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Fig. 1. The pattern of fog occurrence at Incheon international airport between
September 2000 and August 2002(Meteorological Research Institute,
2002).
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Fig. 2. Geographical locations of the study area, which is the western part of

the Korean Peninsula, including the Yellow Sea.
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Foh(Skamarock et al., 2008). <+ A= 3% Runge Kutta split-explicit A]XH4 3
= AHEsk 63 FAAREE S ol F &l telA EUsAa, A FAAS A
st A, 5%, JERZY, ~ZeS BESAUT
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2015; #9114, 2010; <312, 2014; T+, 2016).

_11_



WRF Modeling System Flow Chart
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ECMWF, elc.

Fig. 3. WRF modeling system flow chart (ARW, 2015).
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Fig. 4. Model domains for (a) 27km, (b) 9km, and (c) 3km.
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Hz2A L] At Single Moment 3-class scheme(Hong et al., 2004)<= AF-&

ahsict.
(Table 1).

A ®

23 Wek2 5layer thermal diffusion schemes Ab&

o

Table 1. Details of the grids and physical options used in the WRF model.

Domains

Cells in x-direction

Cells in y-direction
Vertical layers
Horizontal resolution
Map projection
Microphysics
Cumulus
Radiation (long/short wave)
Planetary Boundary layer
Surface layer
Land Surface

D1 D2 D3

91 61 58

82 70 58
30

27 9 3

Lambert Conformal
WSM 3-Class Simple Ice
Kain-Fritsch scheme for D1, D2
RRTM / Dudhia (Iacono)
YSU scheme
Monin-Obukhov
5-layer thermal diffusion
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H 74 %
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WRFDAA A = Sl [ Ll B Rkl
o] 7KA&= ixfRdo] 7IA & xhE oulstH, thFEEo AP7|HAA NMC
Wos v ear sEAHS M AT (Parrish and Derber, 1992).
OBSPROCAI A& 93l o] &3 A== 2016)d 42 B3 AgolA& LITTLE R
Z o] NCEP ADP Global Upper Air Observational Weather Data (ds351.0),
Surface Observational Weather Data(ds461.0)S ©]&3l9 o™, 2018 6¥ &
A Ab#l o A= PREPBUFR X< ADP Global Upper Air and Surface Weather
Observations A& 5 LITTLE.R ZWo 2 W3 £ o] &3t F, A% #A=#
%l SYNOP, 3% Aute 4 #=3+ SHIP, Kalpana-1, METEOSAT-6, GMS, GOES
SAtE<]1 SATOB, Z18]al 4<-°ll= SOUND, PROFILER, METAR

o
rJ
¢

A 22k FEARS A7) et NMCHH (24413 124)7ke] el o =3}
o] AA)E AH&stAY B2 W Default Bd<S AHEsIATh AFEH AdES =
o]7] §s =d WHEE IUlE o] 83K &l control variableS ©]-&3=4 u,
v, T, pseudo relative humidity (RH), surface pressure (Ps)©] Z3E T,

32k EAS VY FHH o2 oA Fol=H E&%<] FDDAYR =
AL-&-8 9 th(Stauffer and Seaman, 1990, 1994). FDDA+= & A=l
o AHES flel AEAQA AREA WA T3 43 YR Afoldl A =EF o=
g€ Wielth. FDDA W+ #FXE AFH uastes #5F WA
(Observation nudging)¥ T84S WEE #AZFXE o|&st AA =AE& W3
A71aL Az FEl2 WAets &4 WA (Analysis nudging)©] A tH(Shafran et

al., 2000). ¥ dAFolAxe 919 27FA FDDA W F EAHUAS # &3t

S o, Byl AAF L Uss F ol¥oE &

P
N
o
o
o
2
jutnd
o
fru
=
oX @

(3D Analysis Nudging)® =3 Z3}3 ©|3t] 2F 10m
of &3& F+ A4 B4 YA (Surface Analysis Nudging) o2 FET 4 9t}
A Q1A A2 4 ARACA AR #5914 @t mdoA mod

spolol wlEBTHZ A/ FATA, 2014). B4 Qe AS, WP Eiv} u]H=
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A=t A4S A5t st v 9ol met oA dehdt B AT

T

A 3ol AR DI WS A =rd7E A= F5a8(Y

FF SA3 1) AM Diel A8d WA axrh D2, D3 A H R FT

[¢]

]

