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Numerical forecast of sea fog is very challenging work because of its high
sensitivity to model initial conditions. For better depicting the humidity structure
of the marine atmospheric boundary layer (MABL), Wang et al. (2014)
assimilated satellite-derived humidity from sea fog at its initial stage over the
Yellow Sea (W14 method), using an extended three-dimensional variational data
assimilation (3DVAR) with the Weather Research and Forecasting model (WRF).
This article proposes a revised version of the W14 method. The major ingredient
of the revision is the inclusion of a temperature constraint into the satellite-
derived humidity, not only for the missed fog area that the W14 method
primarily considers, but also for the false fog area that is not handled in the
W14 method. The numerical experiment results of 10 sea fog cases over the
Yellow Sea show that the revised method can effectively alleviate the wet bias
occasionally occurring in the W14 method, resulting in an improvement by
about 15% for an equitable threat score of the simulated fog area. In addition, a
detailed case study is conducted to illustrate the working mechanism of the
revised method, including sensitivity experiments focusing on the roles of two
kinds of background error covariances (CV5 and CV6) in the assimilation by the

Abbreviations: CV5, a kind of background error covariance, in which moisture is an independent
control variable and not correlated to other control variables; CV6, as CV5, but moisture is correlated
to other control variables; MTSAT-RH, artificial humidity soundings within the fog area detected from
MTSAT (see Figure 2A); MTSAT-T, artificial temperature soundings within the areas of hit, missed, and
false sea fog (see Figure 3); obs, routine observations, including measurements from upper-air
radiosondes, surface stations, and a small amount of satellite-retrieved temperature and humidity
profiles; Exp-Obb5, the numerical experiment for Case 3 (the sea fog occurred in April 2008), in which
only obs is assimilated with CV5. Ob5 denotes obs and CV5; Exp-Ob6, as Exp-Ob5, but CV6 is used
instead of CV5; Exp-ObRHS5, as Exp-Ob5, but MTSAT-RH is assimilated together with obs by using the
W14 method. RH denotes MTSAT-RH; Exp-ObRH6, as Exp-ObRH5, but CV6 is used instead of CV5;
Exp-ObRHTS5, as Exp-ObRH5, but MTSAT-T is added into the assimilation of obs and MTSAT-RH by the
revised method; Exp-ObRHT6, as Exp-ObRHTS5, but CV6 is used instead of CV5; Group-A, the group
of numerical experiments for 10 cases, assimilating obs only; Group-B, as Group-A, assimilating obs
and MTSAT-RH by the W14 method; Group-C, as Group-A, assimilating obs, MTSAT-RH, and MTSAT-T
by the revised method.
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WRF-3DVAR. The results suggest that CV6 with multivariate cross-correlation is
probably more beneficial to the revised method'’s performance.
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sea fog, Yellow Sea, marine atmospheric boundary layer (MABL), WRF model, data
assimilation, satellite-derived humidity, temperature constraint

1 Introduction

Sea fog refers to the fog that occurs over seas or coastal areas
with the atmospheric horizontal visibility less than 1km,
threatening the safety of marine transportation and activities
and causing heavy casualties and property losses (Wang, 1985;
Gultepe et al., 2007). Most sea fogs belong to the advective
cooling type, such as the sea fog over the Yellow Sea (Wang,
1985; Gao et al., 2007). Its formation mechanism is that warm-
moist air mass flows over the cold sea surface and gradually cools
down to the dew point, which usually occurs over the regions
with a strong sea surface temperature (SST) gradient located
north of a warm current (Lewis et al., 2003). The Yellow Sea is
such a region, with the Kuroshio warm current in the south
(Figure 1). It experiences frequent fog events with an average of
~50 fog days observed at its west coast, and its fog season starts in
April and abruptly ends in August (Zhang et al., 2009; Fu et al,,
2012). There are several major ports around the Yellow Sea, such
as Qingdao, Dalian, Lianyungang, and Incheon. The busy
international marine freight and traffic make it urgent to
improve the forecasting skill of the sea fog over the Yellow Sea.

With the rapid improvement of numerical models and

computing power, numerical modeling has already been an
important approach for sea fog research and forecast (Koracin
and Dorman 2017). However, there are still some challenges in
the numerical simulation of sea fog, one of which is the initial
condition problem. Many studies have indicated that a sea fog
simulation is very sensitive to the initial condition (Lorenz, 1965;
Nicholls, 1984; Findlater et al., 1989; Ballard et al., 1991; Korac¢in
et al., 2001; Lewis et al., 2003; Koracin et al., 2005a; Koracin et al.,
2005b; Gao et al., 2007; Gao et al., 2010). The dominant synoptic
system responsible for sea fog over the Yellow Sea is usually an
isolated anticyclone, a cyclone-anticyclone couplet system, or a
high-pressure ridge (Wang 1985; Zhou et al,, 2004), which
generally drives warm-moist air mass to continuously flow
northward from the warmer sea area at low latitudes to the
colder Yellow Sea. Due to the cooling by the cold sea surface, the
thermal structure of the marine atmospheric boundary layer
(MABL) over the Yellow Sea changes, resulting in the formation
of sea fog (Gao et al., 2007; Yang and Gao 2015, 2020; Kim et al.,
2021). Therefore, the initial conditions for sea fog simulation
focus on the temperature and humidity structure of MABL (Gao
et al., 2010). However, it is difficult to depict the accurate
temperature and humidity structure of MABL, particularly for
humidity, due to the coarse resolution of the background from
global analysis and the rarity of marine observations.
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Aware of the importance of the initial MABL structure for sea
fog simulation, many studies have been carried out on sea fog data
assimilation, which can be roughly divided into two aspects: the
assimilation of unconventional observation data (Liu et al., 2011; Li
et al,, 2012; Wang and Gao, 2016; Wu et al., 2017; Gao and Gao
2019) and the exploration of data assimilation methods (Gao et al.,
2010; Wang et al., 2014; Gao et al., 2018; Yang et al.,, 2021). The
initial MABL structure benefits little from the direct assimilation of
satellite radiance data (Li et al., 2012) due to the coarse resolution
in the lower troposphere of the radiance data. The assimilation of
QuickSCAT sea surface wind and Doppler radar radial wind can
make the sea fog simulation better because the wind component of
the initial MABL structure is improved (Liu et al., 2011; Wang and
Gao 2016). However, the precondition for this improvement is that
the temperature and humidity structure of MABL is appropriate.
Compared with 3DVAR variational)
assimilation with static background error covariance, EnKF
(ensemble Kalman filter) can produce a higher quality initial
condition for sea fog simulation when assimilating the same
observations (Gao et al,, 2018) because it uses a dynamic flow-
dependent background error covariance that can improve
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FIGURE 1

The Weather Research and Forecasting (WRF) model domain

and the sites of radiosonde observations. Color shades denote the
SST of the inner domain D2 on 28 April, 2008, and the thick line
indicates the Kuroshio warm current.
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humidity from assimilating temperature. These previous studies
have noted that the failure of sea fog modeling is usually caused by
the error of MABL humidity in the initial condition. There is
usually a dry bias within the MABL, which is not conducive to the
formation of sea fog.

