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Abstract As one of the main processes affecting cloud and fog, entrainment-mixing process has
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an important impact on the cloud/fog life cycle, precipitation formation, radiative transfer, acrosol
indirect effect evaluation and so on. In this study, entrainment-mixing mechanisms in a radiation
fog was discussed from the microphysical and dynamical perspectives, which not only improved
the theoretical understanding of entrainment-mixing mechanisms, but also revealed the
development and dissipation of radiation fog from a new perspective. By using the comprehensive
field observational data in Nanjing during the 2006 and 2007 winter, entrainment-mixing
mechanisms in nine fog cases were analysed. First, a radiation fog event during 10 - 11 December
2007 was studied to understand microphysical relationships and entrainment-mixing mechanisms
during different phases in detail. Results showed that the extreme inhomogeneous
entrainment-mixing was found in the mature phase, in which volume-mean radius changed
slightly as number concentration and liquid water content decreased. The homogeneous
entrainment-mixing was found in the rapid dissipation phase, in which all microphysical
properties decreased simultaneously with positive correlations. Except for microphysical
properties, the scale number was calculated as a dynamical measure for entrainment-mixing
mechanisms. In the mature (rapid dissipation) phase, the scale number was small(large), indicating
that the extreme inhomogeneous(homogeneous) entrainment-mixing was most likely to occur.
Then the microphysical relationships of the other 8 fog events were examined, which indicated
that volume-mean radius had positive correlations with liquid water content in general, i.e.,
homogeneous entrainment-mixing dominated. The research results were helpful to the
development of parameterization schemes of entrainment-mixing mechanisms, and provided
reference for the simulation and prediction of radiation fog.

Keywords Entrainment-mixing, Radiation fog, Microphysical relationships, Nanjing
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%5 fe RE7KMBLUK f oL & T R Z A, FKFRENLEE B S | km BUFIIRS
MR (45, 2008). HRAEHE WLEE VK 25 70 A REILEE AT 0.5~1 km )55, 0.05~0.5 km ik
%, /NF 0.05 km [IBRIR T (R IS5 H, 2003). 55, JEH RTS8 XKIFEE UL KRR,
Sof N 2S@is i TAOAE P22 7= H i W ARz, B 5 2 5] R R UEMES,
S 3E KA A 0 P45 25 (Gultepe et al., 2007; Niu et al., 2010b). K A AT 23 e 35 R,
DRAEHEEM, IR T — RIMH I

H A2 Taylor (1917) 8 VO Z5-3EAT WA 78 LLK, 42 2538 FEAA 7 S8 O e 55
A3 AR, 038 B 2 24 BT 3R R IE F7 Ll (Pilié et al., 1975). D& DUARZEHR R T
(Roach et al., 1976). = KAk (Fuzzi et al., 1992, 1998). 3 FE &£ 4114 (Collett et al.,
2001). INEE K EEF 122 KB4 (Gultepe et al., 2009). 7% [H 22 (Haeffelin et al., 2010)%%.
WAAEZHIF & T Z I 7L, W XOR LI (I B EE, 1989), (% s AR K &,
1995). PEXURAN(HE £A4E, 1992). HIR(FTHMEZ R, 1994), I T i A (3 7184,
1999). |7 ARG (5 5, 2007) BEPE(EARHEESE, 2011) R (T 2B (Liu et al., 2012; Niu et al.,
2012; Liu et al., 2011; FEHFASE, 2010; 2= F1HE4, 2011; Li et al., 2019; XiuiPH, 2011). 4£db
(Guo et al., 2015; Jia et al., 2019)5F . LA B0 Z AT T REMIH T, MAFE RN 5
MT 7 Z R rigi. Hegh . Rigr. ZZRSVIEERE, (RN FE P HIBRE TR AR D,
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SRMAER I = 5 () F 2B T, RERGIEMEEE EENYEIREL —.

RERIBAEZTWENB = ZF, BHEFZH R ERERE. Stommel (1947)
HIRERT GRS, JFHR RGBS MT Rk, 7] DA = L
AT ME = TRAL AR, T T EIRm B 5ok i, BT /KFEHIR R, REFEREA R
T, ARG IR /N . ABRA TN =5 K BA W, —THSHs%
7K TINS5 P 7K, 55— 7T X AE 2= 55 T 1 14 98 AT A3 T+ 4 7K (1) il (Cooper et al.,
2013); FERH KA ER = BRI, SR G RN 2= 55 1 SRR A 1R KR
(Chosson et al., 2007); &35 7E G s FERT A 0 TR 422 350S4 H 5555 0 358 i 79 e AS (] 7 2
(Kim et al., 2008). HIMATEUE 1SRG R GRS 2 Z BRI R = F 4 a .
SR A R AN SV B 2 RS A5 A o B R

