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Abstract: Based on the observation data from 126 national meteorological stations in Yunnan
Province from 2016 to 2025 and ERAS reanalysis data in the same period, the spatial distribution
characteristics of regional heavy fog in Yunnan are analyzed with Rotated Empirical Orthogonal
Function (REOF). Fog zoning is conducted in combination with topographic factors at the same
time. Machine learning methods such as random forest are employed furthermore to construct
regional heavy fog forecasting models. Then, the results are compared and verified against
SCMOC and ECMWF numerical forecast products. The results show that heav§ifog in Yunnan

Province exhibits four dominant spatial modes: southwestern Yunnan, so

the province is divided into four heavy fog zones: Zone 1 (nort e 2
(northeastern Yunnan), Zone 3 (southwestern Yunnan), and Zone

test set samples in each zone, significantly outperformingit
logistic regression, and Bayesian methods. There are re
forecast factors in each heavy fog zone. High-elevation areas (

low-elevation areas (Zone 3 and Zone 4), the ce of sea level pressure and temperature

within the boundary layer is more prg

the short-range heavy fog fore f i

ehensive performance of the forecasts by

two mainstream forecast prod
forecast skills in autumn and
higher accuracy than t y
consecutive days, t he random forest model products are 0.37 and 0.40,

which are signi i ¢ of SCMOC (both < 0.1) and ECMWF (0.26 and 0.14,
respectiv
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Fig.1 Spatial distribution of meteorological stations in the study area and the terrain elevation
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Fig.3 Heavy fog zoning by the REOF method in Yunnan Province from 2016 to 2024

2.2 HERHARSTREFIEE
221 BRAMKES

BT RFHIXEER, X 2016 4F 1 A—2024 4F 6 A zmA BRI KEMWMEE AT
XSG BT A EREARE R . EEREA WL, PR AFAE N A A, it
BT AN [ il L P 45 R AR, T AH S (KR AR 3887 R 08 e A i b B . AR IS5 B
TR B4 T BE WL SE 1 910,500) m F1[500,1000) m AIFEAS, %[1000,3000] m /2(3000,+°°) m ff]
FEARBATHENAIEE, BENLRD 75— R B 42, mZERR IR VER 9[0,500) mW§L000,3000] m
A(3000,+°0) m ) = RFEA KR LEGIHEIR 1:1:1.
222 ARE TR

MRZETE NI K, L5625 AT K . BIAR IR F I LRI AN )
RO RGE L BRRE L R . R P T U A 10 e P B B
F& T IR, IR EN 35 AR AR A TR T
HFOKIR BT, BRI K E . AR SRR SR UK Z F e /KR
FAFo FEAFEIXI, i X d 128 oW A, S RS s

(1Ol TR, NIMERORZ IR R ESE T T KiRmiE, Hid el
REIZ, “F T K RIS TR (A S, 2025). SEPUSEgRT R EH -, 25 HE A WL B2 I
AR AL I e W HAA . A2, FEARGE SR, K50 HRUMZET 7

ATFTBEAFAEZE 5, IXRIR T RERE AR 4L R Z5 A U AN R S PR R ALE , SR TR B A A 72 I B
F AR TAREE . TR R WIS, FEAN R X, G0y G 2 4 il [X ek,
AT 52 B A BE R FE I, IS R 46 BE L 2 SR L% K 55 Tl HA S B AR OR R B (RE 2 5%
2025).

R 1 XETHRER TR E FRE T

Table 1 Forecast factors and their classification for the fog forecasting model



P27 TR ¥ fi'5
% 12 iR E pre(0-12H)
KIREAF AR 16 IR AR I R St T16_rh
1000 hPa-500 hPa % EARNT ) 1000, 950 925. 900, 850. 700. 600, 500hPaRH
2m < T2m
TR+ R R T2m-DEW
R, KoiE tees lec
PSR sp
WU R
10 m JRGE
1000 hPa-500 hPa %2 XiE 1000, 950+ 9
1000 hPa L5 Hh i i \
FasE 7 925 hPa 53R %
925 hPa 5 1000 hPa /& iR % 000hPaT
800 hPa 5 850 hPa = /& il 7% 800-850hPaT
750-800hPaT
700-750hPaT

