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Abstract

cumulus clouds for the first time on 3 July 2014 in China. Based on the airborne cloud physical data, macro and

Weather Modification Office of Shanxi Province organized an in-situ observation through continental

microphysical properties of continental cumulus cloud at different development stages were analyzed. The mainresults:
(1) For growing cumulus, the horizontal scale is about 8.2 km X 5.5 km (meridional direction X zonal direction, the same
hereinafter) and cloud depth is 2 km. The cloud is dominated by small particles, which gradually grow through the
condensation process. The maximum cloud water content (LWC) and particle number concentration (N,) appear at the
horizontal direction of cloud center. In the vertical direction, N, decreases and particle effective diameter (ED) increases
with height, while LWC distribution is uniform. The particle spectrum is consistent with gamma distribution, and the
peak magnitude is 10 cm™ wm™, where the spectral width is less than 100 wm. (2) For mature cumulus, the horizontal
scale is about 4.6 km X 10 km and cloud depth is 4 km. The ice and rain lines can be seen in the cloud. N, varies with
height, with three peaks occurring at heights of 3600 m, 4100 m, and 4900 m. The concentration of large cloud particles
initially increases first and eventually decreases with height. The maximum value appears at a height of 1.6 km above
the bottom of the cloud. Precipitation particles can be formed near the height of 1.3 km above the cloud base. The
particle spectrum is multimodal. The spectrum can be described as a gamma distribution in the warm cloud region. In
the cold cloud region, the spectrum is mostly a combination of gamma distribution and M-P distribution. The particle
spectrum broadens with increasing height, and the spectral width is less than 200 pm below 4400 m. (3) For dissipating

cumulus, the horizontal scale is about 5.6 km X 11 km and cloud depth is 2 km. Precipitation particles are present under

the cloud.

Keywords Continental cumulus, Particle spectrum, Cloud water content, Aircraft observation

1 35l

R TERH B =25 30%, RER =
RBhE. A&, KGR B m P H iR
o AT I H IR AL 52 A 50 45 ) v it 3
AR EE R (Stull and Eloranta, 1984), Ak
MR X TM . IR AGR SR 2. [
b, WFRAR S AR RN B2 . O Es ,
AR RE. RaWESKE. R ibasRet,
SN = B KRR AE B A B Z 1) kL2 3 X
(Warner, 1969a, 1969b, 1970),

BRSNS BRI, [ bR EJTRE TR R
LU . 4020 g 40 FEAREE CF R IR
(The Thunderstorm Project) (Byers and Braham,
1949) . & 1E X i 1% F§ 7K CCOPE  (Cooperative
Convective Precipitation Experiment) 5245 (Dye et
al, 1983) . /N = W) B 0T 5t SCMS  (Small
Cumulus Microphysics Study) 5236 (Lasher-Trapp,
2001, 2008) . ¥ 1% ¥4t F% 7K RICO  (Rain In
shallow Cumulus over the Ocean) SZ36 (Rauber et
al., 2007) . £ K J& /il DOMEX (Dominica
Experiment) S5 (Smith, 2009, 2012) %, iX
Be 25 A MRS T AR = I TR vt 1
REFWOGR. “HFR7 RIS I, o HUR

BRI W, AT B A 208 1~
2h, —BNIEEL BARNEEC A B, BN
Byers-Braham 7 & SR B0 (R 3EAT 45, 2003) .
Blyth etal. (1997) F|Ff CCOPE %+ 198147 A
27 HE AL BERL, 28 7R = WS 2 =
ORI EE . Rl SKEMRHE, JFHK
B, FERBrh BES, SRR BRI 2 A 5
K K. Hudson and Yum (2001) FJH SCMS i %
16 22 KA BERL, 04 T HES % (CND s
Bei 1z (CCND W2 B0 A, A0 HT T XU R A
(), ORI e v B b PR I X ) ) AR A T
A, RNEETT WORI, SRR E N,
Wi 7 ORI, SRR E ., SRR S
FURBE AR = AN R 2R R IR T O A2, 78 KRt 14
M, by ROERVN, IRERS, mrEREt
M, AHRER SRR &SR EKE, &
ARER BTN B8 H RICO 47 WL
LRGSR TR . RIS LA BERE, R IR
PRI T, £ RKE 2R LA E 500 m i &
TGHEIN, =R EARRDN, AR, 1
ERAE B R RN 1 km DL Bk o] DU A W, 1
BIAE 1 km & JE /2 45 7] L7~ 2E B IR (Snodgrass et
al., 2009; Baker et al., 2010;
2013; Boutle et al., 2014; Nuijens et al., 2014;