TR GV RVE R T2 AW EN S F 5 B AR, ST Zhs), 5T
ST 2RSSR, HA 5 /AR S ARG A N S A) T2 (Baker et al., 1980; Yum,
1998; Lu etal., 2011, 2018a), fEifiii(FH T T2 M= ZRAWFAN, =FHaRERKL
o ATLGHI RS AR BRI, RIX AR REREGER. B5REGREGTE
(Warner, 1973; Baker et al., 1980)ifii Ui ®, JRAHAKRR, TFEAWEANFF 2GS
HuFREHL, MBS AT HERIRAEMES, [FR 2R REEN, Bk B &K E
A2 SRR E I8N, 2= Z5 i i 1) e 7% o A3 5] Je 1R A 13 72 (Latham and Reed, 1977;
Baker and Latham, 1979)imifitbb#:55, Z&RIIRA R, ANE=ZHIAEKABEREAR, =
FHARAES, LT RN ZWMARKNTERE FZ WAL, =5 REAZE, Bk
FERIE K EIRD, = Z 1% m T .

W AhE I AR W (Gerber et al., 2013; Lu et al., 2011, 2018a). ¥ g4 5 (Jeffery, 2007)
DL B AR, (Kumar et al., 2018; Hoffmann and Feingold, 2019), X 2% 1) 24508 & i f ik
1T TR T Telford and Chai (1993)AH Z5 ) KHLWI RN BL, 2 it ss, s
KB P E R LR e RO R K . BT T RERWHFT, HENT—4
KEREGEE, BRI & B R KA B L, R ANE &
(Lehmann et al., 2009; Luo et al., 2020). 5 258 55NN E) KGR A HLH] & F S (Jensen et al.,
1985; Burnet and Brenguier, 2007), Y&\ M E$5 &) 9346 WA HLH 5 £ 5 (Burnet and
Brenguier, 2007; Gerber et al., 2008; Freud et al., 2011), A LN NFERASHLIHFINTHEZ
[i](Lehmann et al., 2009; Luo et al., 2020). K 75 Zidt— 0T e = Z IR S LI 0 43
o

T, Yang and Gao (2019)% FE 25 T 1) 45 fa U 1255 PIRLSUR, R BLR A I
TER SREFE IR R, WAL RS, Tisas: HRA R sz WS T N8, 87T
W5 WER, % ARSI E it . STk, 70t % iSRG R0 BE AR 55 i)
B WT7. B AL AR A L.

ARG T 2006 ST 2007 R A ZEF A &, FERF 2007 4 12 A 10-11 H—
RS 25 I RR AT IR N34T, AT BRI 3y 7 5 A J7 TR ) 4 S 5 s RT3 3o B ok
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T3 i, R % AR BOR G IR G I RENS 55 BRI, KT B4 A1 BER R R S 25 1) R e i
TOERE, OvEEH RIS, IR S ORI E

2 WM ZER RN T 0

2.1 ZREEIR

2006 1 2007 42, TEVLIAA FE R i AbAT R U5 B LR RS R (32°12N,
118°42'E, 4 m g 25m) BT T AFF LG M MMAR, e o WA 28 e 3 B
M H L 1 s .

7K B8 LR FH VL 58 To 2k H R 207 78 A BR A B 113 1) ZQZ-DN2 Y e LA AT B
ZWLIN,  FLJE B B IO A 33O MBI R B A A B R e e R W E . SIS &
Bk &KE. AFBPEEEESE) 32 Droplet Measurement Technologies (DMT) 24
AJAE I FM-100 B4 55084 10 215 32, AR Mie SUN 2, 8@ AN FR /N 5551 B
(IO U B R S5 AT A0 TG PTIE AR AT 2~50um (550, REESE 1Hz,
T R WA b R R S T B I TR R AT IR DR R, ARSI 1Hz B T R
Imin, 5105 1Hz M. W 58X E B 5 A 55 2% Vaisala 2 &) 4 72 19 & BIR
(DigiCORA) M (1Hz). =#EXiE 3£ [E Campbell 2> 7] 477 CSAT3 i A XA &
(10Hz). MO H A RER GRE. SE. HXHEE. KA K B35 %0 1
WAHE (Imind. BRRFEVESS, HROEEIIBTHIT b KA A 5 i (5 S
TRRFERIRERME.

