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Abstract The airborne imager of cloud particles is a key scientific instrument that can directly obtain the properties of size
distributions and images in clouds. It plays an important role in probing cloud microphysical structures, verifying remote sensing
data, improving cloud microphysical processes in numerical weather models and operating weather modification. Therefore, it is
important to continuously improve and develop the instrument of higher probing ability. This study introduces the principles of
measurement, the main performance indexes, the calibration method and the application results of observational experiments using
the airborne cloud imager that was newly developed in 2011. By repeated trials for several years, some key technologies such as beam
homogenization, weak signal detection, multiplex parallel processing algorithm and particle diffraction elimination have been either
solved or greatly improved. The homogenization and consistence of optical power have been greatly increased. The mean optical
power density in light spot is increased by about three times, and thus the imaging ability has been greatly improved. The higher
resolution of linear photo diode array is used with high response speed, which apparently increases the detection ability for small-size
cloud particles. A series of basic tests of parameters, system optimization and environmental adaptation, and over 60 in-situ flights
have been conducted during the period of study and development of the instrument. Compared with observations of an imported

instrument in two flights on 5 November 2018, the preliminary experiment results using the newly development instrument indicate
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that the accuracy of number concentrations for small-size particles can increase up to one order of magnitude. Meantime, the
instrument has higher stability and reliability during the flight, and can correctly obtain clearer cloud habits.

Key words Airborne, Cloud particles imager, Research and development, Observational test
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Table 1 Main technological specifications for airborne spectrometer and imager of clouds

and precipitation particles developed in China

ZHFI%{Y(ZBT-CPS) TR EAL(ZBT-CPD) K7L &AL (ZBT-PPI)
M EZH P Tt RGN KK R RS
3 Ji 3 T B IR biE I REERY
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SRAEIR 0.3 mmx1.2 mm 1.55 mm=80 mm 6.2 mmx300 mm
LR IEEL 32 62 62
SRR 0.1—1 Hz 0.1—1 Hz 0.1—1 Hz
USRS 4o—12° - -
Bt 635 nm, 250 mW 650 nm, 40 mW 650 nm, 40 mW
REHLIR 28V DC,2A 28V DC, 10 A 28 VDC, 10 A
25 10 — 200 m/s 10 — 200 m/s 10 — 200 m/s
TAEERE TREE: —40 — 40°C; R —40 — 40°C; TR —40 — 40°C;
IR 0 — 100%:; 1B 0 — 100%:; TREE: 0 — 100%;
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s Jr BRI ER e A 4 T B4
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Table 2 Comparison of technological specifications of linear diode arrays developed in China with that imported
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Fig. 1 In-situ experiment and comparison of airborne
Cloud Particle Imager (ZBT-CPI) developed in China with
DMT-CIP (Upper column: Y-12 aircraft platform; down-left
column: ZBT-CPI; down-right column: DMT-CIP)
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Fig.2 Time-height distributions of flight altitude (black solid line) and radar echo (color shaded) on 5 November, 2018
(a. 11:38—14:45 BT, b. 16:56— 18:48 BT)



1056

5

& (a)

A —m— ZBT-CPI

N 10y 5 DMT-CIP 4 10%
2 1 == y=0102c17

£ i - = 3=0.001x10

s LR .
‘E 10° F q‘ ..k'.. 4 107
o LR |

= aVe |

-% - ‘i";lh‘ "

=] 106 F I l“llﬂ‘ 4 10°
|5 R R | o P

8 " ‘w..'l‘l—_';'“—-ﬁ

g T g it

° (ogu/® | g o

8 L A

£ 107 £ - g 107

0 200 400 600 800 1000 1200 1400 1600
Diameter (um)

10

107

10°¢

Number concentration (cm=-um™")

1077 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600

Diameter (pum)

SHE R . BT 1500 moy BE 32 224000 3 1Y 2 7 R
Wi 0 22 BE RS /N, T AE 3700 m = BE /N VKR 7 4k JE
B, BT LAZINRL T ity (9 00 6 22 53 A8 K . ZBT-CPL#E
PR BB R 1077—10* 4~/ (cm®+pm), 1fif DMT-
CIP I (¥R F R BN 107—107° 4~/ (em?»um)
PSR M Z R 525 8.26x107° A~/ (em®+ pm ),
B0y 2678 Ko WA A TR I A b - B30 BE =2 ] A ok
FERE(R) N 0.79, /N (K 4b) . 3700 m
1o B 1 T 204 43 A R8O 22 (] 4e) B, PRIEAS 7
800 pm LA 11 & B BEHOKR, i 7R 800 pum LA |4
TR 25 R — B .

