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Abstract: To explore the key meteorological factors for the transformation from heavy haze (HH) to extremely
dense fog (EDF), the near-surface circulation patterns of 247 EDF and 96 HH cases in the central area of the
Huaihe River Basin (HRB) at 08:00 (high-intensity period) for 40 years (1980-2019) were objectively classified
respectively, using the multi-element oblique rotation principal component analysis method, together with the
ERAGS reanalysis data. Based on the results of classification, the formation mechanisms for EDF under various
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circulation patterns were analyzed, and the differences of meteorological conditions in the surface and boundary
layer of HH and EDF with similar large-scale circulation patterns were compared. The results show that: (1) The
circulation of EDF can be divided into five types, with a cold high in northwest or northeast China for each type,
and a sub-synoptic system in the HRB, such as weak high, frontal or inverted trough; The studied area is located
in the north (33%) or inside (19%) of the weak high, in front of the front (29%) or the invert trough (11%) or at
the bottom of the cold high (7%), prevailing with southwest, south or east wind with average wind speed lower
than 1.6 m/s at ground level. At 925 hPa, the study area is located in the warm ridge and low humidity area, with
an average wind speed of 2 m/s. In the vertical, the relative humidity (RH) decreases rapidly with height, and to
below 60% at 925 hPa or 850 hPa, which is conducive to the surface radiation cooling, with an average
temperature decrease range larger than 3°C, forming a deep near-surface inversion, with a temperature difference
of 2-4°C between 975 hPa and the ground. (2) The near-surface circulation for HH can be divided into three types,
which are all related to high pressure system. The study area is located in the front (56%), bottom (19%) or rear
(26%) of the surface high, but there is no sub-synoptic scale system or the system is weak in the HRB. (3) The
reasons for HH cannot develop into EDF include: O insufficient water vapor source (due to northerly wind on
the ground); @ low cooling range at ground level (the average lower than 3.1°C) with relative high wind speed
(the average over 2.2 m/s). (4) The sub-synoptic scale system near the study area is the key reason for whether
HH can develop into EDF. This system determines local meteorological conditions, such as whether there are light
winds, significant cooling, and sufficient sources of water vapor. The inter-monthly variation and generation and

disappearance time of EDF under various circulation patterns are also analyzed.
Key words: extremely dense fog, heavy haze, circulation pattern, objective classification, comparative analysis,

sub-synoptic weather system
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Fig. 1 Partition results of Anhui province based on the consistency of extremely dense fog

(Areas shaded in green indicate the elevation of the terrain. The red lines are the regional boundaries) (Shi et

al., 2021)
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b0 R(33.5°F, 117.5 Nl AH X FE P35 B 4%

Fig.6 Fog pattern with inverted Trough: (a) Geopotential height (solid line, unit: gpm) and temperature (shaded,
unit: K) at 925 hPa, (b) Sea level pressure (solid line, unit: hPa) and wind barb at 10 m, (c) Wind barb and relative
humidity (shaded, unit: %) at 925 hPa, (d) Profiles of temperature and relative humidity at the center point of
studied area (33.5E, 117.5N)

3.5 EEKEREY

LT 4 AL, SRR A = R AN B AR (B 7)), RO TS RES, XA TR RIR
IR R, B NREE T, 4R SR e E AL RRGE L 2] 4 mis, BF 78 X AT 2 mis
FEAG R AR IR 2 B B 0 A 2R AN DA Bl T AR PR T KV ) 55 Xk, R F XA kA A, WA
Bh T HRAL G Bh TR, SRR S N 55 B A IR S 1R . 925 hPa, BIFFTIX 30 T ik A
BATRMARIA, AL FRERE N, FXHEEE 70%~80%, iR W FiRIA I 2 (& 7ac). MRERIZE, 975hPa
% 925 hPa FHXHIE BB e B 1 P et FL s, AR T b St B R, DR, ISR ERUR A 34 U o8 U i
559, 975hPa SHLHR ZAF] 2°C . MR FEIRIEEE 5 P fEeh, At 3.2°C, F4IR A IR nT e 6T Hh
HRTEANR.

