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Effects of entrainment-mixing process and its impacting factors on cloud

supersaturation
Wenhui Liu*, Shi Luo?®, Chunsong Lu', Yang Zhao"
1.  Key Laboratory for Aerosol-Cloud-Precipitation of China Meteorological Administration, and Collaborative Innovation Center on
Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information Science & Technology, Nanjing 210044
2. College of Aviation Meteorology, Civil Aviation Flight University of China, Guanghan, China

ABSTRACT: Supersaturation in the cloud is the one of key factors affectin u cro- and

micro-properties. The Explicit Mixing Parcel Model (EMPM) is used t lu of

supersaturation of cloud droplets during the entrainment-mixing procgess. The’restls show that in

this process, the supersaturation decreases firstly due to entraine d then increases due
1t

to evaporation of droplets until the parcel restores new ly, the effects of
different thermal, dynamic and microphysical factors on the redugtion of supersaturation and

saturation recovery time are as follows: (1) Fa of small reduction and quick recovery are the

high relative humidity of the entrained dry air and initial cloud droplet concentration. The higher

humidity means less effect of entrgirine he higher\droplet number concentration corresponds
to the smaller droplet size and the/fastéreVapgration, and thus the supplement to the humidity of
dry air is strong. (2) Th arge reduction and slow recovery is the large fraction of
entrained dry air. ir is\gntrained, the more evaporation of droplets. (3) The factor of
and

large reducti iCk recovery is the high turbulent Kinetic energy dissipation rate. The faster

the mixing pkogess, the faster cloud droplets evaporate. The results will help to improve the

understanding o ainment mixing process and warm cloud precipitation theory.
Key words: cloud physics; entrainment and mixing process; supersaturation; numerical

simulation
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2 e HBR F G0 ) E BLAH G o, B R N S A R SR G ) R BT (/N T4, 20165
BTG5S, 2017, ARFE4E, 2017; Zhang et al, 2018; Lin, 2019) . f&/K 44 (Bai et al, 2018;

Hou et al, 2020) LA J R AR A Ak (RF £ 1955, 2019; Ge et al, 2019; Yang and Gao, 2020) .

S E MBS =B CAT K%, 2008; Xie and Liu, 2013) . SIEHKIA £
BN RS (/T 4%, 2015; Lietal, 2018a; Xieetal, 2018; [hiHFEfA%E, 2021; #IkES:,

2021; Wang et al, 2021) & KA REA EEEH (Miks, 2017; Lietal, 2017; ¥

TE R 2 0 T 1 2 T 1 5 2 ) B 23 A (Warner, 1969; Wang et al, 2020b) , S =12 18]
e UK ARl A T T B K o A2 S Bl i s 2 i VT 0 O S I A R B 2 U
G, AR AR ERE netal, 2016; Lietal, 2018b; 1%
55, 2019; FliFRAFILRIEST, 2 2) o SR, AT AER IR ¥ A iR
B SRR UL ) B SER . AP = AR S S A B AR
KBIRA I g }VZ PR B )/~ R B R 3R, (EL SR A VR 5 I R0 22 1 R = ol
Wy BB IR 2 1 AN Eﬁmwet al, 2005; Devenish et al, 2012; Cooper et al, 2013;
Luetal, 2013042018a; “K7#%%, 2020) .

Py UK WL TE M RESE IR R B, RN B R A s i P
(Morrison and Grabowski, 2008; Hudson et al, 2010; Xl #15%, 2020; Xuetal,2022) . I
BIRE I ARE L N = WAL, (615 =R Re e 4 Do AN R B0 MM, 317 5 S50 i 1 A
= i R 42 A8 4k (Grabowski and Abade, 2017; Yang et al, 2018; Li et al, 2019; Chandrakar
etal, 2021) . Lasher-Trapp etal (2005) KIMIHIRAG ST R FISEME WD), Rels FE
Z G A K T 3058 . Tdle and Krueger (2014) 8 H 4B IR At FERHERT, A
KIS [ AL T AHURES, FFAE P 2RI, oAb, REREEREZE BT
FEXREE « i S REAE IR . BT AL = PT & H) LK =BRSS5 . &