K5 5 4600 m = B 7K P RATER I 45 2R LA,
F&] Sa Jib 735 19 4025 08 I — S50 357 3k 45 4, ZBT-CPT 45
WARL T HoR 2 107°—107 4/ (em’ pm), T DMT-
CIP M B4 F O E R 107—107* 4A~/(em®+pm) o
PSP A IR Z IR 250 9.76x107° 4/ (em®+pum ) .
S DMT-CIP X I 1 e B A AR AT SR e, AHL PR AY
UL ) % 53 A A AR b — SO AT, PR AR 4R

Number concentration (cm™-um™') of DMT-CIP

Acta Meteorologica Sinica S5 4R  2020,78(6)

=]
@)
st (b)
2 10 L
[T
°©
£
=
w107 F
£
2
=
2
E o
= 10°
S
=
S
Q
o}
-g 107 F
=] T T BT BT |
Z
107 10°¢ 107 10

Number concentration (cm > um™") of ZBT-CPI

¥ 3 ZBT-CPI fl DMT-CIP £ 1500 m (= 4R
MZERBIRTLE (2. ZBT M0 BRI A 2k,
b. PRISCAT LI AL BE A9 LA . ARSI
(PEZRE) FIUG, ¢ P AT FIL T 22)
Fig. 3 Comparison of observations from the
newly developed instrument (ZBT-CPI) and
DMT-CIP at 1500 m altitude (a. size distribution
and their fittings; b. comparison of number
concentrations sampled by two instruments, their
correlation ( determination coefficient) and fitting;

¢. mean size distribution and standard deviation)

T r ¥~ 850 %5 B A P R B (R 3551 0.90( &1 5b) .
P&l Sl 71 B ~F- X5 15 RS R A LU AR AT

K6 5100 m = B2 /K P RATER I 45 2R LA,
&l 6a fib 75 T A B A UL 3% o3 A1 JE A8 L 3 — B, BAF
TER G2 . ZBT-CPI4R I (4 2k Hiovie B i
J5107—10"* A~/(em® pm), i DMT-CIP I & {8 Hy
107—107° 4~/(em® pum) o PIACHLA 1 2 22 18] 19 34
F#EHRT7.46x10° 4 /(ecm?um) o 1 T 9 1% &5 000
()3 A T 2 ARARLEE w8, o O I000 1% 0 %88 3 22 1] g e
FEFRE(R) N 0.90( & 6b) o ~F- 34 3% 43 A7 Fl 85 1 3
R (] 6¢), WA #s 75 R ASRAR Y BN 19 B8 RS 1
K,

K7 5600 m =y B2 K RATER I 45 2R L A
& 7a fi 78 DMT-CIP Lk 7E/NF 700 wm /NKE - S
4 I s B R R AR A Ak, X AT e S AL AR B AR
E M B AR R S A TE 2 AN TR A O, PR A ER 43
FIRAE CHLP M A ALE, T = WA 5P 245 1
Fo# Ky 2 5 . ZBT-CPLIN 5 9 kL T 50k B2 o



W R mERELE 2ok AT AR

Number concentration (cm-um™) of ZBT-CPI Number concentration (cm>-pum™) Number concentration (cm3-um™) of ZBT-CPI

Number concentration (cm>-pum™)

107

10

105 £

10°°

107

107

10°°

1077

1073

107

10°

10

10°°

107

3 3 107
" (a)
-=— ZBT-CPI
m- DMT-CIP
E Ll'. - = »=0.1.831x20% 4 10*
o - = y=0.012x12
.
‘ ‘I
.\‘ \'.-.!, . 1075
AL,
- 10 6
0 200 400 600 800 1000 1200 1400 1600
Diameter (um)
(©)
L1
1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Diameter (um)
- = 10’3
| @
a
'\!‘. -a— ZBT-CPI
| w s~ DMT-CIP 1 104
R == y=2.829x20
\ - = y=0322x"74
= . - 10’5
Th
0 200 400 600 800 1000 1200 1400 1600
Diameter (um)
0 200 400 600 800 1000 1200 1400 1600

Diameter (um)

Number concentration (cm™-um™') of DMT-CIP

Number concentration (cm™-um™') of DMT-CIP

Number concentration (cm™3-um™') of DMT-CIP

Number concentration (cm=-um™") of DMT-CIP

(b)
10 4 L
10*5 =
10*6 -
L ]
10*7 1 1 1
107 10°¢ 107 10
Number concentration (cm™>-um™') of ZBT-CPI
K4 [EE 3, {23700 m RIS
Fig. 4 Same as Fig. 3 but for
observations at 3700 m altitude
1 3 E
0 (b),
S
(1] ;//
10 | i
./’/
s
i L
10° | -,
R*=0.90
e
106 F :‘fql TL
....I. sl ia vl i vl
10°¢ 10°° 10 1073

