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Abstract

The fog occurs frequently over the Yellow Sea in spring (April–May),  a climatical  period of Asian monsoon
transition. A comprehensive survey of the characteristic weather pattern and the air-sea condition is provided
associated with the fog for the period of 1960–2006. The sea fog is categorized by airflow pathways of backward
trajectory cluster  analysis  with the surface observations derived from international  comprehensive ocean-
atmosphere dataset (I_COADS) I_COADS datasets and contemporaneous wind fields from the National Centers
for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis. On the basis
of the airflow paths, the large-scale lower-tropospheric circulation patterns and the associated surface divergence,
the distribution of a vertical humidity, the horizontal water vapor transportation and the air-sea temperature
difference are investigated and the major findings are summarized as follows. (1) Four primary clusters of the
airflow paths that lead to spring sea fog formation are identified. They are originated from the northwest, east,
southeast and southwest of the Yellow Sea, respectively. (2) Springtime Yellow Sea fog occurs under two typical
weather patterns: the Yellow Sea high (YSH) and cyclone and anticyclone couplet (CAC). Each pattern appears by
about equal chance in April but the YSH occurrence drops to around one third and the CAC rises to around two
third of chance in May. (3) The common feature in the two types of synoptic conditions is that surface divergence
center  is  located  over  the  Yellow  Sea.  (4)  For  the  YSH  type  of  fog,  water  vapor  comes  mainly  from  local
evaporation with a well-defined dry layer present in the lower atmosphere; for the CAC type of fog, however, water
vapor comes mainly from areas outside the Yellow Sea with a thick surface layer of high humidity. (5) With the
differences in weather patterns and its associated vertical distribution of the humidity and the transportation of
water vapor, there are two types of sea fogs. Most fogs of the CAC types are “warm” fog, while fogs of YSH type
have nearly equal chance to be “warm” and “cold” fog.

Key words: springtime sea fog, Yellow Sea, airflow clusters, synoptic patterns, characteristics of sea fog

Citation:  Huang Jian,  Wang Bin,  Wang Xin,  Huang Fei,  Lü Weihua, Tu Jing.  2018.  The spring Yellow Sea fog:  synoptic and air–sea
characteristics associated with different airflow paths. Acta Oceanologica Sinica, 37(1): 20–29, doi: 10.1007/s13131-018-1155-y

1  Introduction
Among China’s offshore waters, the Yellow Sea fog is charac-

terized by the huge coverage, long time of occurrence, extended
duration of the fog season, and significant seasonal variations.
Reducing both horizontal and vertical visibility over the sea and
coasts, sea fog severely affects all kinds of sea-based activity, in-
cluding marine fishing, rig drilling, commercial shipping, milit-
ary operations, airplane flights and highway travel, and is one of
the main causes for serious accidents.

It is widely accepted that most of the Yellow Sea fog is resul-
ted from the cooling of air due to the advection of a warm and
humid airflow over a cold sea surface, while some of it is gener-
ated from frontal surfaces (Wang, 1985; Zhou and Liu, 1986). As
the principal reason, the sea fog forms when sea currents with re-
latively cool sea surface temperature (SST) are heading north
along the coast and meet relatively warm and moist airflows that

are transported from the Sea of Japan and the Northwest Pacific
(Wang, 1985). In addition, the cold-water pool due to upwelling
or the turbulent mixing induced by strong tide currents are the
major causes for the frequent occurrence of the sea fog (Wang,
1985; Zhou and Liu, 1986; Cho et al., 2000).

In fact, the Yellow Sea fog is unique. It can be formed in vari-
ous weather systems, originated from mid-latitude associated
winter monsoon, or from tropics and subtropics associated with
summer monsoon (Zhou et al., 2004; Wang et al., 2006), includ-
ing the high pressure that moved out of continent, intrusion of
the ridge of the North Pacific High, and the low or trough mi-
grated from the China’s Mainland into the Yellow Sea (Wang,
1985). As such, the sea fog must be formed with different meteor-
ological and marine environment. Some previous works have
shown that water vapor associated with the Yellow Sea fog forma-
tion has different origins in the fog season (Zhou et al., 2004;  
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Huang and Zhou, 2006). Little has been known of the meteorolo-
gical and marine characteristics of the Yellow Sea fog under dif-
ferent synoptic conditions, particularly the different physical
mechanisms for the sea fog development and persistence under
the control of winter and summer monsoons. Recently, it is sug-
gested that the sea fog over the Yellow Sea shows a seasonal vari-
ation representing monsoon characteristics, especially in boreal
spring of Asian monsoon transition period from winter monsoon
to summer monsoon (Zhang et al., 2009). However, it is still not
clear whether the sea fog over the Yellow Sea in spring is a warm
fog or cold fog during the sea fog development and persistence
(Zhang and Ren, 2010), and what the marine meteorological con-
ditions in favor of warm and cold fog formation, development,
persistence and dissipation are.