BEe WA Age 718#%

B Ao AE 329 AERARES 9 B4
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Fig. 6. Frequency (%) of 6 weather types in several major cities (Seoul,
Incheon, Daejeon, Daegu, Gwangju, Busan, and Ulsan) and a remote area (Jeju)
in Korea during the 2007-2016. The number in parenthesis represents the total
occurrence day of weather types (Park et al.,, 2018).
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Fig. 8. Temporal variations of the meteorological variables for 3DVAR+NUD,
BASE, and observations (OBS) in ASOS site on April 2016 of the heavy fog
event observed. Air temperature = TEMP, wind speed = WS, relative
humidity = RH, visibility = VIS, dew point temperature = Td, and T-Td.
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Table 2. Statistical evaluation of the meteorological variables between the observed and model-predicted values (for the
3DVAR+NUD and BASE) at four monitoring sites in the western part of the Korean Peninsula during April 2016 of the

heavy fog event observed.

BASE 3DVAR+NUD
Site Variable RMSE 10A MBE RMSE I0A MBE
TEMP 2.855 0.819 2314 2.349 0.859 21.564
ws 1.220 0.706 -0.169 1.300 0.598 -0.143
Inch RH 12.203 0.832 -0.300 9.502 0.911 -0.437
ncheon VIS 6.946 0.704 -2.599 6.382 0.774 2.662
Td 2.875 0.697 2.168 2.252 0.786 -1.525
T-Td 2.291 0.965 -0.146 1.858 0.978 -0.040
TEMP 3.808 0.807 3.094 3.327 0.826 2.495
ws 1.142 0.727 0.170 1.263 0.637 0.106
Seoul RH 19.012 0.785 11.635 18.068 0.805 13.861
cou VIS 10.000 0.594 -1.455 8.052 0.715 -2.769
Td 3.500 0.679 0511 2.359 0.861 0.620
T-Td 4.818 0.740 -2.584 4361 0.779 -3.115
TEMP 3.047 0.836 2.254 2.520 0.879 21769
ws 2.152 0.596 1.529 2.186 0.568 1.469
Ganah RH 24228 0.649 15.351 20.484 0.763 16.820
anghwa VIS 9.273 0.615 -3.482 7.720 0.741 -4.058
Td 3.704 0.627 1.248 3.276 0.720 1.979
T-Td 5.746 0.545 -3.501 5.033 0.657 -3.747
W TEMP 3821 0.673 3.250 2.499 0.793 -1.877
oonpycong WS 1.879 0.731 1.059 1.600 0.716 0.639
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12:00 LST, 8 April 2016
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Fig. 9. Spatial distributions of meteorological variables simulated by the

3DVAR+NUD and BASE with the observations (OBS) on 12:00 LST, 8 April

2016 of the heavy fog event observed in the western part of South Korea.
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Table 3. Statistical evaluation of the meteorological variables between the observed and model-predicted values (for the
3DVAR+NUD and BASE) at eight monitoring sites in the western part of the Korean Peninsula during June 2018 of the

heavy fog event observed.

BASE 3DVAR+NUD
Site Variable RMSE 10A MBE RMSE 10A MBE
TEMP 2.400 0.794 J1.013 2.167 0.839 20789
wSs 1.178 0.820 0.336 1.049 0.837 0.071
Inch RH 16.123 0.728 4.743 13.273 0.820 4.048
ncheon VIS 7.672 0.559 2.012 7.032 0.619 -1.781
Td 2.338 0.669 0.082 1.813 0.793 0.106
T-Td 3.348 0.789 -1.101 3.028 0.827 -0.973
TEMP 3.540 0.767 2.185 3235 0.813 21.993
WS 1.422 0.699 0.903 1.320 0.708 0.698
Seoul RH 20.954 0.753 11.767 18.879 0.791 10.293
eou VIS 7.804 0.625 21219 7.310 0.653 20516
Td 3.284 0.670 0.793 2.822 0.755 0.686
T-Td 5.298 0.754 2.978 4.831 0.791 2.679
TEMP 2017 0.853 20.659 1.778 0.900 20.762
WS 2.438 0.683 1.871 1.760 0.791 1.258
Ganeh RH 12.704 0.785 5.232 10.826 0.846 5.143
anghwa VIS 8.002 0.516 -2.069 7.292 0.606 2142
Td 2.119 0.672 0.025 1.678 0.794 -0.095
T-Td 2.761 0.787 -0.684 2.248 0.861 -0.666
W TEMP 2.380 0.790 1572 1.917 0.866 21216
oonpyeong WS 1.774 0.760 1.093 1.402 0.822 0.694
Deokjeokdo TEMP 3.158 0.427 2.964 3219 0.419 3.070
wSs 2.837 0.712 1.958 2.136 0.798 1.150
Buoy RH 6.703 0.473 -0.774 5.108 0.635 -0.173
Incheon TEMP 1.406 0.663 1.113 1.443 0.656 1.270
wSs 2.675 0.735 1.827 1.751 0.860 0.829
Buoy RH 6.519 0.558 -2.085 4.800 0.706 -1.804
TEMP 2.401 0.543 3.588 2.595 0.501 3.776
Gadaeam WS 2.304 0.780 0.419 2.133 0.807 -0.143
RH 6.829 0.629 5.478 6.273 0.700 5.264
TEMP 2.092 0.602 1.379 2.084 0.605 1.458
Seosudo WS 2.500 0.779 1.367 2.176 0.813 0.774
RH 7.921 0.565 2.027 6.153 0.707 2.293