BAIM AR R A ST, R TEANFIEANBFE G, BT EMMER
WA, TAA 2 TUl(Yang and Gao, 2019), MIMTFZI S HANF m IR B R . = i)k
RGBSR THE. RARm RN, Krueger (199348 H, BENIT AL
NEBRZZTNHIREG, ESHMBENZZE . BT 90 = T8I 51 &P 4,
Telford(1996). Wang et al.(2009). Yum et al.(2015)ib45 it 1 J& R A ML B = B A ARk

1 W H R

~

Tablel List of instruments used during the experiment

PONIENE IR 7 T HAEW 5 H BB
fE W EZAL ZQZ-DN2 TLH3 oL F R ST AKPREMEE B (lmin) 1.5m
P FM-100 % [E DMT FMEAR BURE. BKE (1H2) Im
ZHSME DigiCORA 2524 Vaisala VRGPE PP FE A

VR LLERZE (1HZ)

e RUE AL CSAT3 [ Campbell ZYERGE ., A RER (10Hz) 3m
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AR SO AL ELRN S J 3PN T7 THIR X 53 3 50 Je s TR i R A A i {251 2] e s TR i A
T3 10 R AR AR A 550 RS ANBOR | B 7K 8 2 A 5% F R X 70 AN A R TR B i 72 (Burnet
and Brenguier, 2007; Lehmann et al., 2009; Lu et al., 2011). fE¥SIREREIRES, T8
NG, BT PR SMHESRER L EHARNR, GREGREIAFZRMERN &K, RER
s BOR FE AN 7K TR R 5 4 2R SR SR R8N, S5 RBERIBORE . Bk R IEAH
KRR EWImARA S RAER GRS, BT ARG HR, WA RETT 50K 7
KRHENFTARZEK, FBESOSRMAM, L&+ S AR LR, BAFHFRK
JEME KRR, REAZ.

Mah /1771, ASCEETHE Lu etal. Q01D M TEENE GHIEREH N, ) Rorik
HIRA ML . I8 XA Lehmann et al. (2009)F H #7395 ( £ ) Al Kolmogorov fiURUE (77 )
1) LU AE :

L*
Ny=—, (M
n

L* A 81/22_ 3/2 , (2)

n(gq, 3)

Horb, o RIRAEHCR, 7, RKRMFERE, BRHTEEER(r=0)8#E T2 SRR E
L F] 99.5%CE WAL s > —0.005) AT f (IB (8], v oNIBshREEE. N, K, JeBIR AP
A F345], Rz M m T AE 51 A AR A I8 RBE S, A e 2 R 2 TR A LA P i
Ao AT RAMEARL, BT T REEOX A B I, Wik, A0 i) &
ZIEMIRFR . B IR EARSS &, T LASE A b e R A WL

FERBRETRT, 7, W WFE T AR IR RUE 7, (Burnet and Brenguier, 2007)
T F AN 5t TN 8] U 7, (Kumar et al., 2013). Lu et al., 2018b #R 1 7 AR R Btk =
TR BRI 8] RO IR, I 24 F T R IR A T AR o o i RO RN EOR BE IR AR, 7, S
BRI B AR e R . R, ACSCUHHSE N, I BT R B R R N 7, 0 BRSO
FEANH AN b 58 42 28 R T 75 RIS )
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Hrp, L REEHR, R ERKRMHAEELR, 2FE, p, BKNEE, KEFRMIFAR
B, DRKEYERE e () =N ¢ NP IK T EATIKIRE .

4 Kolmogorov-Obukhov Hii ity B4, 7RG M &I X vH 5 XE 7 S i i 2% 5, i
RETE 25 B S5 AR MR 2 A 0¢ R Uit 543 B FEHUR & (Champagne et al., 1977; XM HE4E,
2005):

u

S ()= a8 (ﬂj ©)

Horp, fORERIRE, S NEGEEE, a,,, N Kolmogorov 4L, ;z(uz +17 +w2)1/2 oRe
BIRGHE TEBPERIX, S By Alw 2 S u 4B 4 /3 £, FRG A A% 1) ) PR B HE R S
a BN AHHFRHAE, Ba, =0.51,a,=a,=4/3-a,=0.68. S5 f MR, 5 f1-5/3 WK
1E EL(Stull, 1988)« A SCHR #8101 1 77 22 504 AL BEE 4 EddyPro (Version 7.0.6) H = 4 XUE 15
MR £ S, FIEE6) AR B IR FERCR € .
3 EAHIITE
3.1 RERESH