Rauber et al.,



6 1 LB KRR = A R R b Bz A O BRI )R ATLUL I 72

No. 6 CAI Zhaoxin et al. Aircraft Observation Research on Macro and Microphysics Characteristics of Continental ... 1193

Lamer et al., 2015). Smith etal. (2009, 2012) #
HI DOMEX % £, 73 #1 B 15 X 51 & ) Dominica
X SERE R = PR L KSR
Vogelmann et al. (2012) FIJ A SE46 A KL R8T
MMBEL, W T2 B, RaAFEZE
R PR ER T3 5% CONL K E
& (LWC) ZHFE.

BB, A — 8 At At 0 B 25 T T FR 0L i
4T, U1 Rosenfeld and Lensky (1998) . Rosenfeld
(1999, 2000) KA [7] i FEHIFR 25 2= TR RALER N
S5 R SR IS5 AT XL, FFRIH =T
BE (D MERCERE (R) 30T o 3 H.45 1) 0 f%
KIS RE, 8 T TR 77 @I =
FTRATERI, BIEFE T R IR B /K RS2, 3 i A
AL AN S CON IS, KILCONIRE T &K
R B, BETTT SR 2 L RURE ) 3 B JRE A
M = % . Yang and Wang (20160 FIJ F AL 7%
B THE T B EE R S T LWC FIUKOK & &
(AWC), FFFRLWC 5 LT R = A2
[ 9C &R . Tian et al. (2016) 454 CHLAIE ik %
B, GHEAXHR RS (DCSs) H UK = A B 2 41
BEAT T ORI S8, R I DCSs H TWC A5 B
H#E (D) 4358 0.47+0.29 g m> f12.02+1.3 mmo.
Padmakumari et al. (2017) F| FH B EE P IR KALAE
MR, X i TR Z ARRE R = A
FILWC. Z AR 7 BRSO 2 R AE .

M WES BT RREER, T CATLHME LUE N
AT . IS ZBE S SR AT LUK I, H RiTEEXS
R B CHUUI, FEELOEFEIERR = 8 E, X
KBV 2O AR XS e, it b B G 7 e v G
B TR RPUWIE RS H. 201447
H3H, Wi N TR I %8 P X
THRE 7 E N E UCRBAERR = 1) 28 K8, A SOR A
WL BRI TR i e T AR B = R
AN AP Ry &= SN VAR R Cd 50 D WS VA e A
B A7 TRHEIC I X AR S B AK R L O B S
FRERINIR, G R ABUERE U K = 2877
PP .

2 UER. BRI ITHRE

2.1 TEALERIB R
ASCFTAE R A BRI HUBER I BERE, 2RI AL

RIE-12, 1% CHL KATHEEZI N 60~T70 ms™, JEF
MR EL N 2~5ms™, KPS T £ E DMT
(Droplet Measurement Technology) 7 %) ¥ 48 I &
g (WERD, RERLATZEESE. (D ZRTH#
3k CDP (Cloud Droplet Probe), & ¥l Ay 2~50