Number concentration (cm=-um™) of ZBT-CPI

K5 [ 3, {54600 m PHRINZE
Fig. 5 Same as Fig. 3 but for

observations at 4600 m altitude

1057



1058

Number concentration (cm™-pum™") of ZBT-CPI Number concentration (cm™-pm™) Number concentration (cm-um™) of ZBT-CPI

Number concentration (cm>-um™)

1073

107

107

107

107

10°

107

1073

10

10°°

107

10

10°°

" (@ § 10°
i! -s— ZBT-CPI
N =~ DMT-CIP
'*l" -=y= 1.061x 101 4 10*
% % = = y=0.035x"151¢
1 1 1 1 1 1 1 10’7
0 200 400 600 800 1000 1200 1400 1600
Diameter (um)
I ©
I
N
0 200 400 600 800 1000 1200 1400 1600
Diameter (um)
3 3 10°
1\_ _s— ZBT-CPI (@)
IEE s~ DMT-CIP
\ == = 1.486x1 ;
Fy b - = y=oo0l0x'>» 3107
Lo
\-‘ \l!.\.
L A d L u . 1075
o N . = 5'..\.’--. :
PR
| gt = el "
3 * BRREE 107
0 200 400 600 800 1000 1200 1400 1600
Diameter (um)
1 ©
[ ]
L 'IT_
0 200 400 600 800 1000 1200 1400 1600

Diameter (um)

Number concentration (cm > um™") of DMT-CIP

Number concentration (cm3-um™) of DMT-CIP

Number concentration (cm=-um™") of DMT-CIP

Number concentration (cm-um™) of DMT-CIP

Acta Meteorologica Sinica

1073

10

10°°

107

107

107

107

10°°

107

1077

107

107

10°¢ 107 10 1073
Number concentration (cm™-um™") of ZBT-CPI

Bl 6 [[E 3, {Hk 5100 m AHEMZ5HE
Fig. 6 Same as Fig. 3 but for
observations at 5100 m altitude

(b)

L]
'h:'." " R=075

1 1 1
10°¢ 107 10 1073
Number concentration (cm-um™) of ZBT-CPI

K7 [EE 3, H) 5600 m FHINEEER
Fig. 7 Same as Fig. 3 but for

observations at 5600 m altitude

SE2R 2020,78(6)



W R mERELE 2ok AT AR

107—10"*4~/(cm*um) , 1 DMT-CIP 4 () %% F
Bk 107—107° 4 /(ecm’um) . iS5G il
Z A7 220 10744 /(em®-um) , 22 51 HE#E K,
PR R PR 0 KL Bk B 2 R i e RAEC(R?)
0.75(%1 7b) o W T MXARLE 700 pm DL #R 00 %5 4z
ZE VR, B P A o AT B R R
(K 7¢).

& 8 2 6100 m py J& /K F RATHRIMN 45 3 A
&1 8a {87 W 1 A5 114 22 AT 4K 2 BLAE /AL - i AL 1
WA . ZBT-CPT R A4 Bk BN 107 —
1044 /(em®pum) , 7 DMT-CIP 4% Ml {8 &y 10—
107° 4~ /(em’ um) . IS M& Z R 20
8.04x10° A~/(em’ pum) o FH T P 3 & WL I 7 3% 3
A A — 2, R RRRLARAE 700 pm UL 135 5
A AR ABLBEE L35 s, AR 48 T R 35 3 A 2Z T Y
oo ZRE(RY) 5% 0.89( 14 8b) . 5 F-HiE /My
B R, VR s S R R R (8] 8¢ ) .

S5O o ] NN S T Sl 3 W7 TR L=y T

B 100 F 3 10°
g w 1'%
= \ -a— ZBT-CPI
N \ = DMT-CIP
2 10+ | W == y= 155901 110+
[ \ - -, ~1.380
g jr X y=0.016x
“ "
£ ' Ve
2 -5 LY, L} 4 -5
Z 1% F Tl W 10
=] o "‘"1-.'.
g ke i
| ¥l o o~ L]
= LR R AT
e Vs .R.:.:F 10°¢
- =l - E
s bt
o ‘,‘.\‘J' ]
e LA
E 107 | | | | | | L

0 200 400 600 800 1000 1200 1400 1600
Diameter (pm)

107 Flal
1 ‘
10*5 -

106 F

Number concentration (cm=-pum™)

0 200 400 600 800 1000 1200 1400 1600
Diameter (pum)