In order to correct the dry bias of humidity, Wang et al. (2014)
proposed a method for assimilating satellite-derived humidity
(hereafter denoted by the W14 method; see Section 2.1 for a brief
review). In the W14 method, the satellite-derived humidity (i.e., 100%
relative humidity in the three-dimensional space of sea fog
occurrence) is first retrieved from the multifunctional transport
satellite (MTSAT) of Japan, and then assimilated by an extended
cycling 3DVAR based on the Weather Research and Forecasting
(WRF) model. Two sea fog cases, one which spreads widely over the
Yellow Sea and the other which spreads narrowly along the coast,
were studied in detail for analyzing the feasibility of the W14 method.
Additionally, the W14 method was applied on extra 10 sea fog cases
to evaluate the effect of the W14 method. The assimilation of satellite-
derived humidity can improve the equitable threat score (ETS) of the
forecasted sea fog area by about 15% for the widespread-fog case,
while the WRF model completely fails to reproduce the sea fog event
without the assimilation of satellite-derived humidity for the
narrowly spread coastal case. Additionally, the W14 method was
applied on extra 10 sea fog cases for evaluation, and the result showed
that ETS was improved by nearly 72% on average.

However, Wang et al. (2014) pointed out that the dry bias was
over-corrected in some sea fog cases, that is, humidity increased
excessively in the assimilation of satellite-derived humidity by using
the W14 method, resulting in a large wet bias and sequentially over-
forecasting fog area. In the W14 method, the satellite-derived
humidity is relative humidity (RH), and it has to be converted
into specific humidity (Qv; an acceptable variable in the WRE-
3DVAR). During the conversion, pressure and temperature are
needed, and they are extracted from the background analysis in
the 3DVAR where sea fog might not exist and the temperature is
higher than the SST. For a typical advection sea fog over the Yellow
Sea, the temperature profile is near neutral once the sea fog grows up
to some extent (Gao et al,, 2007), indicating that the temperature
within the sea fog is near the SST. This means that the given
temperature during the conversion of RH to Qv in the
W14 method is resulting in Qv  being
overestimated because warmer air is able to hold more water

overestimated,

vapor. This is most likely the reason why a large wet bias is
produced by the W14 method in some sea fog cases.

The purpose of this study is to propose a revised version based on
the W14 method (called revised method) to improve the
W14 method to correct its false wet bias by adding temperature
constraints, which is based on the existing mechanism research on
sea fog over the Yellow Sea (Wang, 1985; Gao et al., 2007; Yang and
Gao, 2020). The remaining article is organized as follows. Section 2
introduces the W14 method briefly, and describes the proposal of
improving the W14 method. In Section 3, numerical experiments on
10 sea fog cases over the Yellow Sea are conducted, including data,
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model configuration, and experimental design. The evaluation of the
data assimilation effect by using the revised method is implemented
in Section 4. In addition, Section 5 studies a case in detail to analyze
the impact of the temperature constraint added in the W14 method.
Finally, a summary is given in Section 6.

2 Assimilation method

2.1 Brief review of the W14 method

The W14 method aims at the operational forecast of the sea fog
over the Yellow Sea (Wang et al,, 2014). Its idea is that if part of the
sea fog has been formed in the assimilation window of the forecast, its
three-dimensional space (3D-Space) can be obtained by satellite
inversion. Assuming that the RH of the fog patch is 100%, then
3DVAR assimilation of the RH is conducted to improve the initial
condition of sea fog forecast.

Based on previous studies (Ellrod 1995; Heidinger and Stephens,
2000; Bendix et al., 2005; Liu and Hu, 2008; Gao et al., 2009; Fu et al.,
2011), Wang et al. (2014) developed a detection algorithm for sea fog
over the Yellow Sea to obtain its 3D space using geostationary satellite
data, including horizontal area and thickness (see details in the
Section 2 of their article). The 3D-space is discretized into
numerous humidity profiles with given horizontal and vertical
grid intervals (AX and AZ). Since the air in the fog is saturated
or nearly saturated (Sorli et al,, 2002; Kim and Yum, 2010), the RH
within the fog layers is assumed to be 100%. In Figure 2A, the
schematic diagram of this discretization is demonstrated, and the
thick dashed line shows a humidity profile with the variables P
(pressure), T (temperature), Z (height), and RH with a value of 100%.
Thereafter, the humidity profile is denoted by the sea fog humidity
sounding. The value of Z is determined from the retrieval algorithm
for sea fog with AZ. However, P and T have to be extracted from the
analysis in the WRF-3DVAR.

The extended cycling 3DVAR scheme used in the W14 method
is based on the work by Gao et al. (2010). The entire 3DVAR
assimilation process sequentially consists of several 3DVAR updates
in the assimilation window, among which Wang et al. (2014) extend
a 3DVAR update from one run to two runs. Figure 2B shows this
extension marked by a dashed frame. In Figure 2B, OBS represents
routine observations (surface measurements and radiosondes) and a
few satellite-retrieved temperature and humidity profiles, while
MTSAT-RH refers to sea fog humidity soundings in Figure 2A. It
can be seen that the analysis from the first 3DVAR run produces a
background field for the second 3DVAR run, especially the required
P (pressure) and T (temperature) information for MTSAT-RH.

2.2 Proposal of the revised method

For a typical advection fog over the Yellow Sea, there is a
version layer in the MABL prior to fog formation (i.e., warm fog

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.992246

Gao et al.
Az
Sea fog humidity sounding (P, T, Z, RH)
1
!
1
1 1
1 1
1 1
L 1
Zi+llPi+1 1 1 [}
[} 1 1 [}
A L r e
Z,Pibr——-F==-m=—a-—--d---
1 1 1 1 1
1 1 1 1 I 1
Py el
[} 1 1 1 [}
1 1 1 1 | 1
1 1 1 1 !
-I____I__-_I____I___.'-__-I
1 1 1 1 1
F -kl =A== - ==
1 1 1 1 1
1 1 1 ] I 1
W—/ X
AX
FIGURE 2

10.3389/feart.2022.992246

Second run

First run

1
1

1

1

1

U| MTSAT-RH | | MTSAT-RH
1 (Z|) (z| PiTi)
1

1

1

1| Detected

: sea fog

1

Schematic diagram for the two major ingredients of the W14 method: (A) sampling extraction of sea fog humidity sounding (i.e.,, MTSAT-RH)
from the discretization of the observed fog area and (B) extension of one WRF-3DVAR update from running once to running twice for providing the
MTSAT-RH with P (pressure) and T (temperature) from the analysis of the first run and then assimilating the MTSAT-RH. See the text for details.

phase), and the inversion layer gradually deforms into a neutral
stratification due to the sea surface cooling (Lewis et al., 2003;
Gao et al., 2007). With the increase of sea fog thickness, the long-
wave radiation cooling at the fog top results in top-down
turbulence mixing (Koracin et al., 2014; Yang and Gao, 2020),
causing the temperature in the fog to fall lower than SST (i.e., cold
fog phase). The warm and cold fog phases are often observed
(Kim and Yum, 2012; Huang et al., 2015; Yang et al., 2018; Yang
and Gao, 2020). The physics process of sea fog evolution shows
that the temperature profiles inside and outside sea fog are
obviously different.