, 2012;

H A

3
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AN SRR BRI, RN BE DR /IR B2 OR (Pinsky et al, 2016) , i #5 KR,

IRA SRR =R RN (B, 2017) o BT3RO B AR B R FE R
KRS, ZBE S KA 7EKR, S HEOREAZE (Burnet and Brenguier, 2007; Luo
etal, 20200 , iEMIFIEE R PRIE N 2 /ME (Tdle and Krueger, 2014) . ifiiit 8 BEFERCR
BN, TR R A R RS, A B e AR A I R K AR, S
o = WK T AT RIS 3 R A 5e 2728k (Tdle and Krueger, 2014) . BN TS L
BIEKET, =Mz K% (Luetal, 2013a) . Chenetal (2020) IR 7145 5Lt 3 0 bt 5
BRIK, ENSHIT2SIGN, SRR R ME S . = TR AR, =Xt

2019) , mUHBRA S RAETEAZK (Kumar et al, 2013) . RE
Fo e RO R DA R A A R R A 43T, (B A7 I s AR5
HH R AR D KR R R T FR s LEEEﬁ?%%iﬁ%ﬁ%ﬁ%‘j&ﬂﬁwiﬂﬁﬁﬁ@, it
T — BRI ~~

BEXTLL b ), A SCR A 2 e (0 2 sUR & 0K (Krdeger et al, 1997; Su et al,
FERGIR G AL, BTt A

1998; Tdle and Krueger, 2014) , =

B AIRAGSY /({ M ueger etal (1997) fEZ MR (Kerstein, 1988,
1002) f3ERY £, T}M&ﬁzma@%%@éﬁﬁ;ﬁﬁ%rmﬂia@%ﬁ\%ﬁm
X A PRI K TC = AR A5 8 (AR S BRI B T = R B = R aS i R £
PN W B THEZKREZ R Z WAL, £ EMPM 1, = NS
(AR AL e B R AR IR A I FE P2 . EMPM U 5 R DL X3 Py S B R 4 B A 5 72 5
BRI (Austinetal, 1985), fERGEREY, TN THRE], BUXEH 5+
YR AR B X B, B8 S B N2 AT AN, (EF 2B AU X 5 A
SRS EYE (Krueger et al, 1997; Tdle and Krueger, 2014) . T2 NS B H £

Z=
AN
=

&

IR

KHFEFR Q) v, L CNEEHRFE R = EbE AR S = i e (Su
etal, 1998) . FiARWF:

A=—— (D
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Hrr, m 2 RBE, z 2R,

fEimiR AR, A BN T2 KA B, s A T2
Az W2 T AR DL ORI IR SRR B IIBE L o 5 T2 RN B RUR B XGIR R
WREE (ZPN=KEGD I, 7 HodFREIEH, I REREE bR B bh LN A1 )
o TV HUTREW R

% _p 0

- (2)
ot M ox?

Hep, t2IE, ORbrEY, Du2an T BEM. Wik, fERERAER RENS

FEAE =00 8 R L. KIRIR S EEAS R ARk, BHANEH Mo
W PR 28 K e 45 T F28 (Fukuta and Walter, 1970) :
r— A1+A2 (3a)
e A3+A4

\ -
S= (3b)

Hrp, G258 ) Mol A Ay QUSRI JFRA N (B IR 7, Ag AT Ag &
AL SRR B S ML, g /KRG aus A MAKIR A .

f£ EMPM 1, MR MZELRSRTE, mRBEE . T RIa T2
KRR A W ER, (FiEi WL REHANTN, IG5 T2 UL

PN o %/‘E R NAT S R AR . AR R N T
SRR 2 NEIRGEER, TFRENLE B N, B AR AR, i

EX

13 2 1 R PN T A B () AR A T A 2B Bk 175 )k #8 (Krueger et al, 2008) . #E & EMPM £
#, W7 E GRS IS R 2 (Suetal, 1998), FFBEfE A T4
ENE SRS PR C 7By
FBIRAHLEIAIIRSA] (Luetal, 2014; Luo etal, 2021) VLK IR AHLHISHUL T RIGFFR
(Luetal, 2013a; Luo etal, 2020),