In the marine environment, the exchange of heat and water
vapor with the sea surface during the advection of air mass is par-
ticularly important to the fog formation and persistence (Wang,
1985; Koračin et al., 2005, 2014). For this reason, tracing the path-
ways of the airflow is an objective and efficient mean to study the
marine and meteorological conditions of the sea fog (Lewis et al.,
2003). In this study, we used the method of a backward trajectory
analysis and cluster analysis to determine the source regions of
the airflows in April and May for the period of 1960–2006. On the
basis of the airflow analysis, we analyzed the typical weather pat-
terns for the sea fog occurrence and the vertical distribution of
humidity, water vapor transportation and air-sea temperature
differences; discussed the commonality and difference in physic-
al processes of the sea fog formation between two synoptic pat-
terns. The aim is to provide a comprehensive survey of the char-
acteristic weather pattern and air-sea condition associated with
the fog, and throws some light on forecasting.

2  Data and methodology

2.1  Data
The data of fog during the period of 1960–2006 used in this

study include the observations from an international compre-
hensive ocean-atmosphere dataset (I_COADS) compiled by the
National Climate Data Center (NCDC) (Woodruff et al., 1987;
Bottomley et al., 1990), and contemporaneous NCEP/NCAR
reanalysis data, which are available four times daily at 2.5°×2.5°
grid points on standard pressure surfaces (Kalnay et al., 1996).

Being the most complete and comprehensive dataset of ob-
servations in the world, the I_COADS comprises measurements
taken on commercial, military or research vessels, mooring
buoys and other types of maritime platforms. The observations
are made up of a series of independent texts that report on the
wind direction, wind speed, air temperature, the dew point and
the weather phenomenon over the sea surface and the SST in
every 3 h (Worley et al., 2005). Owing to the marine environment
and communication condition, surface reports from the
I_COADS are not always believable. In this study, the rigid qual-
ity control processes are applied as follows. (1) Only highly reli-
able records, based on quality control mark of the I_COADS are
available. (2) According to ship call letters, observed time, loca-
tions and content, the observed data sets are tested one by one.
The duplicate reports and wrong reports on land were deleted.
(3) The observation reports of the Yellow Sea are tested by clima-
tological means, referring that the variations of oceanic and at-
mospheric variables are limited in climatic ranges. For example,
in this paper, limits for the SST, the air temperature and the sea
level pressure are in –2°C to 40°C, –50°C to 50°C, and 950–1 050

hPa, respectively. (4) Finally, the anomalies of these variables are
tested to ensure the reliability of the reports. For instance, the air
temperature reports are available only if the absolute values of
the anomaly are less than 10°C. Detailed technologies for the
quality control and data verification are documented by Huang
and Zhou (2006).

In this study, fog occurring in the central area of the Yellow
Sea (32°–39°N, 121°–126°E) is chosen from I_COADS as this area
has the highest observation frequency (Wang et al., 2004). This
choice also avoids the effect of a coastal fog such as radiation fog
(Huang and Zhou, 2006). In accordance with the specifications of
the National Weather Service of USA for the use of the I_COADS,
the fog is represented with the codes of 28, 41–47 if visibility is
less than 1 km or with the codes of 10 and 12 if visibility is less
than 1 km but the height of fog layer is less than 10 m (National
Weather Service, 1991). The fully developed fogs (Codes 28,
41–47) have been picked out, and the light fog and shallow fog
that are less than 10 m in height (Codes 10–12) were given up. In
the central Yellow Sea, there are a total of 1 137 records of sea fog
in April and 2 128 in May. In addition, if three or more fog re-
cords at different sites are reported at same time, then one
sample of fog is identified. According to this threshold, 279 and
387 fog samples are determined in April and May, respectively.

