWC)"*~0. In the present
study, the calculated atmospheric horizontal visibility is
within the range of 0-3 km. It can be seen that at QD sta-
tion (Fig.4a) the observed atmospheric horizontal visibil-

ity (OV) was close dropped rapidly to Okm from 17 to 18
UTC 10 April, and lasted during the next period. The
evolution of the SV showed that dense fog (i.e., atmos-
pheric horizontal visibility below 1km) appeared about 1
hour later, and disappeared 2 h earlier. At CT station
(Fig.4b), the SV (below 1km) showed appeared Sh later
than the observation. No fog appeared at DL station
(Fig.4c) for both OV and SV. Judging from the station
observations, it can be inferred that the fog would make it
appearance later than the observations about 1-hour and
5-hour at QD and CT, respectively. The simulated rela-
tive humidity shows good agreement with observations.
Figs.4d—f show the evolution of temperature at QD, CT,
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Fig.3 Time evolutions of SST (in “C, solid line) and air temperature (AT, in ‘C, dashed line) at (a) RZ, (b) QD, (c) QY,
(d) CT, (e) DL from south to north (locations shown in Fig.1) from 18 UTC 09 to 12 UTC 12 April 2004 (LST=
UTC+8h). SST observation is of 6-hour interval except for 18 UTC at these 5 stations. Shaded area denotes ‘fog’ in

terms of the time of visibility <1 km at QD and CT stations.
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Fig.4 Comparisons between observed relative humidity (RH, solid line with plus sign), atmospheric horizontal visibil-
ity (solid line with closed circle) and simulated RH (dash line with plus sign), atmospheric horizontal visibility (dash
line with closed circle) at 10 m altitude at (a) QD, (b) CT, (c) DL stations from 12 UTC 10 to 06 UTC 11 April 2004.

(d)—(f) same as (a)—(c) respectively but for air temperature.

DL, respectively. One can see that the air temperature
trend is similar between the observed and the simulated.
The temperature difference between the observed and the
simulated is within the range of 0-3°C, except for 03
UTC 11 April 2004 at CT the temperature difference is
about 8°C. The observed temperature had a big jump at
03 UTC 11, which may be due to instrument error. By
comparing the air temperature profiles at QD, DL and CT
stations (Figs.5a—c), temperature difference between ob-
servations and simulation results varies from 1 to 2°C. At
three stations, at the low atmosphere level, there existed
an inversion layer. It was reproduced by RAMS model
reasonably well in terms of the top height and the inten-
sity of the inversion layer. The cloud liquid water path
(LWP) is calculated in the following way:

z=top
LWP = j LWCx pdz

z=1

2

where p is air density. Figs.6a—e show the evolution of the
LWP of the sea fog event from 00 to 08 UTC 11 April
2004. Compared with the satellite images (Fu er al.,
20006), the simulated fog patch is smaller than that of the
satellite images at 02 UTC, 04 UTC and 06 UTC. The
timing of fog appearance is appropriate. Based on the
analysis, the RAMS model is able to predict the general
behavior of the sea fog event. Consequently, model re-
sults can be used for investigating the structure and for-
mation mechanism of the sea fog event as discussed in
the following sections.
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5 The Structure and Formation
Mechanism

Fig.7 shows the distribution of the simulated mixing
ratio of cloud water (g., which represents sea fog in mod-
eling) at 10 m altitude at 01 UTC 11 April 2004. It clearly
shows that the sea fog covers the sea areas of south and
east of the Shandong Peninsula. The region of ¢.>0.9g

kg is located at the lower southern section of the sea fog.

From the simulated cross section profile (Figs.8a—d), it
can be seen that the bottom of the temperature inversion
layer is low in the south and high in the north and the
intensity of the temperature inversion layer is enhanced

during this period. Meanwhile, the fog layer is suppressed.

There is no temperature inversion layer over land. In
Figs.8b—d, the region of ¢.>0.9gkg ' is located near the
sea surface and the fog top is only about 50 m in the
southern section (35°—35.5°N), the region of ¢.>0.6 gkg "
is located near the fog top and the fog top reaches 300 m
in the northern section (36°-36.7°N). On the other hand,
the long wave radiation cooling rate reaches a maximum
of 10x10*K s™' near the surface around 35.4°N at 02
UTC 11 (Fig.8c). The maximum core of the radiation
cooling rate coincides with the large value center of ¢, in
Figs.8a—d. Note that the radiation cooling rate almost
occurs near the fog top. The radiative cooling effect is
gradually weakened as the inversion layer gradually in-
tensifies. The intensity of the inversion layer plays an
important role in the fog formation and development. It is
verified by sensitivity tests conducted by Koracin and
Dorman (2001) that there is an optimal inversion strength
favorable to fog formation.