H1 Tdle and Krueger (2014) FIBFFE—E, EAHFLH EMPM FIBALLX 4 20 m (£
%0001 m (%8) x0.001m (&) , L2 ms*REHEE N ELAIATH. Lt 375.75 s
JG, EBIFe R A EE, AR EEEAE Y 0ms™. AN 2 m %<0.001 m <0.001 m [ T4
APEE KB DA, 5 Z AT RIR G . BErh 2R AE Bk B E IR S A

B [F 72 (Tdle and Krueger, 2014; Lu et al, 2018b; Luo et al, 2020).
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163

TiH (Ragaetal, 1990) , =JEIRE . SEMKIRIES 554 293.95 K. 963.95 hPa. 15.73
g kgto TERBRETEF, BATESMIEE (RH) MBANTES G (D i s
BT 2SI E R RS2 AT (Chen etal, 2020; Pinsky et al, 2016) , i sh AEFEELR
(&) JHL AR e 1 FE R A i ok Suma L M A (Tdle and Krueger, 2014; Andrejczuk et al,
2006) , WG THBIREL (n) I AN 23 28 ACE F R A (Kumar et al, 2013) .
AR = B IR AR 45 5 7R, RHe 7] LLEE 70% ~ 95% (Burnet and Brenguier, 2007) ;
¢ ATLLTE 10° ~ 102 m? s (Siebert et al, 2006) ; n; 7] A7E 20 ~ 700 cm™ (Burnet and Brenguier,

2007; Hudson et al, 2012) . R4 LA E 455 PL K 22% Tdle and Krueger(2014) il

nPs, AT DL F A ORI S P 2 R AR . {1 )}33 04, WBLFER
BTN TZRBEREM . AW A Krueger et jl . Stetal (1998) . Luetal
(2013a) . Tdle and Krueger (2014) MH[FM=#E45#% (CCND RJKz) EMPM #i=X, CCN
2.75 cm®. N T BRI RO B X R

(IS0, N 23 HIEL 102.75 em® 1 1/3, 1 JURME SRS, BP 34.25. 102.75. 308.25
em®. LLESHIE 1 FR.
1 B3 (EMPM) $E¥HRE.

Table WParameters in't it Mixing Parcel Model (EMPM)

ZH // ZHUE
AN

FEHEFE w (ms™h Jethi: 2; R 0
ZIKAHE (hPa 963.95
TIRIRE (K 293.95
TR A H 15.73
Je R AUE (hPa 888.9
BATERRE (K 289.3
FBANTEUKIREL (gkg™D 115
BT SRR RHe (%) 22%. 44%. 88% CHfiE)
IHRBNRERERER ¢ (m*s™) 1x<10°, 1x10°% G | 1x107
WIUHZWMHERIE iy (em™) 3425, 102.75 (X)) . 308.25
BT ARRE S f 0.2, 0.3 (XD . 04
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3 KA G IR A LS K755 2= N I AN R R i
3.1 MERSLEE
237 ) PR VR B2 B AR A BRI = R B S5 175 RO R, BRI A S B G e R 5 I 7
S 25 7 ) L A R B (R S AT . B 1 SR T 24 RHe = 88%. e=1>10° m’s™, £=0.3,
= 102.75 cm® i, ELMZHEGLERESBROE T, ZHABELWME (AS =
RH-100%, H:Ht RH AAHXRE) « R EORE (no) B4R () DU 7K E (LWE)
TERBIRA SRR B ELREKIET, AS BER RGN, HE AS = 1.1%40 H
WEAE (B 1a) o G SETHA ZBE R KT 2K T 2 R4S T MKV
BE S (B R 2 2 W eSS TR/ IR R K TR A AR KR
BN KR FER R AR ARV HE N B R AR SR, AS IR E,/ AAH
#w—% (Morrison and Grabowski, 2008; # 745, 2011; Sun &ia
2020) o fEMREREF, nefRFFAZ (B 1b) , r ATLWC