The sea fog appears in the central Yellow Sea (32°–39°N, 121°–
126°E) is analyzed in this study because this area has the highest
frequency of occurrence, good data coverageand representative-
ness (Wang et al., 2004). This choice also avoids the effect of
coastal fog such as radiation fog on the sample. This study focus
on the open sea fog that has fully developed and with consider-
able thickness (Codes 41–47). The light fog and shallow fog that is
less than 10m in height (Codes 10–12) are excluded. There are a
total of 1 137 records of sea fog in April over the area of interest
and a total of 2 128 in May. In addition, if one of the weather
codes appears more than three records, a sample of fog is then
defined. Screened against this threshold, 279 and 387 effective
fog samples are determined for April and May, respectively. De-
tailed technologies for the quality control and the data verifica-
tion are documented in Huang and Zhou (2006) and Huang et al.
(2010).

2.2  Methodology
In the previous statistical analysis of the Yellow Sea fog,

weather situations where sea fog forms are usually determined
using the weather map. Since the fog may occur at different loca-
tions of a given synoptic system, the circulation, dynamic and
thermodynamic structures of the lower atmosphere may have
large differences. The sea fogs are predominantly advection fog
and the formation of which is closely related to the exchange of
heat and water vapor over the sea surface during advection
(Wang, 1985). The SST changes are mainly governed by the solar
radiation, although meteorological conditions, ocean currents,
land-sea distribution and terrain may also affect the SST (Yan et
al., 1993). Therefore, the analysis of the air mass displacement
and the similar trajectory of the air mass over the sea facilitate the
classification of the sea fog, then the sea fog with similar meteor-
ological and marine conditions can be identified. The following
steps and methods are used in the analysis.

First, based on the observations of the I_COADS and the wind
field data of NCEP/NCAR reanalysis, 36 h backward trajectories
are computed for each of the sea fog samples using the backward
trajectory analysis for the airflow, which is described mathemat-
ically by Draxler (1996) as follows:

  HUANG Jian et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 1, P. 20–29 21



,
,

( ) ( ) 0.5[ ( , ) ( , )]

( ) ( ) ( , )

P t t P t V P t V P t t t

P t t P t V P t t

′+ ∆ = + + +′
′

∆ ∆
+ ∆ = + ∆

where P(t) is the location of the trajectory at time t; V(P, t) is the
wind speed at time t and point P(t); V ′(t + ∆t) is the location of
the trajectory with the elapse of a time step ∆t; and V ′(P′, t + ∆t)
is the wind speed at point V ′(t + ∆t) with the elapse of ∆t, de-
termined by interpolation. Because of the relatively coarse resol-
ution for the data set of the NCAR/NCEP and the frequency of fog
occurrence (Wang, 1985; Zhao et al., 1997), the location (35°N,
124°E) in the middle of the Yellow Sea, the key area of this study,
is assumed to be the starting point of the airflow tracing. Second,
the method of cluster analysis, which follows the principle of
looking for spatial and temporal closeness in classifying multiple
clusters of airflow by degrees of similarity, is used to categorize
the background clusters into different groups (Stunder, 1996).
Last, based on the grouped airflow clusters and geopotential
heights from the reanalysis of the NCEP/NCAR, an empirical or-
thogonal function (EOF) analysis is used to study the principal
modes corresponding to various groups of the airflow clusters.
Some marine and meteorological elements and associated para-
meters are studied by a composite analysis for the same category
of trajectory to determine composite fields. The composite fields
may represent the common characteristics of the sea fog of each
type.

3  Results

3.1  Typical airflow pathways
Figure 1 shows the typical airflow clusters associated with the

sea fog events obtained from the 36 h backward trajectory and
cluster analysis for April and May, respectively. There are four
groups of clusters (T-NW, T-E, T-SE and T-SW) for the airflow
that eventually result in the fog in April; T-NW is a northwest air-
flow from the continental area to the North Yellow Sea; T-E is an
east airflow from the southern Korean Peninsula; T-SE is a south-
east one from the Northeast East China Sea; T-SW is a southwest
airflow from the western Yellow Sea waters around 35°N. In addi-
tion, the four groups of the airflow clusters also differ in the move
speed. It is known from the length of the clusters presented in
Fig. 1a that the airflow moves much faster along T-NW and T-SE
than that along T-E and T-SW. The flow path in May is similar to
that in April, but the T-SW in April is more northward than that in
May. It can be inferred from the oceanic and atmospheric ther-
modynamics as well as the migratory clusters of the airflow in
April and May, the sea fog along T-NW is mostly related to a cool

and dry air mass moving over warmer water or along cold fronts.
While that along T-SW, T-E and T-SE may be mainly caused by
advective cooling.