As mentioned in the introduction, in some sea fog cases, the
W14 method over-corrected the dry bias of the MABL moisture
status and even caused a large wet bias, resulting in the forecast of a
false sea fog. According to the assimilation scheme of MTSAT-RH
in Figure 2B, we infer that this is due to the use of incorrect
temperature information in the assimilation. In the W14 method,
the temperature given to MTSAT-RH (humidity sounding in
Figure 2A) is extracted from the analysis of the first 3DVAR
run. If the analysis has no sea fog in the detected fog layers, the
given temperature is not consistent with sea fog physics. This is a
defect of the W14 method. In addition, there is another defect. The
method only detects humidity according to the detected sea fog,
regardless of the wrong humidity result from the false sea fog
forecast in the DA window. Therefore, we improve the W14 method
here, adding a reasonable temperature constraint to make the
assimilation of MTSAT-RH physically coordinated. Furthermore,
we also deal with the false fog area generated in assimilation process.

Figure 3A shows a comparison diagram of the observed sea
fog and simulated sea fog in the analysis produced by the first
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3DVAR run (Figure 2B). The observed sea fog is the sea fog
detected by the detection algorithm in the W14 method, while
the simulated sea fog is defined by the areas where the simulated
cloud-water mixing ratio is >0.016 gkg™' and the fog height is
limited <400 m (Gao et al., 2010; Zhou and Du, 2010; Wang et al.,
2014). In Figure 2B, “hit” denotes the area where both the
observed sea fog and simulated sea fog exist, “false” denotes
the area where the simulated sea fog exists but the observed sea
fog does not, and “miss” denotes the area where the observed sea
fog exists but the simulated sea fog does not (hereafter, these fog
areas are called hit fog, false fog, and missed fog, respectively).
The corresponding temperature profiles are also presented
according to the previous research studies (Gao et al., 2007;
Yang et al., 2018; Yang and Gao, 2020). The profiles T, Tg, Ty,
and T, indicate the temperature profiles within the areas of clear
air, false fog, hit fog, and missed fog, respectively.

The focus to improve the W14 method is on the areas of
missed fog and false fog, that is, adding a temperature constraint
to these areas by the following operations:

T (ims jowr Kim) = SST (ims ) + [SAT (ip» ji) = SST (i j)):
ey
Ty(igs jky) = SST(igs jip) + [T(ics jer ks ) = SST (ics je) | (2)

where SAT is the simulated sea surface air temperature; i, j, and k
represent model horizontal grid (i, j) and vertical grid (k),
respectively; (i, jm»km) denotes a point within the missed
fog area; and (iy, ji) denotes the nearest point in the hit fog.
(i, jf»ks) denotes a point within the false fog area, and (i, jc)
denotes the nearest point in the clear air area.
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Schematic diagram of the revised method with the temperature constraint: (A) typical temperature profiles within the areas of clear air (T,), false
fog (Ty), hitting fog (T}), and missed fog (T.); (B) assimilation of sea fog humidity soundings in one 3DVAR update, including the temperature

constraint (see the part marked in red color). See details in the text.

As seen from Eq. 1, within missed fog, T, is re-assigned
based on SST and the air-sea temperature contrast within the hit
fog area, and the profile is vertically homogeneous (T, does not
vary with k,,; see Figure 3A). It can make the MABL of the missed
fog area cooler and neutral, which is conducive to sea fog
forming; whereas, within the false fog area, T's is replaced by
a temperature profile with the vertical structure within the
nearest clear air area (Eq. 2), which helps the dissipation of
false fog because this clear-air temperature profile is warmer than
that of the false fog area.

The aforementioned improvement process is modularized
and inserted into the codes of the W14 method (see the part
marked by red color in Figure 3B). Theoretically, the new
method should be better than the original version because it
considers the improvements of both missed fog and false fog
areas. In the following sections, we carefully evaluate the revised
method by numerical experiments on 10 sea fog cases over the
Yellow Sea.

3 Numerical experiments

3.1 Data

The National Centers for Environmental Prediction (NCEP)
Final Analysis (FNL) (1° x 1% six hourly) provided initial and
lateral boundary conditions for the simulation, and the SST data
as the model bottom condition were derived from datasets of the
North-East Asian Regional Global Ocean Observing System
(NEAR-GOOS) (0.25° x 0.25°% daily).

Observations (i.e., obs in Figure 2B) used for assimilation in
this study were downloaded from NCEP, including routine
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observations (surface, buoy, island measurements, and
radiosondes), and some temperature and humidity profiles
were retrieved from the atmospheric infra-red sounder
(AIRS). Additionally, the detection algorithm for sea fog over
the Yellow Sea used hourly albedo, infrared and visible cloud
images of the MTSAT satellite.

Surface synoptic charts from the Korea Meteorological
Administration (KMA) were used to show the weather
situation involved with sea fog. The evaluation of the forecast
using the precipitable water (PW; also called the columnar
atmospheric water vapor) dataset (0.25° x 0.25°) was derived
from satellite-bone microwave images, including the special
(SSM/I), the special

microwave imager sounder (SSMIS), the advanced microwave

sensor microwave imager sensor
scanning radiometer-E (AMSR-E), and the tropical rainfall
measuring mission (TRMM) microwave imager (TMI). These
satellite datasets were provided with quality control by remote

sensing systems (RSS).

3.2 Model configuration

The advanced research core of the WRF with its WRFDA
module (version 3.5.1; Skamarock et al., 2008) was employed
for numerical experiments in this study. Two-way nesting was
designed with the outer domain (D1; 30 km x 30 km) covering
the northwest Pacific and most regions of East Asia and the
inner domain (D2; 10 km x 10 km) over the entire Yellow Sea
(Figure 1). Previous studies (Lu et al., 2014) have shown that the
optimum combination of parameterizations for modeling of the
Yellow Sea fog is the YSU PBL (Hong et al., 2006; Hong 2010)
scheme and the Purdue Lin microphysics scheme (Lin et al.,
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TABLE 1 WRF configuration.

Model setting and option

Map projection
Central point
Domain Grid number
Horizontal resolution

Vertical grid

Time step

PBL scheme

Cumulus parameterization
Microphysics
Long/shortwave radiation

Land surface model

10.3389/feart.2022.992246

Specification

Lambert

(342 °N, 124.1 °E)

166 x 190 for D1, 120 x 120 for D2
30 km for D1, 10 km for D2

44 n* with a pressure top at 50 hPa

Adaptive time step (60-90 s for D1)

YSU scheme (Hong et al., 2006)
Kain-Fritsch scheme (Kain and Fritsch 1990)
Lin (Perdue) scheme (Lin et al., 1983)
RRTMG scheme (lacono et al., 2008)

Noah model (Chen and Dudhia 2001)

*n = 1.0000, 0.9975, 0.9925, 0.9850, 0.9775, 0.9700, 0.9540, 0.9340, 0.9090, 0.8800, 0.8506, 0.8212, 0.7918, 0.7625, 0.7084, 0.6573, 0.6090, 0.5634, 0.5204, 0.4798, 0.4415, 0.4055, 0.3716,
0.3397, 0.3097, 0.2815,0.2551, 0.2303, 0.2071, 0.1854, 0.1651, 0.1461, 0.1284, 0.1118, 0.0965, 0.0822, 0.0689, 0.0566, 0.0452,0.0346, 0.0249, 0.0159, 0.0076, and 0.0000.