=W HT AT REER,
6.25 s Itf AS HiBLE/ME, {H9-0.7%
SAETIMINEF FBHRERAL . Witk
bR R AT, 5 TﬁéEl’JJF/‘ S 2T 2, AS 1B/, MR, BARZR
e KAERR, ghi SURIARS AR BE IO, (R ASWTBIRE (22 s AS B8/
HRT =iz R0 AS M A umar et al, 2017) . FHPIEXS AS [FIFEIIAT I, AS
L F e/ MAY eI, ne BT SRR FIA 2% 10 58 2 28 K 2.2 98/ (Lehmann et al,
2009) , fHMN 102.75 cm Jil /N2 71.25 cm™ (& 1b) . ry M 15.67 um /N E 15.42
um (1) , LWC WFREJa (1 1.15 g m®, =iz R/ E 1.09g m? (K 1d) . fEfE
JERNRE SRR, BT MR AS FIANRAEH 3T, AS BHIHE R, ne
LWC iZ#ik/N, B3 422.25 s B T2 0E R (AS=0) , ZEMAFHZEK, AS. N Iy
LWC fRFFAAZ
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(a) (b)

1.5 105
e Adiabatlc —
o~ Entralnment-Mixing g 1o
.\ﬂ l >
e <
< - Y5
4 =
T =
5 :
= = 8
E z
E G mmeenneal. -1 2 W
£ o
5 75 ]
;‘-»_s & '
: S 70 p|=—Adiabatic
z s Entrainment-Mixing
= 3 65 H
0 100 200 300 400 500 0 e 20 e 4o S0
Time (s) Time (3)
20 (©) 2 (d) v v
— Adiabatic ' e Adibatic
s Entrainment-Mixing Entrai Mixing
> 15  — 1.5

[

s
»n

Volume-Mean Radius v (pem)

Liquid Water Content LWC (gm ™)

[ 100 200 300 400 S0 0" e 200 e 4o o
Time (s) Time (x)

K1 BT S REREIREN S ) /7 J T %& (b) mHMBIKE. (o) HEIPHRE,

(d) EKERAZ. RELRRMML

Fig. 1 The evolutions of (a) su

radius, and (d) liquid }»{ in the adiabafic cloud and the cloud considering entrainment-mixing process.
The dash line represepts Ahe saturati ine (AS = 0), and the dot line represents the beginning of

entrainment-miXifig process.

3.2 UM
3.2.1 AEANF = AAEB AL H A

N T HEFE RH X AS [RFEIR, 7R HESCI60 BB I FEAE b, RH, 735l BB 88% Cxf D
44%. 22%. &2 TR T RH MR, ¢=1x10°m’s®, f=0.3. n=102.75cm? i}, AS.
Nev Nyv LWC 7ERBEIR AT RN . JBRAER, AS MEN 0.4%. KEE, AS FE=1
RH, F#EBEZE /N, I HI1E 386.25. 389.25. 394.5 s iA& B it /M, 5 9-0.7%- -4.1%- -7.2%.
1ERE G R AR, TSR0 HITE 422,25, 459.75, 514.5 s IAFIA (B 2a) - RH, /),
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AS BN TIE RO, BN, I BRI RIRES B 75 (T R . AT R SR AE L (RH, =
88%) , 4 RH.=44%. 22%Mf, n.. ry. LWC KIEHEN. n. 205 A 71.3 em™® Ji/h & 51.2,
30.4cm™® (& 2b) , r, 4 BE/INE 12,63, 10.28 um (8 2¢) , LWC 43 BlJR/N 4 0.43. 0.14
gm® (E2d) . %4 RH BN, $&ANT2/55F AS [RFI#K (Pinsky et al, 2016) , 5%
M REERRATKIR, ZEEFERAETEERMETSSERIMEM. B, ne re.
LWC TEVRA IR B0, I AR S AN i R] 2.3 34 K (Devenish et al, 2012; Slawinska

etal, 2012; %1%, 2017) .