wm, FE58 93084, BT I2RSAFEE N 1 pm, ST
18 RI4WER A2 pm, WTCARISRIESE . =ik

T o 2 =K+ B 4Kk CIP (Cloud Imaging
Probe), Wl & i H }25~1550 pm, 34K 6214,
S HEFE 25 wm, T EH T BRI DK SRR 20
(3) 7Kk B R kL PIP (Precipitation Imaging
Probe), &Y 100~6200 pm, FL53 R 6244,
r AN 100 wm, T EH] TR AR 5. (4)
KA G AR E RN & R 5 AIMMS-20 (Aircraft-
Integrated Meteorological Measurement System), I
LR TWERE. WA, MR, FAFHES
P 1 ) S S SN 5 SN 1 N7 5 7/ S o0 PRV
HI 44 X3 A 22 3 AR VA P TS, PR AN
AREHEAT AR CHLIRIE N BT = s AL —
B, TR R = B, B o 1 R
MEBTRE. FESRNZHT, A s 20 i bs €
NTHSDMGEASHERNK ARG RE, &5
McFarquhar and Cober (2004) . McFarquhar et al.
(2007) [AbEEJri%, CIPHIPIP (AR AR T 5
—REIE, RyEE LR, BB RHERNT
50 pm, LAY R ELAR KT 200 wm CEEEEHT SR,
2003), A 3CHUKE CDP AT R 5 RN/ = KL 5
CIP M43 WKL FK AR = kLT, PIP AT (R K
NIRRT

APk EESHEHE: COPRNKL 7% 1t
HMLWC CRAL: gm™), CDPARIMKFIsiHH 1
H WKL T H 12 ED (droplet effective diameter,
fr: pwm), CDP £ K ¥ & CDP-N (47 -
em™) . CIPHRNKL TR L CIP-N (Hfii: L™, PIP
WKL TR PIP-N (AL LD MRAEFTABI,
FIWT KN Z A AR TT%, W (@) CDP-N>10
cm” (Rangno and Hobbs, 2005), (b) LWC>0.01
gm™ ( Gultepe et al., 1996), (¢) CDP-N>0.1 cm™
H LWC>0.0005 g m” (Gultepe and Isaac, 2004) ,
(d) CDP-N>10 cm™ H.LWC>0.001 g m~ (Zhang
etal, 2011) . AL S Zhang et al. (2011)
%, 24 CDP-N>10 cm™ H. LWC>0.001 g m™ i ,
WA Az



K A B %

Chinese Journal of Atmospheric Sciences

1194

43 %
Vol. 43

2.2 TRATERIMESR

201447 A3 H 13~150 (b 5wy, FED,
PG N TR B A BRI H LT e T
N KRG . B RHZR BLZ M X = HOR[F &
JEMY B IR o 7 AN TR 5 BE ) 2 R, e TR
AT U0 g L 1

ALK BB WL ¢ G — B F I Mk
®AT, 1325 FAMTINEE N, w3611 m, KIL—
MR G Cul), 13:35:20 K EM == Rt
A7 B RARM, PRI = FE 3299 m, % I B
7.42°C, KWLE LAHENLZE, mRANSHREA, %
KPR EZ) N 11 km X 5.6 km (£ 7] X 4[],
TED, ZEZ1N2km, 13:46 KHLE %=

KHLEFF Cul J5, [MIPEREAA KAT, IR —
H R R = GE R Cu2). 13:56:46 &
MU Z =R BT % =, AT % 4048 m,
XTMREE2.17°C, M aanhEH @; 13:57:27 H =,

®1 DMTRERRLSHII®

ML = 5 e SR GE T RN
14:00:20 =, “HLH =5, LA, 14:01:25
~14:01:40 fER & B R ®AT, =%, LW
&, mUREATE. bE CHLFEIET, 14:02:
19 BN NG, ahEA60, =/E 4236 m,
P 0.49°C, b5 YHLIE = H AL IET, 14:07:42
Bz, HamE4943 m, BE-3.2°C. Zaf
K REZ) )9 8.2 kmX 5.5 km, = /E42km.
YL = ERmAR, fER LT, 14:13:
L2 HN—ADEIEFH GEANCu3), ANz EE 5000
m, L N-4.2°C, HLE ERGEGRKED, [FE
AENPETZ. 14:14:13 =, 14:14:54 F X
ANz, BEJETFURTE = B T BRRI, o 14:19:
06~14:20:06, KHLIEARLE R AT, KRS
N 4092~3742 mo 14:23:23 KHLFEZ 3200 m = %,
B NT08°C, 487K, 1426:22M)KH =, B
Ja M. ZAR B K REZ1N4.6 kmX10 km, 15