1983);thus, YSU and Lin schemes were used in this study. The
detailed model configurations were listed in Table 1.

The 3DVAR update used the default observation errors for
assimilating different observations. The National Meteorology
Center (NMC) method (Parrish and Derber, 1992) was adopted
to generate a domain-dependent BE covariance for 3DVAR
update. For each sea fog case, the WRF model was initialized
every 12 h and ran 24 h for 15 days centered by the forecast initial
time, and BE covariance was approximated by the average
differences between 12-h and 24-h forecasts:

BE = (XIZ_X24) (Xlz_xzz;)T,

3

where x'? and x** are 12-h and 24-h forecasts, respectively. The
control variables in BE include stream function, velocity
potential, temperature, surface pressure, and pseudo-RH. Since
the cross-correlations among control variables is important to sea
fog modeling (Gao and Gao 2020), in the case study of Section 5,
we compared the impacts of two kinds of BE covariances
(CV5 and CV6) defined by the WRFDA module. The
correlations between moisture (i.e., pseudo-RH) and other
control variables exist in CV6, but not in CV5. These
amplify the
correction in the revised W14 method.

correlations might impact of temperature

3.3 Experimental design

Three groups of numerical forecast experiments (hereafter
called Group-A, Group-B, and Group-C) were designed and
conducted for 10 sea fog cases. All the groups share the same
model configuration listed in Table 1. All forecast experiments
ran 24-h forecasts with 12-h data assimilation (DA) windows
before the initial time (LST, =UTC+8). In the 12-h DA
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window, the 3DVAR update cycled five times with a DA
interval of 3 h.

In Group-A, only obs was assimilated. Both obs and MTSAT-
RH were assimilated in the other two groups. The DA in Group-B
was treated with the W14 method, whereas Group-C was treated
with the revised method. All the groups employed CV5 BE
covariance, which is widely applied in operational forecast. Note
that the ten cases and experimental design for Group-A and Group-
B are the same as those in the article of Wang et al. (2014), except
that the ARW version was changed from 3.3 to 3.5.1.

The purpose of the experiments is to show whether the
temperature constraint (Group-C) can further improve the
results, given that forecast with the W14 method (Group-B) is
already quite successful. We are also concerned about whether the
W14 method is still effective when updating the model version.

4 Numerical experiments
4.1 Evaluation method

The most important aspect of sea fog forecast is the
horizontal fog area (abbreviated as fog area). The fog area
detected by the detection algorithm in the W14 method is
called the observed fog area, while the fog area diagnosed
from the WRF hourly output is called the simulated fog area
(see Section 2.1 for its diagnostic method). The observed and
simulated fog areas are produced hourly, and their spatial
resolution are 4 and 10 km, respectively.

To quantitatively evaluate the effects of the revised method, a
series of prediction statistics were calculated for each experiment
based on the comparison between simulated and observed fog
areas (Zhou and Du, 2010). The inner domain (i.e., D2 in
Figure 1) was taken as the evaluation domain, and its grid
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TABLE 2 Statistical scores for 10 cases. Bold numbers in parentheses for Group-B show the improvements (%) relative to Group-A, while those for

Group-C show the improvements relative to Group-B.

Case Group-A (only obs
assimilated without the
W14 method)

No. POD FAR BS ETS POD FAR

Initial

time

(yyyy-mm-

dd_hh)

1.2012-05-09_20 0392 0358 0610 0191 0.859(119) 0.515

(-24.5)

2.2009-04-09_20 0055 0608 0141 0028 0.677 0321
(1,131) (73.2)

3.2008-04-28_20 0386 0475 0735 0.097 0709 0361
(83.7) (21.7)

42012-03-27_20 0304 0523 0638 0173 0.651(114) 0505

(3.8)

5.2010-02-22_20 0675 0340 1123 0279 0955 0385
(41.5) (-6.8)

6.2007-02-05_20 0493 0506 0989 0250 0.582 0.474
(18.1) (6.5)

7.2010-04-04_20 0489 0219 0626 0157 0756 0310
(54.6) (-11.7)

8.2011-03-12_20 0640 0490 1253 0195 0.733 0.483
(14.5) (1.4)

9.2011-05-17_08 0708  0.77 0861 0527 0971 0.365
(37.1) (-22.8)

10.2009-05-02_20 0940 0344 1433 0457 0873 0.360
(-7.1) (-2.4)

Average 0508 0404 0841 0235 0777 0.408
(53.0) (-0.7)

size was set to 0.1°. Both fog areas were meshed onto the grids of
the evaluation domain, and point-to-point comparisons were
conducted. Note that both the land and sea areas covered by
high-altitude clouds were excluded from the evaluation domain.
The statistical scores include probability of detection (POD), false
alarm ratio (FAR), bias score (BS), and equitable threat score
(ETS), which are defined as

POD = g, 4)

FAR = F% 5)

BS = g (6)

ETS = - g__fl_R )

where H, F, and O denote the numbers of hit points, forecasted
fogy points, and observed foggy points, respectively. R=F(O/N) is
a random hit penalty, where N is the total number of grid points.

The radiosonde observations at seven coastal stations (shown
in Figure 1) were used to evaluate the forecasted temperature and

Frontiers in Earth Science

Group-B (obs and MTSAT-RH
assimilated by the W14 method)

07

Group-C (obs and MTSAT-RH
assimilated by the revised method)

BS ETS POD FAR BS ETS
1.771 0.216 0.738 0.431 1.296 0.282
(-97.7) (13.1) (-14.1) (17.3) (61.6) (30.6)
0.996 0.434 0.732 0.272 1.005 0.502
(99.5) (145) (8.1) (-7.2) (-25) (15.7)
1111 0.289 0.751 0.331 1.123 0.338
(58.1) (197.9) (5.9) (4.7) (-10.8) (17.0)
1314 0.316 0.669 0.461 1.242 0.354
(13.3) (82.7) (2.8) (8.9) (22.9) (12.0)
1.552 0.335 0.939 0.368 1.487 0.356
(-349) (20.1) (-1.7) (2.8) (11.8) (6.3)
1.106 0.303 0.602 0.450 1.094 0.326
(-864) (21.2) (3.4) (4.6) (11.3) (7.6)
1.096 0.161 0.773 0.303 1.108 0.177
(74.3) (2.5) (2.2) (1.0) (-12.5) 9.9)
1.417 0.225 0.849 0.487 1.655 0.248
(-64.8) (15.4) (15.8) (-0.8) (-57.1) (10.2)
1.687 0.545 0.953 0.323 1.555 0.597
(-394) (3.4) (-1.9) (6.6) (19.2) (9.5)
1.364 0.407 0.937 0.292 1.324 0.527
(15.9) (-10.9) (7.3) (10.6) (11.0) (29.5)
1.341 0.323 0794 (2.2) 0372 1.289 0.371
(-114) (37.5) (6.1) (15.2) (14.9)

humidity profiles. Model results were interpolated to the pressure
levels of the soundings, and the average bias and root-mean-
square-error (RMSE) are calculated by

1o
bias = ;lzi:l (xi = yi)s (®)
RMSE = \f% Yo (xi-y) ©)

where 7 is the number of stations, and x;/y; is the forecasted/
observed variable.