Number concentration (cm=-um™") of DMT-CIP

1059

P 1 22 ) 3 8 3 B T /N RE T R R Y )
il ZBT-CPIL /IR BE A9 00K B2 v T DMT-
CIP s — M A Ay o BB & )2, /IR B
i, P o 25 R . 59 Ak, ZBT-CPI N & Fi 4%
B AR /0N, T DMT-CIP #:3k il 2 AR 55K, 45 5]
JE R R B OB TV B, 3X 0] RE S AR AS W] 53 B
SR N B[R] A G, 5 Z ik — DR i . (H X
o 00 £ A T R DG R, TR RA(RY) M 0.75,
TE— SR 2 35 0y P R BT IKF] 0.9,
3.3 mHhATAEIESE =R FRKXTE

XF 2018 4F 11 H 5 H 110 384 —14 i 45 43
(A 55— U TR AT AL ] R 0 1 Pl A5 B AT L
BT o MNZh B 2 b7 1 R B I ) 3 AR Ak
(EL9) RT LU B, PIALES PRI 1) 2 hL T 25 B
928 A BLAT B 0 ) — B0, 0°C )2 DAR S A W i
BT CBUR ), 0——4°C 2 LIBCIR . W B A DR AR
R E, —4——10°C JZ FZ LR HEIER . SOk
BTSN E, —10——17C JZ LIACR . BOR A I8

107

(b)

104 F

105 F

10

Number concentration (cm>-pum™") of DMT-CIP

1077 . S
107 10°¢ 10°° 10 107
Number concentration (cm = pum™") of ZBT-CPI

K8 A& 3, {64 6100 m FYHRIIZS
Fig. 8 Same as Fig. 3 but for
observations at 6100 m altitude



[Ju] I- “
mE:!:Iu:]nﬂuLm
nor—r 0

K9 20184F 11 H 5 H 11138 r—14 i} 45

Acta Meteorologica Sinica S5 4R  2020,78(6)

-17°C

-10°C

I3 R AR AR ) 2 b7 TR R 2 1 3 103

(a. ZBT-CPI, b. DMT-CIP)

Fig. 9 Vertical distributions of cloud habit with temperature during 11:38—14:45 BT 5 November 2018
(a. ZBT-CPI, b. DMT-CIP)

KRBT A . 5 DMT-CIP A He, ZBT-CPI BE % &
B I OPAEE R TR NN S 2N L S VN A ) 279
SRy 3 — 25 LA PR AN A () 25 U N s 35 B 2
TSR IE N, B 10 451 T KHLFE 2200—
4665 m = B AT B G AT WM (1L AT 514 —
12 B 04 43 ) 350 19 25 r - V&A% B i 1) (0 A5 A, .
I fm] — 0 1 IR B i A Ry i — R0 ox iz o3 i ) LR
53 BT G BE ) 18] 19 A8 AR o Bb 3¢ [R) — B [ R A
SR 2 1) 2ok T IR A 0T LUE B, U 1 =k T
B — BB . 118 5143 KHLA 2200 m =

TE IR € T, S50 45 30 A3 W IR AR voORL -, 11 B
52 43 LABCHR AR OB 78 32, 11 B 53—56 433
AR . 118 58 43— 12 B 04 43 B9k T IE &
PR A 52 4%, A48 AT R IR RUBCHRORE -, T L v B
PR R o

12 1} 05 70 KA T3] 4665 m JF 1 K F- € AT
(1) o AKE AT T AR = X, R IR
W12 0 05— 14 43) EZ LA A E, {12 5
17—22 43 ) DAAE WEIR AOASCIR R 3 0 12 B 22 40 A
4665 m = B ARLEETE, 12 I 32 43 B3k AT &



W R mERELE 2ok AT AR

W ONGER

R4 P00 I 2o B R

11:53 lﬂ i

-+ [GIGOEY) EYERTIE)
11

11:56 [[

.- T
wso LY 1%
o
Fied
5w
G732

(a) (®)

B 10 KHLLE 2200—4665 m = R T KA

(111 51 4p—12 15} 04 43) HEIM 1 == kL F 15 Bl
s [a] A28 4k (a. ZBT-CPIL, b. DMT-CIP)

Fig. 10 Temporal variations of cloud habit during aircraft
flight period 11:51—12:04 BT from 2200 to 4665 m
altitude (a. ZBT-CPI, b. DMT-CIP)

(6160 m, & 12) . R FIEA ISR | KOk AR
ARAE . ZBT-CPT LI EI T A 5 b7 19 7S A AR L e
RAERIEZS .