650-700hPaT

Hour
HeF [ PRl

Mon
WIgh oAt ALK 16 I BE LS T16_vis

2.3 FARiE RGL {

BT B TR R 7 4 AN DR SE PR o M P e B REAS AR LA ] TS5 AR
AR TIUR PR 5, FFAG BEAS LR 7:3 B EE A5 20 g I ZRAEAT I A, R TN 2R 70 R T BE AL AR AR S
AR K-E48. VI, PSR 5 RiLEs 2 20kt iT Uige. 1B 4 AT
IR R R AR AAE R R o WINZRFEAHERIFORTE , BEALARARAE DU X3 rh 3R B
(1 X 0.84, 2 X 0.83, 3 [X 0.82, 4 [X 0.83), wiBHHXIIIZREdE BARGRIERETT;
WA KT A Bos B G ROR, M0 D5 R A e I W m g5, e X
UIZRAER R IR T 0.640 MIRFEAMERZTTH, FENLARMAIR R R, P38 0.81, HS



YIGRHET R BORHGE, RYIBALZ ALRE ) R s PSR TR ME R IR, P IR 30 0.77;
R P RAE I AR AR IR E , IR S e A A AR — 2, U IR R S 4 i R (H AR
CHHERIZE 0.75); K- BT EAENNA SR B b 228 m U] AR T B as R, T ReAAAEd 41
Fs DA R RAR, PR 0.60. ZRE HLEL, BENLARARAE & DX 331 255 B B
PRI, N e ZAE T T 757 o

0.90

0.90

T R ® LAY
0.85 . iEEYT e RER | 08 . PEEYT R
0.80 K-IE4%

(a)

e K-iE4R

0.75
by
#£0.70
#
0.65
0. 60

0.55

0.50

11X 2[X 3 4X
X X5

K] 420162024 A 5 ML ﬁ/ﬁﬁ%ﬁ[ﬁiij&

Fig.4 The accuracy of (a) training set and (b) test set samples of

3[X 4X

; Jﬁﬁ%#}mmﬁ%
ing by five machine
learning methods in Yunnan Province from 2016 24
24 FTIREFEEFEDH
BEALAR AR B2 ) DL 15 SR
E e R 100, HEH
W TR R, I

TE B CNINAE, 2024), M EBEER

PR IKICT RS X R 5 AT BRCE o5 . 2 XA 4
VEE LRI AL, B R E IR S Reid A ok,
FIhaRE . AR R VA A PR A v A 1 T R 26— e /KRR A D B A 5 A P A
SR R A 3 XM 4 DX iU F B PR R A, S KRS R GERT %
DX R 25 A3 ) S R AR T o T T U AR AN DM K R E AN ELIZ 3 2% AF, ik
KA AT LT KO RHE S VIR . T34k 4 DCHREAAIX IR, 800 hPa-850 hPa A1 925
hPa-1000 hPa =)= IR Z= M th+- 7 2L, R FR A I SRR XK Z
B BRI R 2 TR R SRR E R, R, RYRSS
AR, AR TR R S . AT S, KRS TR FeoT FE RGeS
T XN R T, HZHIE 5 NIGHENAEEM, ANF XIS 7 AR 22 57

10



100 (@ 1x 100 (b) 2[X
80 80
w60 & €0
8
o L
40
40
20
20
0 0 o S S o < [3 — = — -
F F £ F3 ~ a a F F F B 5 5 @ S N 5 & 5 5
o o ~N o x 3 ] o o o I a o ~O Lz < Iz o
© © - © o~ o @© @© C O = = ~ 1 o 1 £
o o a ~— == o o o — o o - @ o © o
< < < 1 = <= = - (=3 o o o o o
o =3 o o o o (=3 O ~ = ~— £ w
(=3 o o ~ el o (=3 w 1 o
0 n ~ o o o o N wn (=3
“ — o N o
Q o -
FIRET IRET
100 (e)3X 100 (d)4X
80 80
w 60
w60 1o
e e
I 40
40
20
20
0 Q 0 Lol Lol < x £ x x w
2 = © @ ~ o o~ o o =
0 0 E 2 Y & 5 & & &
o x = g ju =4 ju =) ju =) ju =) “ O o o ~ = = £ =
0 o ~N w o o o o o =] — [¥s) o - o o o o
© - =) © Il © © C o L e o =3 n o o
a L a a a a a == I ~ e [5e) ~ ~
= E = = = = = o 1
o N =3 =3 o o '} i=3 'e}
o L =3 'Y o o N © N
~ ~O o ['2) o o o
TIREF FIRET
Kl 5 2016—2024 fﬁ%@‘é‘%?ﬁiﬁﬂﬁ%ﬁ&%ﬁ%& 154k SIS