It is worth noting that the percentage of the sea fog occur-
rence for the four groups differs between April and May (Table 1).
For April, the sea fog with the T-NW trajectory has the highest ra-
tio (30.1%), followed by T-SE (27.3%). May is much different from
April in that the sea fog is the most frequent with T-SE and T-E;
the ratio with the T-NW trajectory substantially drops to 13.7%
while that with T-SE is the highest (41.1%) and T-E also increases
to 26.6%. The airflow clusters are closely related to the circula-
tion of synoptic regimes. Based on the climate background, al-
though the winter monsoon has weakened and retreated to the
north in April, the winter monsoon system remains active over
the Yellow Sea; on the other hand, with the onset of the East Asi-
an summer monsoon in May, tropical synoptic systems such as
the subtropical high gradually advances northward. It is then
concluded that the difference in the airflow trajectories associ-
ated with the Yellow Sea fog reflects the changes in the prevailing
weather systems as the Yellow Sea experiences transitions from
the winter monsoon to the summer monsoon.

3.2  Synoptic patterns of the Yellow Sea fog
Synoptic patterns associated with the sea fog indicate weath-

er conditions where the sea fog formed over a particular area of
waters, or main weather systems and the allocation among them-
selves. Usually, the weather maps are used to classify the weath-
er patterns, but it is very complicated and subjective and lack of
unified standards. Following the cluster analysis described in
Section 2, the 279 sea fog samples in April account for 84, 59, 60
and 76 events of T-NW to T-SW clusters, respectively; the 387
samples in May account for 53, 72, 103 and 159 of T-NW to T-SW
clusters, respectively. Here, the geopotential heights of the
NCEP/NCAR for different clusters of the sea fog samples were
used to investigate the characteristics of the spatial distribution
of the major modes of the synoptic patterns, i.e., geopotential
height fields, for different clusters of the sea fog by applying the
EOF decomposition.

First of all, the variance contribution by the EOF-decom-
posed first mode in April and May is between 85% and 90% for
the four groups of clusters with the 1 000 hPa geopotential
heights (Table 2), while more than 90% with the 850 hPa geopo-
tential heights (table omitted). Additionally, the first mode and
the distribution of corresponding temporal coefficients shown in
Figs 2 and 3 indicate that the latter is positive. Thus, the first
mode alone contains most of the information about the geopo-
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Fig. 1.   Mean trajectories of the airflow for the formation of theYellow Sea fog in April (a) and May (b). All trajectories stand for the 36 h
backward trajectories.

22 HUANG Jian et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 1, P. 20–29  



tential height field.
Both originating from the Yellow Sea, T-NW is from the

northwest part while T-SW is from the southwest part of the sea
Fig. 1). As shown in the primary EOF mode of the 1 000 hPa geo-
potential heights in April, the Yellow Sea is dominated by an isol-
ated high; but the centers of the high with T-NW (Fig. 2a) is more
southward and slightly stronger than that of T-SW (Fig. 2d). The
primary EOF mode of the 850 hPa geopotential heights (Figs 3a
and d) is nearly the same as in 1 000 hPa. The main trough in East
Asia is located near 140°E and the Yellow Sea is located in the
high pressure ridge behind the East Asian Trough. Although T-
NW and T-SW represent northwest and southwest airflows, re-
spectively, they are associated with the same weather system
(high surface pressure). The difference between T-NW and T-SW
is only due to the fact that they occur on difference phases of the
high pressure system. Both T-NW and T-SW share the same
weather pattern, which is named as the Yellow Sea high (YSH).

The airflows along T-E and T-SE originated from the east and

southeast, have totally different weather patterns from that of T-
NW and T-SW. For T-E, the Yellow Sea is a low pressure region
with a high pressure to the east and a low over China’s Mainland
(Fig. 2b). For T-SE, the Yellow Sea is also located in a low pres-
sure area with a high to the east and a low center over China’s
Mainland (Fig. 2c). Compared with the trajectory of T-SE, the low
pressure associated with T-E is stronger and covers a larger area.
Likewise, the 850 hPa circulations associated with T-E and T-SE
has little difference; both show that the East Asian Trough is rel-
atively shallow and located between 120°E and 125°E over the
Yellow Sea (Figs 3b and c). This pattern is called a cyclone and
anticyclone couplet (CAC).