Table 1 DMT (Droplet Measurement Technology) parameters list of detecting probes
PRL AR Par= I Y5 ] /um A5 0 T 8] B/ pum RS A T ASTRE i
CDP 30 2~50 1~1291:13~30 42 i 230 UK
CIP 62 25~1550 25 ViE T NN ]
PIP 62 100~6200 100 ZRIBE R T
AIMMS-20 TRE RS R
388N @) 35+ (b)T reCi3u1iCui2 i iCu3 i
+4—Temperatul Yo amm H
i [ [ - 5000
387N — 30 {Altitude ; | ;
: o i
I | I
386N & Al i | 300
1 |
i i
385N o i i
o | !
B 15 i -0 ¢
384N - 2 ! o]
383N e 1] i <
- @ J L | - 2000
5 Mi i
382N ] b !
| |
- 0- i1 i - 1000
381N ] 1! !
i i
5- I
380N T I T I T I T I T 1 T T T T . T L T II I' L T I' T 0
112.2E 112.3E 112.4E 112.5E 112.6E 112.7E 1300 1320 1340 1400 1420 1440 1500

El1
Fig. 1
clouds on 3 July 2014

Time (Beijing time)
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(a) Flight track, (b) flight altitude (blue line, units: m) and corresponding temperature (black line, units: °C) from flight thorough cumulus
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Fig. 2 In-situ observation of Cu2 (the second cumulus cloud in the observation) on 3 July 2014: (a) Flight track; (b) image
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Fig. 3 Time series of (a) LWC (cloud water content), (b) CDP-N (particle number concentration detected by cloud droplet probe), (¢) ED (particle
effective diameter), (d) CIP-N (particle number concentration detected by cloud imaging probe), (e) PIP-N (particle number concentration detected by

precipitation imaging probe) in Cu2 from in-situ observation on 3 July 2014
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Fig. 4 Vertical distributions of (a) LWC, (b) CDP-N, (c) ED, (d) CIP-N, (e) PIP-N in Cu2 on 3 July 2014
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spectrum at different heights in Cu2 on 3 July 2014

Fitting results of the particle concentration
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Fig. 5 Droplet size distributions (dsd, scatters) and fitting results (lines) at different heights (4100 m, 4400 m, 4700 m, 5000 m) in Cu2 on 3 July

2014. N, D represent number concentration and diameter, respectively
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Fig. 6 In-situ observation of Cu3 (the third cumulus cloud in the observation) on 3 July 2014: (a) Flight track; (b) image
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6 #
No. 6

LB KRR = A R R b Bz A O BRI )R ATLUL I 72

CAI Zhaoxin et al. Aircraft Observation Research on Macro and Microphysics Characteristics of Continental ...

1199

W LWC # 5 . CDP-N iR 8, FHHERA
745.56 cm™3, B K1H A 4803.6 cm™, XN A
3300 m, FEL K. FrE2~4r, LWC & &K
ik, CDP-N A 10° em™, KT RJEIR/N, EDZS
pwm Zc 475 CIP A PIP #5 Sk 8 WU 2] (1) 67 5~ H50AH X #¢
%, CIP-N fix KA N 1864.99 L, “F¥J{H N 25.78
L', PIP-N#H KM N3.637L", FHEN0.069L",
YLZIY Be s oI A il VA K B H At Bk
i HAE . B2 R PIP-N A, BYBL4  CIP-N
R, BB S PUJE CIP A PIP ZR KL 750N 0.
322 ZWMAHEFEASAFIE