_37_



o

o
=

]’O:] 6 ?_]-7H A].

1A Bolx=
| Ho|A &= AT A]-L-of A

6Y 26
SRRERERIEE
=

1

°
pil

2}
2}

517] Al

°

Fig. 11& %
o A8E3
53H3DVAR+NUD) 7|4 &35 4
E AYR7] 4

g =
| = 2A KL= ok 2l

=
OA‘UI\W_FLH_IA*
TR S oW E T ow
iy %Aﬂ%%ﬂomﬁﬂ%ﬂﬁ
Moo woﬂgmﬂ% SR PO B 9
) TN o o _o_z_ﬁqo;_ wxéﬂux% Lﬁo_i_
SRR ) S Yo oo F Ve Ao = oF ,mz..o Bo T o MmO
gEaﬂ.%%ﬁo%qﬂgﬂgﬂlﬂhmmmaaﬁowmgi
e o, ﬂﬁ]ﬂqul‘o'ﬂolerﬁTﬁ,__.SMmﬂmh%ZVNJ@OWQ
W W o m_. R > % o o M e A T X = < o o ME
— n ) - ~ T
m%wmﬂﬂo%“ﬁ%o%wauqﬂL%ﬁ%WEEMMﬂWE
AvnwiMmﬁ%mgﬂqgﬂﬂﬁgEw__ﬂmmw%ngwmﬁ
DHEE ‘.u_l\]_l,_._.rﬂ,mx_ _z_ulﬂwUAIE] o ]/RLI
SWESA%M%%Em%m&ﬂﬂ%mgﬁéiwmvoAv
W&%@ﬂﬂ%]ﬂgﬂ%&g%ﬁm_ﬂg%%wﬂwl
me B T oon e i O Y o oy £y
= %ﬂﬂ%oﬂwnﬁé_fﬂ%%@%&ﬂuﬁﬂ%wmiﬁ
Ho W o= o8 < . S c ) E Wdﬂ © M = < o = 0
A T x5 RS op T o H ol o Mg 2w N L i
ﬂ%wwur&ﬂﬂw%mﬁwww}mM%@mﬁw.%mDﬂ%MH%
T NN mﬂ_o]__. }ﬂ{
M%Hluhmﬁ%lwﬂwmﬂ@ﬂﬁce_aoﬁﬂkmnﬁ_wﬂm%%WMoﬂ.ao
iy = . Z_n . ‘XI Mvr.._ ﬂA_.O Z_n N . ﬁ.c o T I_WL ) o + _iﬁ . ﬁa
<0 m_'7mMﬂﬁd|A_n_nﬂ‘WE S ) w%WAMHTdI ia
ﬂ.]ﬂmﬂiﬁﬂo%ﬂ B O EQHOBV o W
1uﬁauovaﬂﬂlyﬂezkuﬂﬂm R -
0 o) o) o T do T = M.A. o’ o Ho © Z Mo { o = ) o 2o iy B
Eﬁﬁ_+a.¢ﬂ4m._oLﬂ F ¥ 3 éﬁ@uﬂ«_alﬁg
op oo o CNCI - = 2% 3 Mo B < Z N Ho B
A_HQD ey ﬂﬁ‘_ﬁo%zﬂmﬁvlw - R%ﬁg &
%UoT&VED% 2 _ézDﬂNo_LEHA o 2
E%W@ﬂﬂugkﬂﬁ%osﬂ+% S EE RS
% Rmﬂﬁqmmbegegpmﬂos_mﬂ.lﬂrﬁ34%@1%
noﬂwnE%%R.uﬁzdx%év 5o g W o
2 2 2 A HTXLZM%D@M4 T & o N
) < -~ > Llﬂﬁ _ 2 % oy X _ oo
n M 0 B ol ﬂ;ﬁu o ofF = % i
mﬂD1r7A01rLo T 22%1_. Jo
2 % = % Wo s M u]L m; o = o >N m%_ L
5% oA T 4 .wdo%m% w
e R
@,.E.mﬂ,ul‘_o,_lr”;oo