40°N
38°
0.9
0.7
36° 0.5
0.3
0.1
0.05
34°
32°
118° 120° 122° 124° 126°E

Fig.7 Simulated mixing ratio of cloud water (in gkg ',
shaded) at 10m altitude at 01 UTC 11 April 2004. The
dot represents the position of QY ocean observational
station, and the line AB is along longitude of 121.4°E.

Simulated wind speed is about 2 to 4ms™' in the fog
layer as well as in the cross section area (Fig.9). Weak
wind is favorable for fog formation. The prevailing wind
is primarily southerlies during this period (figure not
shown). Virtual potential temperature also shows the

weak inversion layer over the fog layer as well as the
southern area. The vertical exchange of air is limited by
the weak stable layer.

Fig.10 is the time evolution of simulated mixing ratio
of cloud water, air-sea temperature difference, radiation
heating rate, as well as sensible and latent heat flux from
12 UTC 10 to 06 UTC 11 April 2004. It can be seen from
Fig.10a that the dense fog (¢.>1gkg ') appears after 23
UTC 10, and then rapidly develops southward in the next
5h. At 05 UTC 11, the fog area almost reaches 34°N and
the air-sea temperature difference is above 3°C around
35°N. According to the observations in Fig.3, there was
little variation of SST among these 5 coastal stations. It
can be inferred that the air temperature decreases about 3
K during this period. Meanwhile, the sensible and latent
heat flux increase by about 7-8 Wm 2. These results sug-
gest that evaporation process favors the southward de-
velopment of this fog patch. The long wave radiative
cooling rate reaches about 8Ks '. The relative humidity
in the fog region is larger than 99% and there is no turbu-
lence in south of 35°N during this period (figure not
shown). It suggests that near surface long wave radiative
cooling effect plays an important role in stabilizing the
near surface layer and cooling the fog.

The cross section analyses of Richardson’s number,
turbulent kinetic energy (TKE), the stability of atmos-
pheric stratification 06,/0z, and the vertical wind shear
0U/0z along the line AB are shown in Fig.11. Richard-
son’s number Ri can be used to qualitatively evaluate the
contributions of the buoyancy term and vertical wind
shear to the turbulence development. The Richardson
number is calculated by using the following formula:

. g d@/dz
1=— .
Oy (Qu/9z)* +(dv/dz)*

The vertical wind shear is calculated using the follow-

ing formula:
1/2
(au Jz (asz
— | +| = .
0z 0z

It is shown from Fig.10a that Ri is larger than 0.25 near
the sea surface from 35°-36°N at 22 UTC 10 April, which
is not favorable for the turbulence generation and the air-
sea heat exchange, whereas around 33°-34°N and 36°-
36.5°N, Ri is less than 0.25 and 0, respectively. Conse-
quently, turbulence is generated mainly due to wind shear
around 33°-34°N (Fig.11c). Note that around 36°—36.5°N,
there is little wind shear (Figs.11c, d). Turbulence is
strongest at 100 m around 36°—36.5°N and TKE reaches
10x102m?s % Hence, the buoyancy term contributes to
the generation of TKE due to Ri<O0 in this region, i.e., the
atmospheric layer is unstable. It is consistent with the
aforementioned analysis that the radiative cooling of fog
top around 36°N makes the layer unstable and hence,
TKE increases. At 00 UTC 11 April, Ri is smaller than
0.25 around 35°N near the sea surface, which is in favor
of the production of turbulence (Fig.11b). Around 36°—

U _
0z

a) Springer



34 GUO et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2015 14: 27-37

'l\ b
400 400  y

300 4y A o7z 30f

-

Height (m)

200

g

200 ¢

Height (m)

/

|

'l| 1, A
33 3@ 35° 36° 37° N
A

Fig.8 Cross section analyses of simulated mixing ratio of cloud water (in gkg ', shaded), radiation heating rate (10K
s, solid line), and air temperature (in ‘C, dash line) along the line AB at (a) 22 UTC 10, (b) 00 UTC 11, (c) 02 UTC
11, (d) 04 UTC 11 April 2004. Fog top (mixing ratio of cloud water =0.05 gkg ') is indicated by the dotted line.
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Fig.9 Cross section analyses of simulated mixing ratio of cloud water (in gkg ', shaded), virtual potential temperature
(in K, solid line), and wind speed (in ms ', dash line) along the line AB at (a) 22 UTC 10, (b) 00 UTC 11, (c) 02 UTC
11, (d) 04 UTC 11 April 2004. Fog top (mixing ratio of cloud water =0.05 gkg™") is indicated by the dotted line.
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Fig.10 Time evolution of mixing ratio of cloud water (in gkg ', shaded) and (a) air temperature minus SST (in “C, con-
tour), (b) radiation heating rate (in 10 *Ks "', contour), (c) sensible heat flux (in Wm >, contour), (d) latent heat flux (in