Fig.5 The top ten forecast factors of importance ranking by Random'Foregt, method for regional heavy fog

forecasting in Yunn om 2016 to 2024
2.5 iR

25,1 BE KRR L

FIFH 2024 47 A—

TIANEREL MOC(ZWLJE PRl 82 2025 48 1—2 H iRk Edin) A ECMWE B WL EE TR ™ i,
BEAT A IS L

JRiE 2024 £F 7 H—2025 ¢ 6 F ikt S uf HOR T B4 1710 FR SR, /53] 87 4
REAMIRATR S . WA PR (B 6), RUPHERE TS W43(0.24) 55, H K& ECMWF
1i45(0.13), SCMOC Tifh e fi%(0.06); FEIITIR A2 ik AL T SCMOC Al ECMW;; Jfi B

A% T ECMWE #1 SCMOC.

11



. GHATRIR
. SCMOCHiR
0.8{ mmm ECMWFFiIR

% 0.6
_)']_g
0.2
0.0 . .
IN ERE =RE wRE
fisding -t

Bl 62024 7 A% 2025 F 6 A=A KELFEEHTEREE, SCMOC 1 ECMWF TR A6 16 45 5t

Fig.6 Forecast verification results of short-range forecast model, SCMOC and ECMWF for heagy, fog events in

Yunnan Province from July 2024 to June 2025
ARSI 7 Fros, FITERIZEH TS PEE 0.08~0.3
A, ZARFAE 0.47~0.76 Z[0], JRFAFLE 0.18~0.90 Z[H]

L BAMERETRBCR R, TS Wk, = *T&%l . % KA TR

R, FERZANE KT e 4 DA B

35 35
—— AR @ [10 —e— AR w [1-0
30 —m=—  SCMOCTHiiR 304 —=—  SCMOCTiFR
—— ECTIR —_
Eidig 0.8 0.8
25 25
ﬁZO 0.6 ﬁZO 0.6M_
":115 # H15 ﬁ
o 0.4 0.4
10 //\_‘ 10
0.2 0.2
5 ————— 51
O3 3 4 5 6 7 8 9 101112 OO O3 3 4 5 6 7 8 9 101112 OO
1.0
0.8
0.6%
o
0.4
0.2
0 0 0 0.0

T3 5 45 6 7 69610112 % 1 2 3 45 6 7 8 9 10 11 12
B 72024 & 7 HE 2025 % 6 H amA KSR E AT . SCMOC 1 ECMWF 1% H Tk i 45 5

Fig.7 Monthly forecast verification results of short-range forecast model, SCMOC and ECMWF for heavy fog

events in Yunnan Province from July 2024 to June 2025

12



BE—PARE S KRS Z M XAIR, B8 R 55 Xk X H 25 0l R T2 XIS i 4
110 MRF SR, BT XL (K 8). M TS W kKA, RIMAHERLE 1-4 XK TS 1753151
25T SCMOC F1 ECMWF Tiff, i 3 X TS P fcimi(0.44). JIATRIRAE 3 XA 4 X
HERZ B = (73 9009 0.76 F10.85), SCMOC TRAE 1 DX 2 X AR HERf 2 B i (70 73 9 0.83 A
0.80)c MTARZFRE, RIITIRAE 2-4 XA TR EHAL, ECMWF HHRIE 1 X B S iR FE R
(0.74), HIIEHEHITIH0.76). SCMOC Tiif(0.78). MIRNIRF KA, 51 TR S X IIR
RE LT ECMWF Hil SCMOC, JUILAE 2 XA 3 X R IRARGIN 0.30). L2, FEHITH

WAL R X TR R S B i, Hodp 3 XA 4 XHEAR . \
A
107 () - T 107 () - SR
s SCMOCTIR mmm SCMOCTRHR
0.8 . ECWIFTIIR 8] iR
0.6
@
0.4
0.2
0.0 4R o 4R
X1
1.0 _— TR 107 (a) _— TR
I SCMOCTIR [ SCMOCTRR