2007 £ 12 A 10 H 08 i, 500hPa [ L 110°E FHcA#l CEIRG), BERLAr 118 T 52 75
FARREN, HASRTE A, AR TIRAREK, 10 H 20 B, ZEARBLE 120°E (B
R PHUT ) ELBREEIRES, MR RUUR, 11 H 08 i, iZf#iH2Jc. 700hPa 1 10 H 08 i
115°F P78, PUmRRE A sRsh, 11 H 08 if, 7F 33°N, 105°E P43 i 5K Ho AT i
IV 2, U132 2 s AT PO R RSO, i R 1 R IRIE <. 10 H 08 If %2 11 H 08 I, 850hPa
B ERE R X 2 o A, KR RAERRE, WEEREN, BEX, BHEMR
5. fEHTH RS, 12 H 9 H 208 % 10 H 20 B, REHLXEEAE, mMaBAmEs, -
SRR AR R WIE, 10 H 20 WHERENME, RN, KOEEUDN, SELMBEL T EY,
AR T R AR A F AR E T R, AT GRS 55 11 H 09 2 f5, BT R BH %= 5
W5, ZTHHL
3.2 EME. MMLRIREER

RAEE 1, 2007 4 12 A 10 H 22:31, BEWNEACT 1km, %M ZIEES 11 H 7:36, FH)
PR MESG SR A AR W R R AR AIG, e AR A 15m IBRIR S RFEE T 77 4%, BEAE KPR
A SRR SR BT, 4R SRS, A 12:30 RE L TFAA AT 1km, FIHEL
NS SRR RR ST 14 AN MR E AR, MR EERGE BT, 7E 23:24 IAFIRK
1B 100%HOREFAE: SRS TR, A5 HPuE B KUEIRAN, BRI T % 18 B4
FE, TN ASEEOG R FARRMEMRAT, DURE RO E, 25 DRI .

RAERE IR . SR BRI S SRR (B 1 B 2) AR s 55 1
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Fig.1 Temporal variations of (a) visibility (vis), relative humidity (RH), (b) temperature (t), pressure (p), (¢) wind

speed (WS), wind direction (WD) in the Nanjing radiation fog during 10-11 December 2007. The I, II and III
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211 Fig.2 Temporal variations of microphysical parameters (a) number concentration (r), (b) liquid water content
212 (LWC), (c) volume-mean radius () in the Nanjing radiation fog during 10-11 December 2007. The I, IT and III

213 represent the burst reinforcement phase, mature phase and rapid dissipation phase, respectively.
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Fig.3 Correlations between (a) volume-mean radius (rv) and number concentration (n), (b) rv and liquid water
content (LWC) in the Nanjing radiation fog during 10-11 December 2007. Color bar shows time. The I, IT and III

represent the burst reinforcement phase, mature phase and rapid dissipation phase, respectively.
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Fig.4 Variations of (a) relative humidity (RH), (b) temperature (t), (c) wind speed (WS), (d) mixing ratio (MR)

with altitude (alt) in the mature phase in the Nanjing radiation fog during 10-11 December 2007.

HEL LT aT s, 5 BRARUEEM . B8 RS Z B MRS = S s N &, 2R8
T CATG) ) ¢ FARXRE (RH) BUM JE 55 2 [0 #-F 3918, A 30(4)H ) s =RH -100% ,
AT BURCR E7KE BR324, 5 DU 70 i b 2 7 AL (BB FA S, 20115
Lu et al., 2013b; Gao et al., 2020)-

UeAh, N, T EIE R e o RIS KR TR, B T AR S 55 0 R A B
A, v, will, Hort z G BE, d AP, U AKE R, B f(z-d)/U
RRTLBNIE, o> N, YK S/ o> Fom RIRTIRE M 7 Zhruith. B 5 AT
8:30-9:00 )— /Mo, B B E LRI FR N-2/3, AT LUE I RE S 2R R B X R A-2/3 IR
, AL Kolmogorov 18 i) [ PRI ER R (A IS, 1990). #RHE A (6) T FH AT & .
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Table2 Nine dense fog cases in 2006 and 2007

P Fidie T R 18] T HO 1] R R
1 2006.12.24-27 22:08 14:14 64h6min
2 2007.12.10-11 22:31 12:30 14h
3 2007.12.13-14 21:55 11:20 13h25min
4 2007.12.14-15 20:51 11:46 14h55min
5 2007.12.18 02:28 11:11 8h43min
6 2007.12.18-19 16:07 12:28 20h21min
7 2007.12.19-20 16:37 16:11 23h34min
8 2007.12.20-21 17:48 19:06 25h18min
9 2007.12.23 01:17 05:28 4h11min
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dense fog cases in 2006 and 2007.
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