4.2 Effect analysis

The hourly simulated fog areas of the 10 sea fog cases were
compared with the observed fog area. Table 2 shows the time
averages of the statistical scores for all of the experiments.

It can be seen from Table 2 that the POD, FAR, BS, and ETS
scores averaged over the 10 sea fog cases for Group-A which
assimilate obs only are 0.508, 0.404, 0.841, and 0.235,
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respectively; by further assimilating MTSAT-RH using the
W14 method, Group-B gets the scores of 0.777, 0.408, 1.341,
and 0.323, respectively. This shows that the W14 method is
effective, which improves POD and ETS by 53.0% and 37.5%,
respectively. However, the BS increases for all cases, ranging from
0.834 to 1.341, indicating that the W14 method enlarges the
simulated fog area. This helps greatly improve the situation
where the sea fog forecast has almost failed (e.g., Case 2 and
Case 3), but may reduce the situation where it is somewhat
overestimated (e.g., Case 10). Note that for the same 10 cases,
Wang et al. (2014) reported that the improvements of POD and
ETS by using the W14 method are 60% and 70%, respectively.
This study used the same experimental designs as them except
using a newer version of the WRF model with an updated YSU
scheme. The lower improvements here (53.0% and 37.5% for
POD and ETS) are probably attributable to the revision of the
YSU scheme. The turbulent diffusion within stable PBL is
weakened in the YSU scheme of the WRF version newer than
3.4.1 (Hu et al., 2013). It helps to reduce the vertical diffusion of
moisture and is conducive to sea fog formation. As a result,
Group-A has a much better performance in this study than that
in Wang et al. (2014), making the improvement by the
W14 method less significant.

Compared to Group-B using the W14 method, the average
statistical scores of Group-C using the revised method are
improved significantly. In particular, the BS is reduced from
1.341 to 1.289 with an improvement of 15.2%, resulting in an
improvement of 14.9% for ETS. The BS of case 1 is 1.771 in
Group-B, whereas it is 1.296 in Group-C. In Group-A, ETS of
case 10 is 0.457, but it gets worse in Group-B with a value of
0.407, resulting from the increase of the false fog area and the
decrease of the hit fog area (cf. Group-A and Group-B for POD
and FAR, respectively). The temperature constraint in the revised
method for both of the miss- and false-fog areas did work for case
10, resulting in lower FAR (0.292) and then higher ETS (0.527) in
Group-C. Table 2 demonstrates that the relative improvement
rates of ETS for all cases in Group-C are positive, which indicates
that the introduction of a temperature constraint into the
W14 method can alleviate the overestimation of sea fog
forecast to some extent.

The 12-h forecast profiles of temperature and mixing ratio
within the MABL were compared with the coastal radiosonde
observations (see their sites in Figure 1). Figures 4A, B show the
result of average mixing ratio and temperature at all sites of all
cases, demonstrating that the biases of both temperature and
mixing ratio for Group-C have the smallest values compared with
Group-A and Group-B, as well as the RMSEs. It apparently
shows that Group-A has a warm-dry bias within the MABL (red
lines), and the warm-dry bias is reduced in Group-B (green lines)
and further reduced in Group-C (blue lines). Compared with
Group-B, for Group-C below 900 hPa, the RMSEs of temperature
and mixing ratio decrease by about 04K and 0.2gkg™,
respectively; and maximum biases of temperature and mixing
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ratio are improved by about 0.3 K and 0.05 gkg™". Figure 4C
shows the bias of mixing ratio averaged from the surface to
850 hPa for each case. Among the 10 cases, there still exists dry
bias for 7 cases after assimilation of obs (Group-A), except for
cases 2, 8, and 10. This dry bias is alleviated to a certain extent by
the W14 and revised methods. Especially, the revised method
greatly inhibits the growth of wet bias by the W14 method in
cases 8 and 10.

These aforementioned results are in line with our idea for the
proposal of the revised method. Although it performs better than
the W14 method, for some cases, the extent of its improvement is
still not very satisfactory. For instance, the BS of cases 5, 8, and
9 are 1.487, 1.655, and 1.555, respectively (Table 2). Next, we take
case 3 as an example to discuss the working mechanism of the
revised method. Case 3 is chosen because it has the largest dry
bias after assimilating obs only and the effect of the revised
method relative to the W14 method is not obvious (Figure 4C).

5 Case study
5.1 Sensitivity experiments

Sea fog of case 3 is a typical advection fog that began to occur
over the junction of the Yellow Sea and East China Sea under the
control of high pressure in the evening of 28 April, 2008
(Figure 5A). The Yellow Sea was dominated by weak
southerly winds, and high pressure changed little until the
next morning (figure not shown), transporting the warm
moist air mass northward to promote sea fog developing
northward (Figure 5B; nighttime fog was detected by the
algorithm in the W14 method). Till 2000, LST 29 April, the
high pressure strengthened and moved eastward slightly, and the
sea fog almost occupied the entire Yellow Sea and bordered on
the west bank of the Korean Peninsula. (Figures 5C,D). The
detailed evolution of the sea fog is shown in Figure 6 (see the first
row; daytime fog is directly denoted by visible images). Forced by
the intensified pressure gradient, the southerly wind became
stronger, and then dissipated the south part of the fog patch.

As mentioned in Section 3.2 about BE (CV5 and CV6), the
multivariate cross-correlations among control variables in BE are
important to sea fog modeling (Gao and Gao 2020). The
aforementioned experiments employed CV5, which has no
cross-correlation between moisture and other control
variables, such as temperature. In the revised method, the
added temperature constraint is mainly used for better
conversion of RH to Qv. If CV5 is used, assimilations of
moisture (QV) and temperature are completed independently.
On the contrary, if CV6 is used, assimilation of temperature can
directly affect humidity. Therefore, we further conducted three
sensitivity experiments: Exp-Ob6, Exp-ObRH6, and Exp-
ObRHTS6. Note that the letters Ob and RH and the number

six in these experimental names denote the assimilation of obs,
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Average vertical profiles of the RMSE (solid lines) and biases (dash lines) between the 12-h forecast and the radiosonde observations in Figure 1
for (A) temperature, (B) mixing ratio, and (C) the bias of the mixing ratio profiles averaged from the surface to 850 hPa for the 10 cases.

assimilation of MTSAT-RH, and employment of CV6 in the
experiments, respectively. Similarly, the experiments for case 3 in
Group-A, Group-B, and Group-C are named as Exp-Ob5, Exp-
ObRHS5, and Exp-ObRHTS5, respectively.

5.2 Results analysis

5.2.1 Simulated fog area

The simulated fog areas of the sensitivity experiments were
evaluated. Table 3 shows the statistical scores of POD, FAR, BS,
and ETS. For comparison, the results of Exp-Ob5, Exp-ObRH5,
and Exp-ObRHTS5 are also shown in Table 3.