Pl 8 S Cu3 I 2= i HE e B v B 5 1 K340 1)
FEHE A . Cud FLWC IR K, NZ ISR,
L 2N ER R S NN N L ERE S N ¢
7£0.004~1.029 g m>2 A (& 8a), 3600 m. 4300
m 15000 m = B2 A =ANE(E, FHOR{EH1.039 gm™,
HILAE 3600 m = FE, i IBALAL T AL = R .
4300~4900 m = £ ., Cu3 ) LWC W &/~ F
Cu2, WJHEAH T Cud3 & ™4 7 Ukk ¥ 1 %
. CDP-N B & 5 (1) 48 fh & 34 5 LWC 2 A — 3
(I 8b), 3600 m. 4100 m F14900 m 5 =N 1&{H
X, 3600 m &=L CDP-N ${ fic K, 1% 3414.14
em@, 3600 m LN, EDEAA/NT 10 pm, HFERE
B0 2218 38 K, #R ¥% Rosenfeld and Lensky
(1998) MIMEEHAL, = T Asai K ERNE
(E8c), 3600~4400 m & VL [ PN, ED 2 iRAs
1k, 4400~4800 m = %, EDRE /)N, 4800 m

5200
5000
4800
4600
4400 1
4200
4000
3800
3600
3400
3200

(a) 1(b) (o)

Altitude/m

UL LN BB K, 0°CEmE (4400 m) UL L,
CIP-N B = S 38 i s v/ (8D, W AE HE BT
4600 m =¥, B K(E N 3566.45 L7, XNIEEL N
-2°C. 4400~4600 m, Ffi#5 KR E CIP-N )
N, Nk 7 W E CDP-N AR B b, ki1 R
FEURN, mWNATRER A T NE LR CREKT
0°C Hid ¥ HIKi . WKl KRIEFEH =X, BT
UKTH IR A KR AR, MK TH A KA R R, 2
Z AV A T UK TR AN K T AME 2 Ta] i, KA
TEVK iR FEEETAE KRR, KA W 28 K%
INERTH S KK AL FE ), R mi AW R K,
MK KR R 0K AR OB T R v
R B — PRk, B2 RMHEL . BN
BB, P& KR 73 B PIP-N B = B 3 g v/ (P
8e), I AMEN22L", 4300 m i LL T T B Kk
T, MR REAT REME, HREERM AR
s BEKKRFEE TEEME Fil. Cul3nlRky)
3000 m, PEPH =LA E 1.3 km 2245 AT LA AL R R
X5 FEKE (2015) WL EHIA .

323 AR & BT HE A AR BN W 2R,

K 9 ¥ 3200~5000 m C[a] B 300 m) & L
Cud k¥ 204 /vl W, 4100 m = FE LA
T, K F RGN, 4400 m = JE LI E (4400
m), FiFRELZWESA, RFIEELE3~T um 217,
WA A1 ¥R FEE 249 9 400 cm™ wm™'. Cu3 H1 K 3] 55 [3200
~5000 m C[A]FH 300 m) 1R T %% 4 5N 75 um.,
75 pm. 13 wm. 200 pm. 1900 pm. 3500 wm F1

1(d) 1e)

A |=E
=

00 04 08 12 16 0

LWC/g m?3 CDP-N/cm™

2000 4000 2 4 6 8 10 12-300 O 300 600 900 -04 0.0 04 0.8 12 16

ED/pm cIP-NL™ PIP-N/L™

K8 20144E7 3 HCu3t (a) LWC. (b) CDP-N. (¢) ED. (d) CIP-N. (e) PIP-N f3E B/ A B AL
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Table 3
spectrum at different heights in Cu3 on 3 July 2014

Fitting results of the particle concentration
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Fig. 9 Droplet size distributions (dsd, scatters) and fitting results (lines) at different heights (3200-5000 m, 300-m interval) in Cu3 on 3 July 2014
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