- 38 -



bA g o]

bl o]E BASE
o

SFA T

°

=

=

w9

L

) By

S 1} 3DVAR+NUD®| A

2

o

S

NH e BoE 34
ANZE A 3f ol A 2

fol mo}

S

ol

ofp

A9k 3DVAR+NUD 29| A7} A

b4 23

S|

1A 2ole=

3

5%
Nr
ﬂﬁ
4
Hlo

ol
K

o=

al

Xl

d

b AzEole} 75

S
yal

I & deEtar o

9

3DVAR+NUDZ} BASE®]| H]

[e)

3L 2~
=

Aol v

i
23!

Ho

1A Q)7

& A 3f ol A 2

By

_39_

FIE A= At AH2 A s

o]

15



10:00 LST, 26 June 2018
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Fig. 11. Spatial distributions of meteorological variables simulated by the
3DVAR+NUD and BASE with the OBS on 10:00 LST, 26 June 2018 of the

heavy fog event observed in the western part of South Korea.
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02:00 LST, 30 June 2018
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Fig. 12. Spatial distributions of meteorological variables simulated by the
3DVAR+NUD and BASE with the OBS on 02:00 LST, 30 June 2018 of the

heavy fog event observed in the western part of South Korea.
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Abstract

The effect of data assimilation (DA) on the prediction of the heavy fog event
occurred at the west coast of the Korean Peninsula was evaluated using a
high resolution numerical modeling approach during the spring of 2016 and
summer of 2018. This analysis was performed by two sets of simulation
experiments: (1) WRF run with DA (i.e., 3DVAR+NUD), including analysis
nudging for meteorological variables (e.g., temperature, u and v wind
components) within the planetary boundary layer, and (2) WRF run without
DA (i.e.,, BASE). To reflect more effectively the surface conditions of the study
area, the WRF simulation was performed using the 24-category land-use data
(3s elevation data) from the United State Geological Survey (USGS) and the

high-resolution topographic data (3s elevation data) from the Shuttle Radar
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Topography Mission (SRTM). For 3DVAR, OBSRPOC was generated using
ADP Global Upper Air and Surface Weather Observations, and background
error covariance was generated by NMC method. Overall, the results
simulated by the 3DVAR+NUD for the fog event in the study area provided
better agreement with those observed, compared to the BASE run. The results
of model simulations (3DVAR+NUD, BASE) were compared with observed
values of ASOS (Automated Synoptic Observing System) and AWS (Automatic
Weather System) to confirm the effect of data assimilation. From the statistical
analysis (e.g.,, Index Of Agreement (IOA) and Root Mean Square Error
(RMSE)), the IOAs of air temperature, wind speed, relative humidity,
visibility, dew point temperature, and T-Td for the fog event simulated by the
3DVAR+NUD were in the range of 0.80-0.88, 0.57-0.72, 0.76-0.91, 0.71-0.77,
0.72-0.86, and 0.66-0.98, respectively. 3DVAR+NUD showing significantly
higher than those simulated by the BASE run (0.67-0.83, 0.60-0.73, 0.65-0.83,
0.59-0.70, 0.62-0.69, and 0.54-0.96, respectively), except wind speed during the
spring of 2016. Wind speed may be affected by urban surface conditions and
high buildings. During the summer of 2018, IOAs of meteorological variables
simulated by 3DVAR+NUD (0.81-0.90, 0.71-0.84, 0.79-0.85, 0.61-0.65, 0.76-0.79,
0.79-0.86) show higher than those simulated by the BASE run (0.76-0.85,
0.68-0.82, 0.72-0.78, 0.51-0.62, 0.66-0.67, 0.75-0.78) in the inland station. In
addition, the RMSEs of these meteorological variables simulated by the
3DVAR+NUD were somewhat lower than those simulated by the BASE run.
The comparison between the two simulations indicated that the effect of DA
with analysis nudging is crucial to enhance the modeling capability of fog
simulation over the Korean Peninsula. In addition, it is estimated to improve
the fog prediction ability by accurately describing the terrain and applying
high-resolution sea surface temperature in the west coast of the Korean

peninsula.
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