EE 0D s R W N 70 o9 U DIPR, YA b 22N i
TR 1 A8 Ak, 8 S 7K S AR 0 ) 2ok T 2SR
1k, ZBT-CPI 5 DMT-CIP #H 1, Wi B & i) —
bk, Jf B ZBT-CPI REFR A5 00 1 M 1) = ki FIE A,
LI TR RS AR A, A R A AT AT

4 LhEAE

PLER 2= R K I SR A 2= Wy B R PR | 3 U
P A e A A B A AN TR e SRl 55
S5 U B A HE AR A (EF R0 AR A
AE . FoE MRS S5 07 AT AR 2 8 A2, B0 i 26 1)
R, S W Tk B P RE A R BRI AR s o A
o XA T ERERBL AR R IT KL T
“HLAE = B KORE 1 15 A A5 S ASCBIE ) 35T H A7F i 1Y
1o Pk REATL A8 25 [ ZKORE 1 35 SO AR S804 1) 17 2
I S SR RE AR b L AR T A UL 56 1

1205 gl ) E

120o CIEELNY EXx2)

o VT EX 1

1208 Xy A X4

1200 [§] ﬁ

210 CRES - e guml » |
< T\ : -

12:12 ':,x:‘m[‘

B i

o S A

121s (Y

12:19 m E.. a1 .

21 TR o) ! . ,
T T

(@) (b)

B 11 KHLLE 4665 m = K F KATHHE]
(12 i} 05—22 43) FIN Y = i 1~ FRG BER ] 19 284k
(a. ZBT-CPI, b. DMT-CIP)

Fig. 11 Temporal variations of cloud habit during aircraft
flight period 12:05—12:22 BT at 4665 m altitude
(a. ZBT-CPI, b. DMT-CIP)

ST O

(D)W =R AR ASCR F T e 2 0 B 1A 3
T e RE T E A T A BB T SR
VTR . it Z 0 [ 2R, i P A i 25 ek
THOLHE A, 8515 S8 . Z B 170 3 K
(CEUTRERNEIE S £5 % NWNTIE T =7 3 Fr 3 STl
STy ZE I S PE RN — SO, OB EE X B ) %
AR 2 348, T el TR R BE T . R
TSRy B 7 L R AR B I S e 1 s (] B
AR, R T NS R I EE . R, B
WF A T 2 CAT U 7E 10—200 m/s FIFRR R
JETE—40—40°C i [ 4540 T W, DL K /2 7E v R
B RAT A RN KR AT A KRR TR LI Ay R A
B RRE R AT SR

(2)%F ZBT-CPL#E4T T — & 51 3 Aith = £l ik |
ARGl . RBEIE N MR A g AT, R
AT T 60 232 AT, Jf 5 DMT-CIP #
177X b o e 4 R 3R WY, BT A A 70 - I
s O T 5 E A B B e — Bk, IF BLAE/D



1062

- D 1% 4%
- il X

*” ¢ ) b

S0 G X X
- LD
LT 4

B 12 KHLLE 4665—6160 m & Bk L KATHA]
(12 1} 24—32 43) MY 2 kL F EG BERT A] 1928 1k
(a. ZBT-CPI, b. DMT-CIP)

]
1

Fig. 12 Temporal variations of cloud habit during aircraft
flight period 12:24—12:32 BT from 4665 to 6160 m
altitude (a. ZBT-CPI, b. DMT-CIP)

R | R PRI | AR M RN T S A T A
AH o gk

(3)%F 2018 4F 11 H 5 HIFATHIPIZLIR ZBT-CPI
5 DMT-CIP 45 B AT TR AR 0BT 45251
FW, A6 OR300 it 5 T, A Y 22 0
P A X /INRL - B A I £ D7 T . ZBT-CPIL X /)
B v BE 1 DU LA B S T DMT-CIP — /N i R A2
fio RS2, /KT VR R R, 2
AR K o 55 4h, ZBT-CPT I K 4 ke AR /N, i
DMT-CIP il & i 4l B2 AR 5K, o0& =2 K
LU o AR SO 0k 5 ) A O R A e, TR
FE(R) ML 0.75, 76— LL PR 2 =35 1 P2 R AL
FIGEE] 0.9, A2 LI Y 2 k7 7 I8 25 Bl T8 B2 11 A%
b, 38 J2 7K SF- F1 3R B0 Y 2 R I 2 04 15 ] AR
1k, ZBT-CPI 5 DMT-CIP #H [b, i B % i il —
ot IF BB 0 A2 BE 2K A T TE M ) = kL TR
A, UL ) A S ARE , R AT e

ML L5347 AT DA 2, FE LR = b DU A 2%
14 [ 7= Ak A B D T HORS T AR BH R T R

Acta Meteorologica Sinica S5 4R  2020,78(6)