The primary EOF modes in May are nearly the same to the
corresponding counterparts in April (Figs 4 and 5). For both T-
NW and T-SW the Yellow Sea is under control of a high pressure
with a slight difference in the location of the center. In T-NW the
Yellow Sea is located to the east of the high and a central pres-
sure is higher while for T-SW the Yellow Sea is located to the west
of the high pressure center and the high is weaker. The leading
EOF mode for T-SE is also nearly the same that in April. The only
difference between April and May is seen in T-E group. The high
pressure to the east of the Yellow Sea is enhanced. At 850 hPa, the
leading EOFs associated with T-NW and T-SW are nearly identic-
al (Figs 5a and d): the northeast–southwest tiled East Asian
Trough is located around 140°E and the Yellow Sea is controlled
by a high pressure ridge. Similarly, the leading EOFs associated
with T-E and T-SE show a shallow East Asian Trough with trough
line located between 120° and 125°E over the Yellow Sea. In sum-
mary, two basic weather patterns associated with the Yellow Sea
fog have been identified. One is the YSH, and the other is CAC.
The former is associated with the northwest and southwest path-
ways of the air flows, whereas the latter is associated with the east
and southeast airflow pathways. This is true for both April and
May. The results obtained by the objective EOF analysis are con-
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Fig. 2.   The first EOF modes of the 1 000 hPa geopotential height for four groups of airflow clusters in April. a, b, c and d correspond to
T-NW, T-E, T-SE and T-SW in Fig. 1a, respectively.

Table 1.   Percentage (%) of the sea fog with the four groups of
airflow clusters for the Yellow Sea

Clusters

T-NW T-SW T-E T-SE

April 30.1 21.1 21.5 27.3

May 13.7 18.6 26.6 41.1

Table 2.   Variance (%) contribution accounted for the first EOF
mode with the 1 000 hPa geopotential heights for the four groups
of airflow clusters in April and May

Clusters

T-NW T-E T-SE T-SW

April 89.1 90.4 88.0 87.3

May 84.5 87.9 87.2 87.1
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sistent with the previous results obtained by examination of
satellite imagery and weather maps (Zhao et al., 1997).

Based on the results shown in Table 1, it is found that during
April, the YSH and CAC patterns associated with the sea fog oc-

curs at about equal chance, while in May the YSH occurrence
drops to about one third and the CAC rises to about two thirds of
chance. An interesting result is that the principal component
(PC) of T-NW appears different interannual variabilities compar-
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Fig. 3.   The first EOF modes of the 850 hPa geopotential height for four groups of airflow clusters in April. a, b, c and d correspond to
T-NW, T-E, T-SE and T-SW in Fig. 1a, respectively.
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Fig. 4.   The first EOF modes of the 1 000 hPa geopotential height for four groups of airflow clusters in May. a, b, c and d corresponds to
T-NW, T-E, T-SE and T-SW in Fig. 1b, respectively.
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ing with those of T-E, T-ST and T-SW both in April and May, al-
though T-NW and T-SW have similar spatial patterns. Mean-
while, although the four groups of trajectories in April and May
are similar spatial patterns, their PCs show different interannual
variations between April and May as well.

3.3  Characteristics of the surface divergence field
After examining the connection between fog events along the

US west coast and large-scale atmospheric circulation, Filonczuk
et al. (1995) suggested that the fog occurrence was not domin-
ated by local processes. Positive 700 hPa height anomalies cor-
respond to subsiding an air and a high occurrence of fog in all re-
gions of the state. Other studies also show that the air subsidence
often occurs above inversion in the lower troposphere (Leipper,
1994; Roach, 1995a). Here we use the NCEP/NCAR reanalysis
data to compute the divergence field for all sea fog events and
then made composited field for four groups of pathways.

Figures 6 and 7 present the 1 000 hPa atmospheric diver-
gence fields corresponding to the four groups of airflow trajector-
ies in April and May, respectively. The most significant character-
istics of the divergence field, as shown in Figs 6 and 7, are the
presence of independent centers of the divergence for all of the
four groups. Similar divergence structure also exists for the fields
of various airflows on 850 hPa (figure omitted). AS far as system
characteristics are concerned, the two different types of surface
pressure pattern in April and May (Figs 2 and 4) are found to
have similar structure in the 850 hPa circulation (Figs 3 and 5).
Obviously, the divergence fields are dynamically coherent with
the circulation pattern. A divergent lower atmosphere in which
the air descends dynamically helps dry the upper boundary layer
and form stable stratification, which trap the water vapor near
the sea surface within a certain altitude (Rogers and Koračin,
1992; Leipper, 1994).