As shown in Table 3, POD for Exp-Ob5 is only 0.386 and its
BS is 0.735, indicating that the simulated fog area is about 25%
smaller than the observed one. Because of the assimilation of
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MTSAT-RH, all the four scores improved in Exp-ObRHS5, for
example, POD increased up to 0.709 and BS changed to 1.111,
meaning that the simulated fog area was about 11% larger than
the observed one. ETS of Exp-ObRHT5 improved by 17% relative
to Exp-ObRH5, resulting from the temperature constraint.
However, BS of Exp-ObRHT5 got worse relative to Exp-
ObRHS5. For those experiments with CV6, all scores of Exp-
ObRHG6 were significantly better than those of Exp-Ob6, and so is
Exp-ObRHT6 relative to Exp-ObRH6. ETS of Exp-Ob5 is
dramatically raised from 0.097 to 0.445 in Exp-ObRHTS,
owing to benefits from the assimilation of MTSAT-RH using
CV6 with the temperature constraint. The BS deterioration of
Exp-ObRHTS5 relative to Exp-ObRH5 does not occur in the
similar experiments with CV6. Results of Table 3 indicate that
the revised method with CV6 performs much better than with
CV5, and the relative improvement rate reaches 45%.
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FIGURE 5

Surface synoptic chart (left; (A,C) and MTSAT-detected fog patch (right; (B,D) at 20 LST 28 April 2008 (upper; (A,B) and 20 LST 29 April 2008 later

(bottom; (C,D).

Figure 6 presents the comparison between the observed fog
area and simulated fog area. The observed fact (the first row in
Figure 6) shows that the sea fog formed over the southern Yellow
Sea with a small patch (Figure 6A), slowly extending northward
and then almost covering the entire Yellow Sea (Figures 6aB-aE).
At the same time, the southern part of the sea fog retreated
slightly northward (Figure 6aF). This evolution process is
basically captured by all experiments (cf. the first row and the
other rows in Figure 6). The simulation effect of Exp-ObRHT®6 is
the best because both the northward expansion of the fog area
and the contraction of its southern part are the closest to the
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observed facts (cf. the panels of the rightmost column in
Figure 6).

Compared with the observed fog area at 2000 LST 28 April
(Figure 6A), there was a large proportion of spurious fog in the
simulated fog area of the experiments with CV5. The spurious fog
did not disappear in the next 3h (eg., Figure 6dB). By
comparison, the experiments with CV6 had obviously
different simulated fog areas at 2000 LST 28 April (e.g.,
Figure 6eA). In Exp-Ob6 and Exp-ObRH6, the fog area
included two patches, among which the patch marked with B
was literally spurious (Figures 6eA, fA). However, this spurious
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FIGURE 6

Comparison between the observed and simulated fog areas. Time for each column is placed on the top. The first row is the satellite-observed

sea fog, among which MTSAT-visible cloud images are used for daytime fog and the MTSAT-derived fog area with thickness height denotes
nighttime fog. The second to seventh rows show the simulated fog area with thickness for the experiments where names are given on the left
marginal side. The fog patches marked with Ain (eA), (fA), and (gA) are related to the hit fog area, while the patches marked with B in (eA) and (fA)

are literally spurious. These patches are referred in detail in Section 5.2.1.
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TABLE 3 Statistical scores for each experiment in the case study. Numbers in parentheses for Exp-ObRH5/6 show the improvements (%) relative to
Exp-Ob5/6, while those for Exp-ObRHT5/6 show the improvements relative to Exp-ObRH5/6.

Scores Experiments with CV5 Experiments with CV6

Ob5 ObRH5 ObRHTS5 Ob6 ObRH6 ObRHT6
POD 0.386 0.709 (83.7) 0.751 (5.9) 0.303 0.609 (101.0) 0.710 (16.6)
FAR 0475 0.361 (21.7) 0.331 (4.7) 0.387 0.285 (16.6) 0.195 (12.6)
BS 0.735 L1111 (58.1) 1.123 (-10.8) 0.495 0.851 (70.5) 0.882 (20.8)
ETS 0.097 0.289 (197.9) 0.338 (17.0) 0.113 0.307 (171.7) 0.445 (45.0)

patch did not exist in Exp-ObRHT6 (Figure 6gA). Within the
next 3 h, the patch marked with A of Exp-ObRHT6 gradually
grew, and its shape was very close to that of the observed fog area
(cf. Figures 6gB and 6aB), and the subsequent sea fog was also
closer to the observed fact than all the other experiments (e.g., the
third column in Figure 6). It indicates that the revised method
needs to cooperate with CV6 to have better effect.

5.2.2 Structure of the marine atmospheric
boundary layer

Similar to the analysis in Section 4.2, the 00-h and 12-h
forecast bias profiles of temperature and mixing ratio within the
MABL were compared with the coastal radiosonde observations
(see their sites in Figure 1). Similar to the profiles in Figure 4, the
comparison results demonstrated that the RMSEs of both
temperature and mixing ratio for Exp-ObRH5/6 were smaller
than those of Exp-Ob5/6, respectively (Figure 7), and it is the
same for Exp-ObRHT5/6 relative to Exp-ObRH5/6, respectively.
For intuitively and quantitatively evaluating the temperature and
humidity structure of MABL simulated by the six experiments,
the profiles of biases and RMSEs are averaged from 1,000 hPa to
950 hPa, and the results are listed in Table 4.

As can be seen from Table 4, compared with Exp-Ob5/
6 without assimilation of MTSAT-RH, the large dry biases at
00-h forecast (i.e., initial time) in Exp-ObH5/6 are reduced by
nearly 50% (from —1.01 g kg™* to —0.58 g kg™" for Exp-ObH5, and
from -1.45 g kg 'to —0.79 g kg 'for Exp-ObH6), resulting in the
moisture status of the MABL at 12-h forecast getting improved
(e.g., —0.58 gkg™' at 00-h forecast becomes 0.05 gkg ™" at 12-h
forecast for Exp-ObRHS5). The dry bias of Exp-ObHT6 is
basically equivalently to that of Exp-ObHTS5 at both 00-h and
12-h forecasts. Whether CV5 or CV6 is used, the RMSE of the
mixing ratio of the experiment with temperature constraint is the
smallest. As for the profile of temperature, at the 00-h forecast,
Exp-ObRHT6 has the smallest bias and RMSE in all experiments
(1.35and 1.79 K, respectively), and the bias at the 12-h forecast is
also the smallest (1.47 K). It suggests that the temperature
constraint can improve the temperature and humidity
structure of MABL; particularly, the usage of CV6 can further
help significantly improve the temperature structure of MABL.
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In addition, in order to evaluate the forecasted humidity
structure over sea, we compared the PW of model results
(simulated PW) with that of satellite-bone microwave image
observation (observed PW). The simulated PW was interpolated
onto the horizontal grids of the observed PW to facilitate point-
to-point statistics. Considering the system bias of the observed
PW and its retrieval algorithm, the correlation between the
simulated PW and the observed PW is as important as their
mean difference (i.e., bias) because it shows the model’s ability to
predict the pattern of water vapor. The correlation coefficient was
calculated within the forecasted fog areas:

o= R ]| e S

\/ﬁz [ow (i j) - p—wf]2 \/ﬁZ[Pwo i, j) - M]z

where pw; and pw, are simulated and observed PW,
respectively; and the sum was done at all the grid points
within the simulated fog whose total number was #n (missing
values for observation were excluded). Figure 8 presents the
mean bias (color shades) and correlation coefficient (number in
bottom-left corner of each panel) of PW for all experiments. At
approximately 6-h, 9-h, 10-h, and 11-h forecasts, the
corresponding observed PW was provided by AMSR-E, SSM/
I, SSMIS, and WindSAT, respectively.