(a) (b)
2 r 120
- —RH_=22%,
- g R = 44%
S < 100 R
™ % —RH_= $8% (contral)
s =
4 E
2 —
g & = b
g g
Z-4F 2 o0f
a =
z —RH_=22% ™
2 e RH_ = 44% é dor
= % -
i -—.k"‘ BR% (control) z
= 20 -
350 400 450 00 350 400 450 501)
Time (s) Time (s)
@ (@)
e RH = 22% ’ e RH = 22%
o | R = 4% RH = 4%
— l’ — ‘e —_— » — Yo
> 16 —Rll' - 88% (control) 1.5 4 .—Rlll_ = 88% (contral)

e
i

Volume-Mean Radius v (pem)
=
Liquid Water Content LWC (gm™)

- o
350 44 450 o 150 400 450 S0
Time (s) Time (s)

~C
Bl 2 BEANTZAHEMRE (RH) M, () mMABEEWAE. (b)) ZWEBIRE. (o FmEFY
FAr, (A BAKERIRN. BERREMLE (AS=0) , MBRRICHERESEABIIE T,

Fig. 2 Under the effects of entrained dry air relative humidity (RH,), the evolutions of (a) supersaturation of
droplets, (b) cloud droplet number concentration, (c) volume-mean radius, and (d) liquid water content. The dash
line represents the saturation line (AS = 0), and the dot line represents the beginning of entrainment-mixing

process.



220

221

222

223

224

225

226

227

228

229

230

231

232
233

234

3.2.2 iHAA ALK E MRS oh

M e=1x10°, 11073 (WD |« 1102 m? s2 i, & 3 &R T4 RH,=88%. f=0.3. n;=
102.75cm i, & X AS\ nes rys LWC IR, 24 ¢ A 1107 m* s° 38 K 5 1107 m? s i,
T ARAE R, AS 4)HI7E 410.25. 386.25. 381.75 s Ik /N 4-0.31%. -0.75%- -1.1% ([& 3a) .
FERE G IR AR, T2 S0 HITE 487.5. 422.25. 404.25 s LI . &k, AS I/
(Ome R, ORd, MR AR R (K TR, %45 LR Andrejezuk et al (2006) —3K.
Mg K, BANTEAIME AT MR AR, BT 2SI AIE R T E R,
AAEREI RN BE 2 1 =i A2 S, 380 AS KIE B/ . g /N, F
TEM W RZIIREE, 5>z A K A2 el 28 K, 1R “CRUAH X
[ (Jensen and Baker, 1989; Andrejczuk et al, 2004) , T3 AS /N
YR (R A K. Rk, BEA e IR, nes
TG, AFe T, new rye LWC {8 22 58500

(a) (b)
4 T T 1o
o~ T 1 9
" —1x10 o
02 ‘g 105 i
= > ==l x10 m" s (control)
3 -— -
= O v 100 — et 107 57
7 =
<2 s 9
s =
2 = 9
E <4 E
z S 8
= -6 H
4 i s
E—'"-” — ] 5 10 m¥ 5 E
< 1 : — ] % 107 m° 87 (control) 5 5
e a1 % 107 m ™ " | ;
-1.2 - . r

80 400 450 00 350 400 450 500
Time (s) Time (s)

(c) . i i : (d)

SIS SR |
=l x0T mT s

IS8

1

Liquid Water Content LWC (gm ™)

T B

=1 x10"m s
g A 1

=i x0T m s’(mmmﬂ

e
— et 107 5

X

-3 -
— et 10 mt s (contrel)

-2 1 3
=== x 10" m"s

156

in

v

=

154

o

i

Volume-Mean Radius ¢ (em)

148 z X A
350 4 450 S0 se 400 450 s00

Time (s) Time (5)

K 3 sl REARRLR (o) MM, () mMABEWAE. (b ZWHERE. (o KBFEEE.
(d) S/KERAZ. BEFRMML (AS=0) , REERRERATIITEIIN .
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Fig. 3 Under the effects of turbulent kinetic energy dissipation rate (¢), the evolutions of (a) supersaturation of
droplets, (b) cloud droplet number concentration, (c) volume-mean radius, and (d) liquid water content. The dash
line represents the saturation line (AS = 0), and the dot line represents the beginning of entrainment-mixing

process.