The stable stratification in the course of the spring Yellow Sea
fog is generally believed to be caused by advection of warm and
humid air over a cool sea surface (Gao et al., 2007). In fact, such
phenomenon is not entirely the cause of the advection because
dynamic structure in the weather patterns also contributes to the
fog formation process. Leipper (1994) also suggested that the ex-
change of heat between the air and sea tends to make the near-
sea-surface air temperature to be consistent with the SST; the ex-
istence of the temperature inversion noted at the lower layers of
the atmosphere during a sea fog is mainly attributed to the heat-
ing effect of the descending air.

During the spring Yellow Sea fog days, the stable stratifica-
tion of the lower atmosphere has something to do with the warm-
ing induced by the descending motion associated with the sys-
tems. The divergence fields with the two weather types are so
consistent with each other that it is particularly indicative as an
important dynamic factor of the lower atmosphere for the sea fog
forecasting.

3.4  Characteristics of vertical distribution of relative humidity
Compared with the wind, pressure and temperature fields,

the humidity field of the NCEP/NCAR reanalysis data is relatively
less reliable. But the reanalysis is the only long-term data set
available up to the present and it does reflect the characteristics
of the large-scale synoptic regimes to some extent.

Figure 8 presents the composite relative humidity profile
showing the vertical distribution of the relative humidity along
125°E for the four groups of pathways in April. Over the Yellow
Sea (33°–39°N), for the T-NW and T-SW pathways, the high relat-
ive humidity occurs near the sea surface, which is accompanied
by an extremely dry overlying layer. On the other hand, for the T-
E and T-SE pathways the high relative humidity is not only seen
near the sea surface but also in a thick layer well above the sea
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Fig. 5.   The first EOF modes of the 850 hPa geopotential height for four groups of airflow clusters in May. a, b, c and d corresponds to
T-NW, T-E, T-SE and T-SW in Fig. 1b, respectively.
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surface. The vertical distribution of the relative humidity in May
is very similar to that in April (figure omitted).

The vertical distribution of the relative humidity with the four
trajectory groups are related to the thermodynamic nature of the
weather systems. The dominant weather system with T-NW and
T-SW is the YSH, which is originated from a continental cold and
dry high pressure over the middle and higher latitudes. In spite of
the exchange of heat and vapor over the sea surface during the
movement of the high and the consequent rise of the air temper-
ature and the relative humidity in the layer near the sea surface,
the stable stratification and subsidence in a high pressure system
usually constrain turbulence within a limited altitude so that the
air above the moist layer maintains the thermodynamic charac-

teristics of its origin. However, for the T-E and T-SE groups, the
Yellow Sea is located between the marine high to the east and the
continental low pressure to the west. Influenced by the convect-
ive activity embedded in the low pressure system, it is reason-
able to have a thick layer of the high relative humidity.

Soon after the thin fog layer forms, the longwave radiative
cooling at the fog top takes over the cooling of the development
and persistence of the sea fog (Lamb, 1943; Findlater et al., 1989).
The efficiency of the long wave radiative cooling depends on the
difference between the upward long wave radiation emitted from
the fog top and the downward long wave radiation from the at-
mosphere above the fog top. When dry air overlies the shallow
and moist marine layer, there will be less downward inverse radi-
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Fig. 6.   Divergence (10–6 s–1) at 1 000 hPa for the four groups of clusters in April. a. T-NW, b. T-E, c. T-SE and d. T-SW.

50°

N

100°

a

110° 120° 130° 140° 150°E

45°

40°

35°

30°

25°

20°

50°

N

100°

b

110° 120° 130° 140° 150°E

45°

40°

35°

30°

25°

20°

50°

N

100°

c

110° 120° 130° 140° 150°E

45°

40°

35°

30°

25°

20°

50°

N

100°

d

110° 120° 130° 140° 150°E

45°

40°

35°

30°

25°

20°

 

Fig. 7.   Divergence (10–6 s–1) at 1 000 hPa for the four groups of clusters in May. a. T-NW, b. T-E, c. T-SE and d. T-SW.
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ation, thus the net long wave radiative cooling will be more ef-
fective and vice versa. The two patterns of the relative humidity at
lower atmosphere might indicate some difference on the cooling
process of the sea fog.