W m?, contour) at 10 m altitude in the RAMS modeling from 12 UTC 10 to 06 UTC 11 April 2004.
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Fig.11 Cross section analyses of Richardson’s Number Ri (shaded) and turbulent kinetic energy (in 10 >m’s °, contour)
along the line AB at (a) 22 UTC 10, (b) 00 UTC 11 and the vertical wind shear (in 10 *s ', shaded) and the vertical gra-

dient of 6, (in 10 °K:m ', contour) at (c) 22 UTC 10, (d) 00 UTC 11 April 2004.
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36.5°N, the area of Ri<0 is enlarged. Consequently, TKE
increases. Fog develops upward at this time with the aid
of the enhanced turbulence (Fig.8b). The analyses sug-
gested that the TKE increase region and Ri<0.25 region
match well during the fog formation process and turbu-
lence is created mainly due to both the wind shear with no
fog appearance and the unstable layer with fog appear-
ance. It can be inferred that long wave radiative cooling
effect plays an important role in the fog growth, espe-
cially in vertical extension. The long wave radiative cool-
ing effect makes the fog layer unstable and cools down
the fog layer due to the turbulence mixing. However, due
to the existence of the inversion layer, fog cannot break
through the lid. Fog is confined to the bottom of the in-
version layer (Fig.8). It is also confirmed that the inver-
sion layer prevents the fog from growing upward.

6 Discussion and Conclusion

A heavy sea fog event occurring over the YS on 11
April 2004 is investigated observationally and numeri-
cally in the present study. The RAMS model owns the
capacity to predict the general features of this event. The
roles of important physical processes such as radiation,
turbulence as well as atmospheric stratification in sea
fog’s structure and its formation mechanisms have been
analyzed using the model results.

It can be concluded that the transportation of warm and
moisture air from the south provides favorable conditions
for the sea fog formation. There exists a strong gradient
of SH and SST from south to north. The specific humidity
(SH) is larger in the south than that in the north. The SH
is about 5 to 6 gkg ' in the fog region at 00 UTC 10 April
2004. SST varies little during the fog episode and shows a
5°C south-north gradient. The maximum air-sea tem-
perature difference (SAT-SST) is about 4°C in the north-
ern part of the YS during the fog onset period, which is a
favorable condition for fog formation, this agrees well
with previous researchers’ work (Wang, 1985; Fu ef al.,
2006; Gao et al., 2007). After fog formation, the air tem-
perature drops dramatically about 3K and is lower than
SST. Hence, during this period, evaporation process will
provide more moisture into the air and further contribute
to fog evolution.

Through the formation mechanism analysis of this sea
fog event, it is suggested that the radiative cooling at the
fog top plays an important role in cooling down the fog
layer and generating turbulence. The fog layer is cooled
down through turbulence mixing. The fog top cooling can
overpower the warming from the surface and the near
surface weak unstable layer contributes little to the TKE
generation. Sea fog develops vertically mainly due to the
generation of TKE. TKE is generated by the unstable
layer around fog region and by the wind shear around
fog-free region. However, due to the existence of the in-
version layer, fog cannot penetrate through the bottom of
the inversion layer with the aid of TKE. As the inversion
layer intensified, the fog was gradually weakens.

The present study depicts the formation mechanism of

a) Springer

a sea fog event in terms of radiation and turbulence.
However, advection and evaporation/condensation also
contribute to fog evolution. In our study, we have not take
into account advection in fog formation mechanism. The
role of the advection remains uncertain in our study and is
needed to be clarified in the future. Based on our knowl-
edge, this term for the case under consideration (advec-
tion cooling fog) is mainly responsible for transporting
warm/moisture air to the YS areas. The transported air
was then cooled by the underlying sea surface and fog
forms. Evaporation/condensation processes do enter into
our study. The quantitative effect of these terms was not
investigated in this study and we hope the role of these
terms will be studied thoroughly in our following case
studies. Issues related to fog formation mechanism of sea
fog over the YS still remain, such as the formation
mechanism of the inversion layer and the effect of the
modification of the inversion layer on sea fog’s life. We
have conducted some numerical experiments on the for-
mation mechanism of the inversion layer and will further
explore the problem.
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