3.2.3 EAFE B89

K 4 BoR T 2 RH.= 88%. ¢=1x10°m?s®, nj=102.75cm*, f=0.2. 0.3 (X) .
0.4 I, AS\ ne. ryv LWC fERER AT R AL . 2 f I 0.2 85K F) 0.4 W, AS 437
383.25. 386.25. 384 s J/NER/ME, (HN-0.4%. -0.7%. -1.1% (/&4 RPN
BAZAMFEEE, FETSSETHE IR, Z2T8¥
ANITE RS K, 1% 45 BT Chen et al (2020) 455 —%(. Chen
B BRI R, NS W IT2 mﬁmemm i 5 R A 1
R, oW ARE A S K, %ﬁML4ﬂ2 758
0.4 i, TEIBHIRATFETEHIE, ne M 102.75 cm™® /N % 79.8. . 61.6cm”® (& 4b) ,

ry M 15.64 um /N5 15.24, 14.94, 14.4

ReERE
W, f
SN 0.2, 0.3,

¢) » LWC M 1.28. 1.15. 0.99 g m™ I
AR R BRER, Dy T UK

/NZE 1,18, 0.99. 0.78gm™ (& 4d

11
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(a) i i (b)

4 1o
L i — fl),2
- 0.2 g cool s f<0.3 (control)
e ik = — 0.4
4 =
< 0.2 2 “wr
£ =
= .04 =
E Z &0
= -6 H
Z G
N . -
;_ {8} =02 z 70
- m— =03 (control) 5
— X z
1.2 H . - o
w» 400 450 e 350 400 450 S00
Time (s) Time (s)
c) (d)
158 ( v v v -~ 1.8
o — )2 ‘.E — (), 2
£ 156 — =03 (control) 216 / =03 (control)
= — 0.4 U — )4
=" 154 =
g -4
3 2 E L\
=
:E ‘é 1.2
g = 2 \
= S
4 148 ] \
- =
=
T 140 Eo.s
Z =
144 - X =06
350 400 450 00 50 400 450 500
Time (s) Time (5)

Bl 4 BANFEAH D WEET,

(d) EKERAZ. RELRRMML

Fig. 4 Under the effects of entrai
(b) cloud droplet nu er}e/ tion, (c) volime-mean radius, and (d) liquid water content. The dash line
represents the saturationfling/{AS = 0), and the dot line represents the beginning of entrainment-mixing process.

3.2.4 ¥k = BdRBL YR

4 ni=34.25, 102.75 (XD « 308.25 cm™® i}, [ 5 FIR T RHe=88%- &= 1x10° m* s,
f=0.3 HIZME T, nifERBIRALFEF X AS. nes rys LWC FISEIH . 7E25HT, 24 nj= 34.25.
102.75. 308.25 cm® I}, AS 4354 0.42%. 0.22%. 0.12% (¥ 5a) , X Rif r, 53 5 22.49.
15.67. 10.88 um (EI5¢) o A i/, =0 KIAHISE GBI, = A RIR/KIR R,
BT LLIEERT AS A r, #K (Yum and Hudson, 2005; #% 4%, 2011; Xie et al, 2018; Yang et al,
2018; Zhao et al, 2018; Wang et al, 2020a) . ¥4 /5, AS 7 387.75. 386.25. 385.5 s Jik/)>

%-0.9%. -0.7%-. -0.5%. ni#K, AS EEER/N. 7EREE RIS, =TSS5 07E 454.5,

12
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280

422.25. 413.25 s IR R MALIRAS (B 5a) , KR ne 4 B/ & 23,75, 71.25. 217.45cm™

(EBb) 5 ry 2> BIR/NE 21.48. 14.93, 10.39 pm (& 5¢) . A n %4 T, LWC K
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