3.5  Characteristics of water vapor advection
Fog formation and persistence require a water vapor supply

to offset the water vapor lost due to the deposition of fog droplets
and to maintain the equilibrium of the water vapor in fog (Roach,
1995b). The main sources of water vapor of the sea fog are advec-
tion of moist air and evaporation from both local sea surface and
rain droplets descending from higher levels (Wang, 1985).

− ∆
r

Vq p
r

V

The horizontal water vapor flux reflects the transportation
direction and magnitude of water vapor and its source. With the
sea surface wind fields and specific humidity data from the
I_COADS, the fluxes of water vapor near the sea surface are indi-
vidually calculated to examine the transport of the water vapor in
fog for the four trajectory groups. The equation used for this pur-

pose is , where is the vector of the horizontal wind, q is

the specific humidity and ∆p is the difference in the vertical air
pressure, which is taken to be 1 hPa in this work. As the water va-
por flux is similar between April and May, only the figure for May
is given here.

With different sources of water vapor, the water vapor is
transported also differs dramatically (Fig. 9). Not much water va-
por is transported to the Yellow Sea as the T-NW trajectory is
from the northwest (Fig. 9a). Though from areas southwest of the
Yellow Sea, water vapor via the T-SW trajectory does not result in
much larger transportation, as the airflow is a southwest return
airflow at the rear of the YSH (Fig. 9d). Originating from the
southeast, the T-SE type of the airflow carries water vapor, by the

largest amount of the four pathways, into the Yellow Sea from the
East China Sea (Fig. 9c). Coming from Korean Peninsula and the
Sea of Japan to the east of the Yellow Sea, the water vapor con-
veys by T-E trajectory less than by T-SE, but more than T-NW or
T-SW (Fig. 9b). As shown in Fig. 8, the relationships between the
vertical distribution of the relative humidity and the advection-
transported water vapor are so close that strong transportation
leads to a relatively thick layer of the relative humidity in the
lower atmosphere and vice versa.

With the CAC pressure pattern, water vapor is mainly sup-
plied via advection from waters outside the Yellow Sea, which
makes favorable condition for the fog formation. With the YSH
pattern, on the other hand, the circulation of the winter mon-
soon system does play a role in transporting some water vapor to
the Yellow Sea but its amount is just too little. To a larger extent,
water vapor with the YSH pattern is supplied by local evapora-
tion from the sea surface. According to Zhou et al. (2004) and
Huang et al. (2010), water vapor for the spring sea fog in the Yel-
low Sea does not originate from local sources but is transported
from a tropical atmosphere, which is obviously not applicable for
the case of the YSH.

3.6  Air-sea temperature difference
Taylor (1917) has studied sea fogs near Newfoundland and

found that the fog is due to air blowing off warm water on to the
cold water of the Banks, but fog temperatures range from several
degrees Celisus warmer than the sea to 1–2°C colder than the sea.
“Warm” fog tend to occur in warm air advection conditions,
while “cold” fogs tend to occur in winds too light to allow kite fly-
ing (Taylor, 1917).

The maintenance of the “cold” fog is linked to radiative cool-
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Fig. 8.   The vertical distribution of the relative humidity (%) and the temperature along 125°E for four airflows in April. The Yellow Sea
is between 33° and 39°N. The white contours stand for the relative humidity and the black contours denote temperature (K). a. T-NW,
b. T-E, c. T-SE and d. T-SW.
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ing at the top of the fog (Douglas, 1930; Lamb, 1943; Findlater et
al., 1989). Once the fog is formed, the long wave radiative cooling
at its top generates turbulent mixing and the growth of the fog as
a mixed layer. Owing to cooling, the fog layer is colder than the
underlying surface, the transfer of heat from the sea is warming
up the fog layer and offsetting the loss of heat and moistening the
air by means of evaporation (Findlater et al., 1989; Koračin et al.,
2005). In this case, the long wave radiation plays a particularly
important role: whenever clouds appear on top of the fog layer,
the fog will be dissipated (Roach, 1995a). In “warm” fog, the
physical process for the fog development and persistence be-
comes more complicated. Various mechanisms are thought to be
responsible for, the cooling is a result of combined effects of the
turbulent transfer of sensible and latent heats and the radiation
from the air to the sea interface as well as long wave radiation
(Wang, 1985).