R 1BE T LRSI T XA I AL 2 AR E R IE . SRR T, MR ER
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KZHAE RS FZ M MBHE: R GYE>3.0C) « Wi, X CGREERGEIE<1.6 m/s) . 7
A, T ICAL IR, FEAR AU R KO A 78 7KK 925 hPa, DA IRFRE, P34 XGE 2 mis;
AT EAFAE LR, KRR LT MBS WEiprid, &0 R W AA RS MRHE, mEariy. 5
il 7R A0 g e JER P 2R
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K7 SRR () 925 hPa S (SELk, Hhr: gpm)KiRfEYy CHE, $i7: KO o (b)) #Fm
KR A, ¥47. hPa) M 10 m KUAIFF.  (¢) 925 hPa X% M AHAHRRE (G, Bfr: %) .« (d) #F
FEIX I A0 U (33.5°F, 117.5N)IEEE . AR B 24 BR 2%

Fig.7 Fog pattern in the bottom of High pressure: (a) Geopotential height (solid line, unit: gpm) and temperature
(shaded, unit: K) at 925 hPa, (b) Sea level pressure (solid line, unit: hPa) and wind barb at 10 m, (¢) Wind barb
and relative humidity (shaded, unit: %) at 925 hPa, (d) Profiles of temperature and relative humidity at the center
point of studied area (33.5E, 117.5N)

*1 ERETREIREMEF 925 hPa SRERFFE
Table 1 Characteristic of meteorological parameters for different circulation patterns of EDF

55 e b B

LT H FEEANTAC(19%) B (11%)  mEEEE (7%)
(33%) (29%)
10 m A, XE (m/fs) SW. ~0 S. ~2 A0 ESE. ~0 E. 2
K KGE (mis) NW, ~2 SW. ~2 N, ~2 SW. ~2 ESE. ~2
925hPa ARSI 50%~60% 50%~60% 60%~70% 60%~70% >70%
i3SI H50% W 9% 173 N
W S T+ thA + A AN
975hPa SHbIHIE Z ('C) 3.0 35 2.0 4.0 2.0
REEH I FRIE (°C) 4.4 3.9 3.2 3.0 34
REEH I RGE . (mfs) 1.2 1.6 1.1 1.6 1.1

11



3.6 SR EHY A BRI LR E JHRTE]

DINIERAS 2 S50 55 1 R SEANGE R B, 00T 1 B 0mIR S I A Brg e (1 8) P22 v I (]
(k2 . K8 W, MLt EERIALT (12, 1. 2 /) BiTMAEKKEYEFES] (11 H
—3 ) IR E AT, 59 S A AR BB 10—11 f s AR R B IE 1112 ., SRR
PR BB 10 H o XA A SR A TR A 5% W E A R B KR m ], &
AR TR R Z; MFEREFNALXFNENET, SRR IRGHA RS, 3
—4 H 3R B R 0 4 A RS A A S A A S, HATHER, R KR Bl ik (1 30
CRECREE, 2007) , DA, S50 AR AR R s, BEmr R A LBl fe e o

35

EEE fog—1 fog-2 E= fog-3 e fog—4 B fog-5

=
6

o

.
7 8 9
A
Kl 8 1980 —2019 &K1 X I ML 3K 55 1) H BrAg ik
Fig.8 Monthly variation of REDF with different circulation types from 1980 to 2019

EARSRIKR S A 21 S ILAE 2016 —2019 4, FE TR BERISTE 1% SRR S T 4 A 45 SR [A]
(K 2) . BIRATW, smkFHRFITIAT 23 I, BBWHHCT 110, “FHME, § 3 K- FIrahm e,
FIRERE X 3 2R LSRG 5 0, MU FRIR S E R T B i . (BRI SRR I R A R D, X 2 KR
IRFEITIRELR., M PMm AR KON, RSN, AR AR AR KA, AT SRR
%5 BT B0 VH B TRV AE H S 1—2 h, DEBVE RO LA 32 28051 H S i TR . B 7R, IRk S
FR P BRI TR Z2 500 AN K o (RIARE BY 5k 35 R SR I IRV BLEG, 7T B8 5 TR B O A 2 i R BB A 2% (Shi
etal, 2012) .

x2 JRWREBRRREFIG. LERMIFLERIE

Table 2 Start time, end time, duration of REDF with different circulation patterns
HFEH AMGIEO  BREAFITARR T S P A ) PR A Ch)

e EIRE (5) 03 /05 i 11 /09 It} 4.0
BERTRL (9) 23 IN/05 i 11 15§/09 I} 47
FEENEE (0 00 /04 B 09 I}/09 i 5.0
BIREAS (1 00 H/00 i 08 i}/08 I 8.0
EEJEHR (2) 00 /01 B 09 /09 it 5.5

4 ERBEBRIREHIRER

08 I HEZENIMRILH AT 008 4 2K, RN RRAM S RIERGAH K, WA IS Z AU Rk

FINRIEH, WU XIS & RGN AL E S 4 BINREHA w4 (R3) o RIELG T HRBHT
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WHF X T . 925 hPa A R AR BERFFIE. XM, & 2 hanih 7 R BEuh s 5 0 & R H T
08 i IRV A PR R B2 o T T B A 20 AT 58 PR 8 SRR IR SRR SO B R S5 1SR, |H T 2 SO 38R 0L,
Ft X ARAR AL T R AR R A R X N, AT PR IX 2 590 —2%, o 18U 2 B,