0.8 BN ECMWF TR 0.8 I ECMWFTi3R
ﬂ.o.é Eio.é*
B i
~10.4 “S0. 44
0.2 0.2
0.0 0.0-
2[X 3X 4X 1X 2[X 3X 4X

Xig X

~—

H —‘)éﬁ 6 H A &0 KRZ R BRI . SCMOC Al ECMWF il K 4 45 5

Fig.8 Forecasfivenification results of short-range forecast model, SCMOC and ECMWF for heavy fog events in the

our zones of Yunnan Province from July 2024 to June 2025
252 #AXF R LEAAAR

B HR R 5 30 R R AR ZE 4 9 R ) XA K 55 122024 4F 11 24 H-25 H)#EAT TR A
Ko B9 gath 7R IEAERE W SEOUA =R ROV R 4 2R . 11 H 24 HERAELIN 11
H 23 H 20 524 H 08 BHAT 11 A 25 HERALRIH 11 H 24 H 20 125 H 08 i), FET =
T 78 P A o R B X R A X K5 . 1B 10 SRR KR i R IR L. T LB B
A TRAR BT TR K 5 XA B AR TSRS X, IR RF I RE TS 4343508 0.37 Fl
0.40, IR FRA, 2079 0.12 1 0.05, ZARFET 4 0.62 F10.60; SCMOC TR AEH KK

13



E R AR S R SRR X, TS A 0.1, JWIk™E; ECMWF Hifk
FEM R KSR £ BT 2 i AR RS X, TS $F43 708 0.26 #1014, 4R
S0 0.59 F10.78, IR AT HIN 0.58 A1 0.73.  FH 1 AT LA H FUARAT AL A 3% 452 1 R 1A [X 35
YR AR LR G TR A ek, ARLL T FRBME TR %, KRS THRACR BA B R F.

30° N
(b) 2024-11-25
28° N
26° N
24° N
22° N
xE
IR + BE
20° N . : . r .
96° E 98° E 100° E 102° E 104° E 106° E 108° E
-—w & -
30° N 30° N
(c) 2024-11-24 (d) 2024-11-25
28° N 28° N
26° N 26° N
. L.
24° N 24° N &
|
22° N 22° N
xE xE
FGHEATAIR + B FEHATIR + B
20° N . : . : . 20° N . : . r .
96> E 98° E 100° E 102° E 104° E 106" E 108" E | 96° E 98° E 100° E 102° E 104° E 106° E 108° E
| W 4 g p N
30° N 30° N
(e) 2024-11-24 ) 2024-11-25
28° N 28° N
26° N 26° N
24° N A 24° NA
22° N 22° N
xE xE
SCMOCHTR + B SCMOCTFi3R + B
20° N : : . . . 20° N . . . . .
96° E 98° E 100° E 102° E 104° E 106° E 108° E 96° E 98° E 100° E 102° E 104° E 106° E 108° E

14



(g) 2024-11-24 (h) 2024-11-25
28° N 28° N A
26° N 26° N
24° N A 24° NA
22° N 22° N
xE xE
ECMWFFi% + B ECMWF 75335 + B
20° N

T T T T T 20° N T T T T T
96° E 98° E 100° E 102° E 104° E 106° E 108° E 96° E 98° E 100° E 102° E 104° E 106" E 108° E

(FE: AEFRRLE B H LA WLE <500 m; TEZ5 37 K56 i B P A LE 341 >500

K 92024 4 11 A (aceg) 24 HA (b,d,fh) 25 H XM K F I FREEE (ab) 20 (c, =ik
il &t R

Fig.9 Comparison between (a, b) the observed visibility and (c-h) the fogeca:

regional heavy fog events on (a, c, e, g) 24 and (bgd, 2
\ L |
101 ) - TR 107 (b - TR
[ SCMOCTifR I SCMOCTiR
0.8 B ECMWFFi3R 0.8 B ECMWFTFIR
0.6 50
a &
0.4 # o
0.2
0.0 2024/11/24 2024/11/25 e 2024/11/24 2024/11/25
AEZREEH RELIEAH
107 o) - TR 107 (a) - SR
N SCMOCTiFR N SCMOCTHR

0.8 BN ECWWFTRIR B ECMWFTRIR

{;g,[.o.é
=
{(H0_4

0.2

2024/11/24 2024/11/25 2024/11/24 2024/11/25

KEFiZEH KXEFIZAH

P 102024 47 11 [ 24—25 F XK S R ITHR AL SCMOC Fil ECMWEF TiAR 64645
Fig.10 Forecast verification results of short-range forecast model, SCMOC and ECMWF for the two-day

consecutive regional heavy fog event from 24 to 25 November 2024
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