WL — BE G L BOR, IR 2 L O
05 S A R R AT 18 A T g Se B T R AL, 2
L P ] o — S B S B A R A [ - AR A LB =
RLF- 00 2R G, X X KA 55 AL L -
(B G fa) A W 2 e 61 7 2= D0 AL Y 1R B L 4T3 9K
HA AR B PR o WA A RS A S SR T A ATS 2%
J2 [ B b 38 3 A A 2o X 30T TR A 2 4 0
JR B A 2D i i /N R 0 A5 A 1
T, W EAN R R IR AR BRI . 2R
R0 A F AT AR R ARSI . 53 4h, BEE
AR BB MR g, a] IR RAE = T RSl n
I G, (AL AR DR R 7 8 AR )

SE 3k

HINEE, 4K, X SCAR. 2004, = S BE CHLBK S DR Ssid v i
;B SE. 4%, 30(6): 8-12. Cao L X, Ji F, Liu J W, et al. 2004. On
application of cloud microphysical parameters to aircraft icing
forecasting. Meteor Mon, 30(6): 8-12 (in Chinese)

T 42, kG, 1987, Rlfh )2 B I R AKORL T GeHy SRR A5 23 BT B
Bk W55 BE B Fil, 2(2): 143-150. Chen W K, You L G. 1987. A case
study on microphysical characteristics of precipitation particals near the
melting layer. J Academy Meteor Sci, 2(2): 143-150 (in Chinese)

WA, T2E R, APHL AR 2007, JLnt A HBIX 2004 4F 8, 9 7 IR
VMBS A FRAE I 23 B A 5 PRBEREST, 12(1): 49-62. Fan Y, Guo
X L, Fu D H, et al. 2007. Observational studies on aerosol distribution
during August to September in 2004 over Beijing and its surrounding
areas. Climatic Environ Res, 12(1): 49-62 (in Chinese)

LI, FE B, SR R 45. 2010, JEET A M X 2004 4F 8, 9 AR B4,
B3l o A CHLIRIBITFE . RURE2E, 34(6): 1187-1200. Fan Y, Guo
X L, Zhang D G, et al. 2010. Airborne particle measuring system
measurement on structure and size distribution of stratocumulus during
August to September in 2004 over Beijing and its surrounding areas.
Chinese J Atmos Sci, 34(6): 1187-1200 (in Chinese)

HARHEE, T, TR RAE. 2007, BEAK PR ZIR 2 R A5 AN K I B L
A ESBUUHEST. KR, 31(3): 425-439. Hu Z X, Lei H C, Guo X
L, et al. 2007. Studies of the structure of a stratiform cloud and the
physical processes of precipitation formation. Chinese J Atmos Sci,
31(3): 425-439 (in Chinese)

HIRIT, BB, kK. 1983, B E R = TRl iR L. K5,
41(3): 358-364. Huang M Y, He Z Z, Shen Z L. 1983. Distribution
characteristics of large-size cloud droplets in warm straticumulus clouds.
Acta Meteor Sinica, 41(3): 358-364 (in Chinese)

T, BEAE, R AT, 2008. ST AR 2 FEK R TSR KISk
JE. RSRFE, 32(4): 967-974. Lei H C, Hong Y C, Zhao Z, et al. 2008.

Advances in cloud and precipitation physics and weather modification in


https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1000-0526.2004.06.002
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3969/j.issn.1006-9585.2007.01.006
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2010.06.12
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21

W R mERELE 2ok AT AR

recent years. Chinese J Atmos Sci, 32(4): 967-974 (in Chinese)

B, 5145, FPEAAE. 2012, n WK R EE R = A B SN 5L
NI E AR Y% L. o E T FRRRE, 14(9): 64-71. Liu L P, Zong R, Qi Y
B, et al. 2012. Microphysical parameters retrieval by cloud radar and
comparing with aircraft observation in stratiform cloud. Eng Sci, 14(9):
64-71 (in Chinese)

XESE, Wk, W15, 1988, FisREIE /R A4 = RGEMEROR BT 1 M
HKARAL, SGRVEREFEBEBE T, 3(1): 36-45. LiuY B, You L G, Hu Z J.
1988. A study on the frontal snowfall in Zhungeer basin of Xinjiang in
winter. Part I: Precipitation pattern. J Academy Meteor Sci, 3(1): 36-45
(in Chinese)

AR, THERDL, B H IR, 1992, T BB FE WK 2R 2 TS A LI 2347
= JF4, 11(3): 241-248. Niu S J, Ma T H, Guan Y E, et al. 1992.
Observation analysis of the microstructures of precipitation sheet clouds
in summer over Ningxia. Plateau Meteor, 11(3): 241-248 (in Chinese)

ZEM, SRR, XIHEAEAE, 2017, ARk E — UM B BUZIR & 2 R
FRRFAE 5 A 3 4B, RG24, 75(5): 835-849. Qin Y S, Cai M,
Liu S X, et al. 2017. A study on macro and micro physical structures of
convective-stratiform mixed clouds associated with a cold front in
autumn and their catalytic responses in North China. Acta Meteor Sinica,
75(5): 835-849 (in Chinese)