4.1 S ERIEREY (haze-1, haze-2)

R AT 2 FEA T 5 bl 56%. TR /A1 55 e R AL Y 3Rk 55 (Fog- 1) T A AH L, 3 HLAY
S R AT 1 BT ASE (9 o EIXALT R RIS E S, M A TE ALK, B
Horfr, 2 AVAEE ARG B, SRS, 1. 2 B0 P % 43 1035 hPa, 1030 hPa. 925 hPa
AL P 43 AT 5 T AU A AT ABL, W 98 DX I T v i 0 ) S5 i R DX N, 530 T U A A AR AU,
2 B RO AL B AR (FE 35N P , IXEAFX B 925 hPa [ AU JRUH  AHXREEASA 2257 (R 3) ,
it —SmBlE. BEEES . 925hPa, 1. 2 B 7T Xk 4 Al wa Ak X 2 mis Ak X 4 mis, HEXHE
JE53 52 60%~70%F1 40%~50%, 2 B4A BARIT-F, HA PR, (R AR RHEC, 0RA
FF- b RS IR, T SO, 2 B3R T SA S 975 hPa, BT LEJ2W-Fift, 975 hPa Lthfiik 2=
R T 98K, 1N 2.5°C o 55 2 BUBRULT 72 B bl b 17 PRl s 2 UM T 50k S5 1 38 m JR AL A (1 2) & SR 1 A,
WFE X4 925 hPa i) 55 IR 43I AT, WRFEFIRA I, 1R Rm, OGP 758 2 21,
I JEANAFAE T Hui 22 1000 hPa (& 9d) .

* 3 EE BRI REE 925hPa SR ERIFE

Table 3 Characteristic of meteorological parameters for different circulation patterns of heavy haze (HH)

RS e A AR m ke
i bt 178 (37%) 271 (19%) 19% 26 %
AR IR 25 T 34 5 = L 2 e R R A IR
10m K. KGE (mfs) NNW. ~0.0 NNW. ~00 E. ~20 SSE. ~2.0
Ml K (m/s) NW. 2.0 N. ~4.0 E. 2.0 SW. ~4.0
925hPa FHXT VR 60%~70% 40%~45%  70%~80% 60%~)70%
B ER AHE 3 Ve iR Bz
WS T T N TS
TR T 1000 hPa 975 hPa TIH R 975 hPa
WREZE (C) 15 25 / 3.0
S SRR (T 35 3.7 23 3.1
T SERGE (mis) 14 16 27 2.2
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KO mknll 1 8458  (a) 925 hPa mi Bl (SE4k, Bl gpm) KiiEy GHE, B K . (b P
AR GEM, ¥A7: hPa) M 10 m KUAFF.  (¢) 925 hPa X% M AHAHEE (E M, A %) « (D)
W72 X300 25, (33.5°F, 117.5N)HREE . FHXHE 145 R 2%
Fig.9 Haze pattern 1 in the front of High pressure: (a) Geopotential height (solid line, unit: gpm) and temperature
(shaded, unit: K) at 925 hPa, (b) Sea level pressure (solid line, unit: hPa) and wind barb at 10 m, (c) Wind barb
and relative humidity (shaded, unit: %) at 925 hPa, (d) Profiles of temperature and relative humidity at the center
point of studied area (33.5E, 117.5N)

H5gik S 155 m R AL AYAR L, 58 00 m R AT AP I USRS B AR X E S A, RO — 3
ML R (Z5 B 5285 o FRAEA, BT IX 80N VE R R, A R TV SO SRS, BRIT A4S
R N, (Rt ) T A e BRSO e R A 4, TR RIS %Y (Shietal., 2018; Jiaetal., 2021) ,
ET IR AR 22, AFIT MM B 2 AT AL, v o 3 2 2 5 5 Ak 5525 2R 1 XS R i i P52
FERAR. WWIX—REEFRARRIRKS, EERFAMBKIARKMEALT
4.2 SEREE (haze-3)

o R JR A 58 5 v R R 55 (Fog -5) (¥~ T AUR A0 A TR AR AL, EUBOMT =, 6 I s R b O s R LSS
ARACH X SEBA RN, R TR B EEROR, B FE X3 10 m P35 KR 20w 4R X 2 mis; H S5 I VLIR AR
PRVETE A 4 mis (LR, T 58 T 5 4 BB VET N 2 mis M A (181 10) , X AT RE(H S E I HUZ A A 5/
N2, HAEBEKIES RN, TS8R I EA 2SR5, 5ioh, IEHESS R AR E R T IR 5 dbnis 44