Looking through the correlation coefficients given in
Figure 8, it is found that only half of the coefficients
improved in Exp-ObRHS5/6 after assimilating MTSAT-RH
together with obs, while all coefficients greatly increased in
Exp-ObRHTS5/6 with the temperature constraint (cf. the
numbers in the third/sixth column and those in the first/
fourth column, respectively). Through contrasting the biases
(color shades), it can be seen that Exp-Ob5 and Exp-Obé6
have dry biases (see blue colors) in most of the observed fog
areas (outlined by coarse lines), while small wet biases only
partially existed (see red colors). At the 06-h forecast, the bias in
the fog area was between —10.33 and 3.93 mm for Exp-Ob5
(Figure 8A) and between —12.33 and -0.68 mm for Exp-Ob6
(Figure 8D), and the mean value for Exp-Ob5/6 was —5.11/
-7.13 mm. At the 09-h forecast, the mean bias for Exp-Ob5/
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As in Figures 4A, B, the time of 2000 LST 28 April 2008 and (A) and (B) are for Exp-Ob5, Exp-ObRHS5, and Exp-ObRHTS5, and (C) and(D) are for
Exp-Ob6, Exp-ObRH6, and Exp-ObRHT6.

TABLE 4 Average biases and RMSEs of the temperature and mixing ratio from 1,000 hPa to 950 hPa at the 00-h and 12-h forecasts for verifying
against the seven radiosonde observations around the Yellow Sea (see Figure 1).

Forecast time

(h)

00

12

Frontiers in Earth Science

Variables Sensitivity experiments (Exp-*)
Ob5 ObRH5 ObRHT5 Obe6 ObRH6 ObRHT6
Temperature (K) bias 1.83 1.74 1.47 1.88 1.75 1.35
RMSE 2.01 1.95 1.90 2.06 1.97 1.79
Mixing ratio (g kg™") bias -1.01 -0.58 -0.61 -1.45 -0.79 -0.83
RMSE 1.49 1.06 0.93 1.87 141 117
Temperature (K) bias 1.96 1.78 1.60 2.17 2.01 1.47
RMSE 241 242 221 2.68 2.59 2.32
Mixing ratio (g kg™") bias -0.42 0.05 -0.08 -0.82 -0.24 -0.33
RMSE 1.42 1.47 1.00 1.40 1.22 1.00
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Bias (color shades) and correlation coefficient (number on the bottom-left corner of each panel) between the simulated and satellite-observed
precipitable waters within the simulated fog area that is outlined by a thick black line. Experiment names are shown on the top, and forecast hours
related with the satellite sensor are given on the left marginal side. Panels (A—F) show the comparison between Exp-Ob5, Exp-ObRH5, Exp-ObRHTS5,
Exp-Ob6, Exp-ObRH6, Exp-ObRHT6, and AMSR-E observation at the 6-h forecast (1400 LST 29 April), respectively. Similarly, panels (G-L) are
for SSM/I observation at the 9-h forecast, panels (M—R) are for SSMIS observation at the 10-h forecast, and panels (S—X) are for WindSAT observation

at the 11-h forecast.

6 was —3.43/-5.21 mm (Figures 8G, I). After assimilation of
MTSAT-RH in Exp-ObRH5/6, these
overcorrected and significant large wet biases resided in most

dry biases

were
of the observed fog areas (e.g., see the red shadings in Figures 8N,

Q, T, W). The temperature constraint with CV5 slightly
alleviated the large wet biases (e.g., cf. Figures 8H, I), whereas
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the wet biases greatly decreased under the temperature constraint
with CV6 (e.g., cf. Figures 8K, L). In Exp-ObRHTS, there are
slight wet biases (~1 mm) in most of the observed fog areas, and
the correlation coefficients vary from 0.58 to 0.73, which
indicates that the moisture status is successfully simulated
during the fog evolution.
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FIGURE 9

Analysis increments at the initial time for Exp-ObRH5 (A), Exp-ObRHT5 (B), Exp-ObRHS5 (D), and Exp-ObRHTS5 (E) at the model bottom level.
(C.D) are Exp-ObRHTS5 minus Exp-ObRH5 and Exp-ObRHT6 minus Exp-ObRH6 (F), respectively. Shadings, green contours denote the temperature
(K), mixing ratio (g kg™), respectively. Black solid and dashed lines outline the observed and forecasted fog areas, respectively. M, H, and F denote the

missed fog, hitting fog and false fog, respectively.

The aforementioned results show the importance of the
temperature constraint with CV6 in the assimilation of
MTSAT-RH in the revised method. The next subsection
explains how the improvements in Exp-ObRHT6 are achieved.

5.3 Role of CV6 for the revised method

To investigate the reason why Exp-ObRHT6 has a better
performance than Exp-ObRHTS5, we looked at the insight into
the analysis increments at the model bottom level of the 3DVAR
update (see Figure 3B). Figure 9 shows the analytic increments of
temperature and moisture at the final 3DVAR update for Exp-
ObRHS5/6 (Figures 9A, D), Exp-ObRHT5/6 (Figures 9B, E), and
the differences between Exp-ObRHT5/6 and Exp-ObRH5/6
(Figures 9C, F). In Figure 9, the observed fog area is outlined
by the thick black line, and the thick dash line is for the simulated
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fog area. The areas of hit fog, missed fog, and false fog are denoted
by H, M, and F, respectively. The missed fog and hit fog areas of
Exp-ObRH5 and Exp-ObRH6 are almost the same; however,
their false fog areas differ greatly (see H, M, and F in Figures 9A,
D). The false fog area still appears in Exp-ObRHT5 after
assimilating MTSAT-RH with the temperature constraint (cf.
Figures 9A, B), but almost disappears in Exp-ObRHT6 (cf.
Figures 9D, E).

Overviewing the increment distribution in Figure 9, it is
found that 1) Exp-ObRHS5/6 only has analytic increments of the
mixing ratio related to the observed fog area (Figures 9A, D)
because the temperature in humidity sounding (Figure 2A) is
extracted from the analysis, leading to no observable increment
of temperature in the 3DVAR update; 2) Exp-ObRHT5/6 has
analysis increments of both mixing ratio and temperature
(Figures 9B, E, C, F), owing to the temperature constraint in
the revised method; 3) compared with Exp-ObRH5/6, Exp-
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Distributions of 2-m temperature and 10-m wind [shades and vectors in (A—C)], and 2-m mixing ratio and geopotential height at 1,000 hPa level
[shades and contours in (D-F)]. In (A—C), the contour of 2-m RH with a value of 95% roughly outlines the simulated fog area. See the text for details of

the blue and red boxes in each panel.

ObRHT5/6 has a more accurate coverage over the observed fog
area and its maximum is about 0.4 gkg™' smaller (cf. the green
contours of Figures 9A, D, B, E, respectively), which is
contributed from the cross-correlation between moisture and
temperature in CV6.