AL, B 2007, AEALHLIX < BEESAZ BB L. G244, 65(4): 644-
652. Shi L X, Duan Y. 2007. Observations of cloud condensation nuclei
in North China. Acta Meteor Sinica, 65(4): 644-652 (in Chinese)

PNATET, WESR . 1965. 1963 4F- 4-6 H 5 M XK PEIZ RS 2 P Uk i 5
T KR 2E, 37(3): 265-272. Sun K F, You L G. 1965. Crystals of
ice and snow in precipitating stratiform clouds from April to June of 1963
in the Jilin region. Acta Meteor Sinica, 37(3): 265-272 (in Chinese)

FRRAR, AR, 25O 4. 2013, =VLIEM XK TR I Z R DR = R 0 6L
L4347, AR, 37(5): 1038-1058. Wang L J, Yin Y, LiL G, et al.
2013. Analyses on typical Autumn multi-layer stratiform clouds over the
Sanjiangyuan National Nature Reserve with airborne observations.
Chinese J Atmos Sci, 37(5): 1038-1058 (in Chinese)

i, WAL, BIAEE. 1987, Bk S B ATEHLIX & F R AHTE: A0
W45 50087, R4 2# 4R, 45(1): 2-11. Wang Q, You L G, Hu Z J.
1987. The study on the winter stratocumulus cloud over iirimqi,
Xinjiang, China: Structure and evolution. Acta Meteor Sinica, 45(1): 2-
11 (in Chinese)

IR, WRT. 2011 —IRBUR IR A B CHLRR X = I B e RO 1
A dr. K4, 37(2): 194-202. Xin L, Yao Z Y. 2011. Studies on the
microphysical characteristics of an aircraft seeding in convective line
with trailing stratiform cloud. Meteor Mon, 37(2): 194-202 (in Chinese)

WSCER, AR, AR 4. 2005, 048 R AR = K RGBS 1Y K
HUILIAF ST 4R, 24(1): 84-90. Yang W X, Niu S J, Wei J G, et
al. 2005. Airborne observation for microphysical structure of
precipitation system of stratiform cloud in Hebei province. Plateau

Meteor, 24(1): 84-90 (in Chinese)

1063

WSCEE, R A, PV A, 2014, — R PG RURE it Pk ¥4 25 7K 43 A AR A L F
7%, KGR, 72(3): 583-595. Yang W X, Zhou Y Q, Sun J, et al. 2014.
Observational studies of distribution characteristics of supercooled cloud
water during a westerly trough process. Acta Meteor Sinica, 72(3): 583-
595 (in Chinese)

RO, E5PoR, TR T4 1989, Bl A TS RS54 B HIE Kl B w)
HWGE. R4 274R, 47(1): 73-81. You L G, Wang S R, Wang D F, et al.
1989. The microphysical structure of snow cloud and the growth process
of snow in winter in Xinjiang. Acta Meteor Sinica, 47(1): 73-81 (in
Chinese)

TR, ERME, X E 5. 1992, HIR = okl A SO A AL P e 3 vl i
Y IR IR IR, 4241, 50(2): 232-238. YouL G, Li Y H, Liu Y B.
1992. On the nucleation processes of ice crystal and the collision
efficiency between the dendritic snow crystal and droplets in natural
clouds. Acta Meteor Sinica, 50(2): 232-238 (in Chinese)

AT, S8 KL, AHPFH20%E. 2007. 2003 47 8~9 A dbnt & JH X = R 4
FLRHLRMA S . KAFH#, 31(4): 596-610. Zhang D G, Guo X L, Fu
D H, et al. 2007. Aircraft observation on cloud microphysics in Beijing
and its surrounding regions during August-September 2003. Chinese J
Atmos Sci, 31(4): 596-610 (in Chinese)

SR, F0% R, SRAAISE. 2011, N7 1989—2008 4F 23 2RI KL= 1
Py BRAS A WL I 45 R KR, 69(1): 195-207. Zhang D G, Guo
X L, Gong D L, et al. 2011. The observational results of the clouds
microphysical structure based on the data obtained by 23 sorties between
1989 and 2008 in Shandong province. Acta Meteor Sinica, 69(1): 195-
207 (in Chinese)

BIGSE, BWHR, EFE. 2011 — R ER A1 IS R & 5 TR
GERHRT LT, K244, 69(3): 521-527. Zhao Z L, Mao J T, Wang
L, et al. 2011. In situ aircraft observations of one typical stratocumulus
cloud process compared with the satellite measurements. Acta Meteor
Sinica, 69(3): 521-527 (in Chinese)