[ F 7T X A %5 (Shi et al, 2018; T /R BE4%, 2023) . 925 hPa, 7t X I A7 T i B # & m & pi X (&
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SRR LGS, PRI, I R e 52 - TP RIS, RIS, i ROk e, MEATE AR T 2 mis (&1 2)
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Fig.10 Haze pattern in the bottom of High pressure: (a) Geopotential height (solid line, unit: gpm) and
temperature (shaded, unit: K) at 925 hPa, (b) Sea level pressure (solid line, unit: hPa) and wind barb at 10 m, (c)
Wind barb and relative humidity (shaded, unit: %) at 925 hPa, (d) Profiles of temperature and relative humidity at
the center point of studied area (33.5F, 117.5N)

4.3 S EEEREY (haze-4)

5 (1750 He 5 2T T U N 925 hPa = B2 40 A TR 348 5 55 B 2 (fog-2) AR L. 925 hPa, M AEILE
e g —{IOH, RN IX 5 e 5 SRR A UK, M AT KU R R BOR, AR KRR S, A
DX 3T R RV 3, [RITT A T DA SOABERT Y o M TR & 2 oK SR IR FE B3 T, RS
J¢ (Shietal, 2020) . LIS, W FHAES L, SEA R ERILRTS, Fi, MeZ kX
VORI E R, UL SS: 925 hPa AL STtk B] 10 55 m 28 it (&l 11ab) , BRI v dkA b 0
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ik %1 3°C (F11d) - HE 2 AT, WGBS T RERIEREA K5 RT3 3¢, HELZKER MR, H
T Y AR R KRR AT, (HRGE B, RBE X PE A E R T 2 mis, LLZ i 1mis. BRI,
LT3 R 8 A - 1) 2 2 J ATt i X Al K

GZibprd, REEEENE - RAREAMSRIERGE R, Hit— DB as L
W14, 2016) « VL% (RAITHESE, 2016) ) PMys {5 e L 58 (IS S0, WF 5 DX oy e s i e 1959
AR RIS, AR T LS e A A R AR ARSI R A . 5B AR AR SRR % EEBOR I,
BRI A A RERR S 1R A A o
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Fig.11 Haze pattern in the rear of High pressure: (a) Geopotential height (solid line, unit: gpm) and temperature
(shaded, unit: K) at 925 hPa, (b) Sea level pressure (solid line, unit: hPa) and wind barb at 10 m, (¢) Wind barb
and relative humidity (shaded, unit: %) at 925 hPa, (d) Profiles of temperature and relative humidity at the center
point of studied area (33.5F, 117.5N)
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5 i

RAR T R 5 TR IR 55 AL IR OGRE TR -, RO AUR A 925 hPa =ifEYs, R 2B R R
TR HTE, 456 ERAS 0.250. 250 AT Bk, Xyl DAL ZR # 1 [X 1980 —2019 4F 08 I [X 1 5k
Z R AR T A A, SRE MR R B 5 M A R R R R AT H i ig— BRIk 5
(I BALAE, 6T H R BRI T SAARA ) B 5 5k S 2 S RN 2 5, IR0 B 38 R AR L 1)
JEIH . 25 RR

(D HBIRF R IHRILHA T LSRN 5 2K, BRI Pk b, PEEICESRILEE —A &%,
HIF 2 DX A7 T ¥4 1o R B 30 (R 2 IR R B X s 925 hPa, R EBIBIX iR Mei CPYRGEZ 2 mis)
W E XA T B W IR A X BB 7], MECHR R = TR N, % 925 hPa 5k
850 hPa, AHXFIEEEREZE 60% LA, AHTHmFRG iR B 75 iR (7%) BJE—3K, MERRIEET
HA—MRRARERS, WILRS, 5 Kolinsh: SmEdbisay (33%) . &kl (29%) . Fm/k
PR (19%) « BIREAL (11%) M EIRHE (7%) o« REEERIEIAR, 800 F, X
AN ORTEIE<L.6 m/s) « B IR CPYRER>3.0C) « 782 FIKECRIE (FERFX B RE R R XD
HhIH %2 975 hPa ¥ Wi, 975 hPa SR %= 2-4°C.,

(2) EEFNKIFF AN 33 BT (56%) « mEREA (19%) I EE A (26%) ,
i 2 R m A KM K, J5 1 3 m B REET b & RIRRUE A A 5 AR S IR 5
XTEAAII5E 5 S 0 AR KM LRI, B EAR KR AMIRS WREFEA . OKIRFHAL R
AEREANTA S (RERTHEL, ALk 56%) 5 @925 hpa M1 &, HuififE R EA 2 XA SR
2, HAHERGE R CPERE>2.2 mis, mEREE . mEESE, S 44%) .

(3) S8R S5 I VETT R IR SR R G4 IRk 55 T AR At T A R 1 Jm S R A, P, A%
RGEFRKIRIE QAR RE) , HEER MR REN B —, A LMEmERS, RE &R E R
WA WEE, HERERT. Fit, #EHEERARIKS LAESE N SRR, & 72 MKk
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