Within the area of interest at the Yellow Sea, there are 1 137
and 2 128 records of the sea fog for April and May, respectively.
The air-sea temperature difference in the record was grouped by
airflow clusters to obtain percentages of the “warm” fog (in which
the air temperature is higher than the sea surface temperature)
for each of the clusters (Table 3). For the sea fog with the YSH
pattern, the “warm” fogs take up18% with the T-NW cluster in
April, including the frontal fog, and increase to 48% in May. For
the T-SW cluster, they are 48% and 49% respectively for April and
May, which are close to the ratio of T-NW for May. For the
“warm” fogs with the CAC pattern, there are 56% and 66% re-
spectively for April and May with the T-E cluster and 68% and

70% with the T-SE cluster respectively for April and May. With the
transition of circulation from winter monsoon to summer mon-
soon, the ratio of positive air-sea temperature differences in-
creases to some extent. It is shown in Sections 3.4 and 3.5 that the
YSH pattern is the characteristic of a weak advective transport of
water vapor and resultant dry layers at lower atmospheric levels,
which implies the presence of favorable conditions for cooling
through the long wave radiation at the top of the fog layer. On the
other hand, the CAC pattern is marked by significant transporta-
tion of water vapor with a relatively thick layer of the high relat-
ive humidity, which may reduce the cooling effect of longwave
radiation at the fog top. It is then inferred that the cool/warm fogs
are in close association with the nature of the accompanying syn-
optic patterns and its seasonal transition.

4  Conclusions

With the methods of the backward trajectory and the cluster

analysis, the airflow pathways have been grouped for the spring

Yellow Sea fog. On the basis of this grouping, the EOF technology
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Fig. 9.   Horizontal water vapor flux (g/(104·m·hPa·s)) of sea surface for the sea fog over the Yellow Sea in May. a. T-NW, b. T-E, c. T-SE
and d. T-SW.

Table  3.     Statistics  of  positive  temperature  differences  (%)
between the sea and air (air temperature minus sea temperature
being equal to or greater than 0) for all groups of airflow clusters

Cluster

T-NW T-E T-SE T-SW

April 18 56 68 45

May 48 66 70 49
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has been further used to analyze the weather types (situations)
corresponding to the airflow clusters. The synoptic, meteorolo-
gical and maritime environments have been studied including
the dynamic characteristics, vertical distribution of humidity and
transportation of water vapor, and the physical properties of the
springtime sea fog over the Yellow Sea.

(1) Compared with the previous subjective classification
method based on the weather maps, the current approach, based
on the clusters of airflow and the objective EOF analysis, better
summarizes the synoptic characteristics of the sea fog in detail,
and the deduced weather patterns have clearer synoptic implica-
tions.

(2) The airflows associated with the spring Yellow Sea fog
have four origins: northwest, east, southeast and southwest of the
Yellow Sea. In April, the northwest and southwest airflow have
greater frequency of occurrence than the east and southeast air-
flows; in May, things are just on the opposite, indicating the im-
pact of the seasonal transition from the winter monsoon to the
summer monsoon.

(3) The weather patterns associated with the spring Yellow
Sea fog can be categorized as two basic types: the Yellow Sea high
(YSH) and the cyclone and anticyclone couplet (CAC). Each of
them takes up about half of the April sea fogs, but the chance of
occurrence for the first pattern drops to around one third while
the second one rises to about two thirds in May.

(4) For both YSH and CAC patterns, the low troposphere (1
000 hPa and 850 hPa) are marked with well-defined divergence
in the fog regions, which is one of the most significant features for
two types of sea fog weather patterns.

(5) There is remarkable difference in the distribution of ver-
tical humidity and origin of water vapor between the YSH and
CAC patterns. The former has a distinctive dry layer in the lower
atmosphere with water vapor mainly originating from local posi-
tion of the Yellow Sea; the latter has a thick, wet layer with water
vapor mainly coming from waters of the west of Japan or the
Northwest Pacific, which are all outside of the Yellow Sea.

(6) With the substantial differences in the weather pattern
and associated vertical distribution of humidity and transporta-
tion of water vapor through advection, the percentage of “warm”
fogs ranges from 45–48% in the YSH case while in the range of
56–70% in the CAC case. The result here suggests that the spring
Yellow Sea fog forms under two typical weather situations, the
processes and mechanisms of sea fog formation are different.
This result provides a useful guidance for the numerical model-
ing and the operational forecast of the sea fog.
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