DG, % K. 2012, N TR R SBHAROARBUR KR Rt 3. = TR
FBl2#, 14(9): 20-27. Zheng G G, Guo X L. 2012. Status and development
of sciences and technology for weather modification. Eng Sci, 14(9): 20-
27 (in Chinese)

R, #2014, ARALBUZR & = Pk gk A S R i
PLRIAF 5T . K424, 72(2): 366-389. Zhu S C, Guo X L. 2014, Tee
crystal habits, distribution and growth process in stratiform clouds with
embedded convection in North China: Aircraft measurements. Acta
Meteor Sinica, 72(2): 366-389 (in Chinese)

R, FAE R 2015, AR — IR BUZR & 2 WA BRI K AR AE BB AR
ETRHUOINR L 5. KRSFHE, 39(2): 370-385. Zhu S C, Guo X L.
2015. A case study comparing WRF-model-simulated cloud microphysics
and precipitation with aircraft measurements in stratiform clouds with
embedded convection in northern China. Chinese J Atmos Sci, 39(2):
370-385 (in Chinese)

Chang Y, Guo X L, Tang J, et al. 2019. Aircraft measurement campaign on


https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2008.04.21
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.3878/j.issn.1006-9895.2013.12172
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.7519/j.issn.1000-0526.2011.02.009
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3321/j.issn:1000-0534.2005.01.013
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05
https://doi.org/10.3878/j.issn.1006-9895.2007.04.05

1064

summer cloud microphysical properties over the Tibetan Plateau. Sci
Rep, 9(1): 4912

Durbin W G. 1958. Recent aircraft research into cloud physics. Weather,
13(5): 143-151

Evans A G, Locatelli J D, Stoelinga M T, et al. 2005. The IMPROVE-1 storm
of 1-2 February 2001. Part II: Cloud structures and the growth of
precipitation. J Atmos Sci, 62: 3456

Fugal J P, Shaw R A. 2009. Cloud particle size distributions measured with an
airborne digital in-line holographic instrument. Atmos Meas Tech, 2(1):
259-271

Guo X L,FuDH, Li X Y, et al. 2015. Advances in cloud physics and weather
modification in China. Adv Atmos Sci, 32(2): 230-249

Herzegh P H, Hobbs P V. 1980. The mesoscale and microscale structure and
organization of clouds and precipitation in midlatitude cyclones, II:
‘Warm-frontal clouds. J Atmos Sci, 37: 597-611

Hou T J, Lei H, Hu Z. 2010. A comparative study of the microstructure and
precipitation mechanisms for two stratiform clouds in China. Atmos Res,

96(2-3): 447-460

Acta Meteorologica Sinica S5 4R  2020,78(6)

Jones R F. 1960. Size-distribution of ice crystals in cumulonimbus clouds.
Quart J Roy Meteor Soc, 86(368): 187-194

Lawson R P, Stewart R E, Strapp J W, et al. 1993. Aircraft observations of the
origin and growth of very large snowflakes. Geophys Res Lett, 20: 53-56

Lawson R P, Zuidema P. 2009. Aircraft microphysical and surface-based radar
observations of summertime arctic clouds. J Atmos Sci, 66: 3505-3529

Lu G X, Guo X L. 2012. Distribution and origin of aerosol and its transform
relationship with CCN derived from the spring multi-aircraft
measurements of Beijing Cloud Experiment ( BCE). Chinese Sci Bull,
57(19): 2460-2469

McFarquhar G M, Black R A. 2004. Observations of particle size and phase in
tropical cyclones: Implications for mesoscale modeling of microphysical
processes. J Atmos Sci, 61: 422-439

Zhu S C, Guo X L, Lu G X, et al. 2015. Ice crystal habits and growth
processes in stratiform clouds with embedded convection examined
through aircraft observation in northern China. J Atmos Sci, 72(5): 2011-

2032


https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1038/s41598-019-41514-5
https://doi.org/10.1002/j.1477-8696.1958.tb02354.x
https://doi.org/10.1175/JAS3547.1
https://doi.org/10.5194/amt-2-259-2009
https://doi.org/10.1007/s00376-014-0006-9
https://doi.org/10.1175/1520-04691980037,0597:TMAMSA.2.0.CO;2
https://doi.org/10.1016/j.atmosres.2010.02.004
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1
https://doi.org/10.1002/qj.49708636808
https://doi.org/10.1029/92GL02917
https://doi.org/10.1175/2009JAS3177.1
https://doi.org/10.1007/s11434-012-5136-9
https://doi.org/10.1175/1520-0469(2004)061,0422:OOPSAP.2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0194.1