Because of the positive increments of mixing ratio over the
missed fog area (M in Figures 9A, D), 3 h later, sea fog occurred
over the missed fog area (e.g., cf. Figures 6¢cA and ¢B, fA and fB,
etc.). It means that both the W14 method and revised method do
work on compensating the missed fog area. However, the revised
method only using CV6 is effective for eliminating the false fog
area. For instance, the southern patch of the missed fog area
denoted by F in Figure 9D does not appear in Figure 9E.
Benefitting from the correction of the temperature profile in
the nearest clear air area replacing that in the false fog area (see
Figure 3A), there are positive temperature increments over the
false fog area (e.g., see the red shadings in Figures 9C, F), which is
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beneficial to dissipate the false fog area. However, positive
temperature increment is not enough to eliminate the false
fog area. It seems that the reason that the false fog area only
dissipates in Exp-ObRHT® is that, relative to Exp-ObRHS, there
are extra negative increments of the mixing ratio over its false fog
area, which does not exist in Exp-ObRHTS5 relative to Exp-
ObRHS5 (see the green contours in Figures 9C, F).

Figure 10 presents the distributions of 2-m temperature, 10-
m wind, and 2-m RH with a value of 95% for roughly denoting
the simulated fog area, 2-m mixing ratio, and geopotential height
at 1,000 hPa level. According to the observed fog area (Figure 3B)
and the simulated fog area of Exp-Ob6 (Figure 6eA), two areas
designated by blue and red boxes are used to determine the
missed fog area and false fog area, respectively. The missed fog in
Exp-Ob6 appears in both Exp-ObRH6 and Exp-ObRHTS,
resulting from the existence of the wet tongue of the mixing
ratio (Figures 10B, E). Although the wet tongue of Exp-ObRHT6

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.992246

Gao et al.

False fog areas

10.3389/feart.2022.992246

Missed fog areas

600 .
A B
500
«-ene--Exp-ObRH6
—Exp-ObRHT6

eea. eeo®
RaL LT THPRRTr——

A
o
o
v b by by

.

TS B

600

20

D

oy
o
o

IS
o
S

Height (m)
W
o
o
NN BT B R

N
o
o

—_
o
o

10

2 4

Mixing ratio( g/kg )

FIGURE 11

Average profiles of the 00-h forecasted air temperature within the areas of false fog (A) and missed fog (B), as well as the average profiles of the
mixing ratio within the areas of false fog (C) and missed fog (D). Solid and dash lines denote Exp-ObRHT6 and Exp-ObRH6, respectively. Note that the
missed fog and false fog areas are determined by the comparison of the observed fog and the simulated fog from Exp-ObRH6 (see Figure 9D).

is weaker than that of Exp-ObRH6 (cf., Figures 10E, F), its
simulated fog expands more northward and is closer to the
observation, which results from a stronger sea surface wind
(1-2ms" larger) by the enhanced high-pressure system. This
is obviously seen from the comparison of the geopotential heights
between Figures 10B, C, E, F, respectively. This shows that in
addition to the aforementioned advantages, the temperature
constraint with CV6 can also provide a more accurate low-
level pressure system. As a result of the enhanced high-
pressure system in Exp-ObRHTS, a drier area of the mixing
ratio exists over the false fog area than Exp-ObRH6, which leads
to the elimination of its false fog.
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To check the impact of the temperature constraint with CV6 on the
vertical structure of MABL, the profiles of temperature and mixing ratio
of 00-h forecast (i.e., the initial condition) within the false and missed fog
areas were collected and averaged. For unifying the number and
locations of the profile samples, the false and missed fog areas were
determined according to the comparison of the observed fog area and
the simulated fog area by Exp-ObRHE6 (see the areas denoted by M and
F in Figure 9D). Figure 11 gives the averaged profiles of Exp-ObRH6
and Exp-ObRHT6 within MABL, showing that the difference of
temperature profiles (Figures 11A, B) between Exp-ObRH6 and
Exp-ObRHT6 is apparently larger than that of the mixing ratio
profiles (Figures 11C, D) for both the false area and the missed fog
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area. In the false fog area, the temperature profile of Exp-ObRHT® is
about 15K warmer than that of Exp-ObRH6 within 100 m
(Figure 11A), and the overall mixing ratio profile of Exp-ObRHT6
is about 0.5 gkg" drier than that of Exp-ObRHS, contributing to the
elimination of the false fog area. In spite of the fact that the overall
mixing ratio profile of Exp-ObRHT6 is 0.5-1.0 g kg drier than that of
Exp-ObRHS6, the mixing ratio is still 8.5-9.5 gkg™. In addition, the
temperature profile of Exp-ObRHTS is nearly 2.5 K colder than that of
Exp-ObRHS, and the stability becomes nearly neutral from the strong
inversion within 200 m, which is beneficial to the subsequent fog
formation over the missed fog area.

6 Summary

Sea fog forecast is sensitive to initial conditions because the
formation and evolution of sea fog over the Yellow Sea are
strongly affected by the thermal structure of MABL. To solve
the deficiency of MABL moisture for the Yellow Sea forecast,
Wang et al. (2014) developed the W14 method to assimilate
satellite-derived humidity. This method can significantly
improve the sea fog forecast. However, it causes much
moisture into initial conditions and ignores dealing with
spurious fog area, which produces wet bias and increases false
alarms. For alleviating this problem, we proposed a revised
method with the temperature constraint based on the
W14 method. In the new method, the temperature given for a
humidity sounding is not directly extracted from the 3DVAR
analysis, but from the nearest fog area. In addition, the revised
method also intends to eliminate spurious fog by adding the
temperature provided from the nearest clear air area.

A series of numerical forecast experiments were conducted for
10 sea fog cases that occurred over the Yellow Sea to evaluate the
revised method’s effect, and one of the cases was selected for a case
study to explore the impact of temperature constraint in the revised
method. In the case study, we especially compared the assimilation
effect of using CV5 and CV6, while in the aforementioned
experiments for 10 cases, CV5 was used to be consistent with
the W14 method. The main conclusions are as follows:

1) The revised method outperforms the W14 method. The
moisture and temperature structure in the MABL is more
realistic, and the large wet bias in the W14 method can be
greatly alleviated. The comprehensive score ETS is increased
by about 15% on average, which is due to the significant
improvement brought by the reduction of the false fog area.

2) The benefits of the revised method are mainly reflected in two
aspects: one is to make up for the missed fog area and the other
is to eliminate the false fog area. The temperature constraint
cools MABL in the missed fog area and warms that in the false
one, which helps sea fog develop as accurately as possible.

3) The effect of the revised method depends largely on the BE type
used in the 3DVAR, and its performance using CV6 is much
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better than that using CV5. In the experiment with CV5, the
false fog area is hardly eliminated, while it is eliminated well in
the experiment with CV6 due to the contributions by the cross-
correlations between temperature and humidity in CVe. It
indicates that the revised method jointly with CV6 is probably a
better solution for sea fog forecast.

Although this study has achieved encouraging results, it
should be emphasized that the retrieval of sea fog needs to be
improved, and the current treatment process of temperature
constraints is somewhat rough. More work needs to be done to
improve the revised method. On the other hand, multivariate
BE covariance is seldom used in the sea fog forecast.
Performance of the revised method with CV6 is to be
evaluated in more cases which occur not only over the
Yellow Sea, but also over other Chinese seas. We hope that
the revised method in this study can be applied into the
operational forecast of sea fog in the future.
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