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Abstract  The microphysical characteristics of a supercooled cloud and the physical response
of cloud seeding were analyzed using high-performance rain enhancement aircraft, ground-based
S-band dual polarization radar and satellite remote sensing observations in central and southern
Hebei Province on January 20, 2022. The results showed that, under the influence of the
combination of southwest warm and humid air flow and easterly reflux, a large range of stratiform
clouds formed with a cloud base of 1400 m and a cloud top of 2100 m, which were mainly
composed of supercooled cloud droplets in the central and southern Hebei Province. Radar
observation showed that after cloud seeding at a height of 2100 m, the supercooled cloud droplets
rapidly froze into ice crystals, snow and a few graupel particles affected by Agl nucleation. The
increase of particle size resulted in an enhanced radar reflectivity echoes in cloud-seeding regions.
FY-4A satellite observations showed clear icing cloud tracks occurred after 17~19 min of cloud
seeding, which can sustain for about 55 min. After cloud seeding, the supercooled cloud droplets
formed ice crystal particles, which gradually grew and fell, causing the cloud top to sink and
forming a cloud groove in the cloud top. Compared with the regions without seeding, the
reflectance at 0.65 um and the blackbody brightness temperature at 10.8 pum increased, the
reflectance at 3.72 wm decreased within the cloud tracks.

Keywords Supercooled layer clouds, Physical response, Satellite retrieval, Cloud track
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ZIE, EAZANEIFREANTIN (5 1%, SFFRE WIATHEE () HElinT5e
R (BdsE, 2017; FE¢ R4, 2021) o B s ERe WHLAIGRENLB & 151 3E, X T4
IR SR B KT BB RS TARK I HED (B8R 88%%, 2019; JTMS%%, 2019:; K
Fask, 2019; #RIESE, 2021; MiEWA%E, 2021; EHESE, 2022; w2pP4E, 2023) , {HEA
TG RCRAT IR AT — AN A R A (French et al., 2018; F@ifigh/E ¥, 2012; +
DABMAE, 2012)

4 RO IS — O = A0 077, BTG . BUE A EE /A A BRR 50 . GEi GG
RO ASTOUR: 56 188 5 1 15 75 2 AP B 30 I AT 4R A LA 0 P A5 B (302 |, 20105 2 4R,
2010; PIENTSE, 2022) o BEETEIA. HLERMGES . PEEBSERME&isH, A
RIGFRAE TH R &M, SR BT I B AR R, XA A AT IR R AR I B
2000 4 3 1 14 H An-26 34/ CALTE Bk G 5¢ Hh 5 B g 76 3 b X Se iU AR I = )5, 5 [E K
MRS R (NOAA) St 1o 4 WS B i i TR AE = TR 31— S5 AR5 R LA Ak fi izt
FARAITBE T2 2228, IS iZ 2= 782 i WL DI & = MR L5 (Rosenfeld et al.,
2005; 4x»4%, 2005; Yuetal., 2005; #it%, 2006) . Frenchetal. (2018) fil Tessendorf et
al. (2019) FFHHuTH x WELRSEHIE. WU w BB 2 R AR = BRI 45 1 5% T SR & Rt
Fm N TSRS, RILT = RMRB TOKZ B UK 5 A=K B 51 4 T 1) 52 Ak
PIEEFREE, ERH T A = BRI IR K A A B =R S IRG, Friedrich et
al. (2020) M\ SRBE/K E1 v 23 B9 T N B 35 A= A (R [mTpt, St FH 26 28R 0K [T SO o
RTFFBETRNXR (Ze-S) &L T XTI = N TS BN 253745, Dong etal. (2020,
2021) FIH mtE REHE R HLEETT AL IR TR UOd % = N D RE, a5, CHL S,
KRz = ORI K B BB AR, VKT SR TR0k E B W A 8 B
RSB, IR SRR TR0, o7 0 S 236080 Hh RS R A A
R 7 T 8 000 ) 4 A IR PR K R 2. Wang et al. (2021) FIEEESE (2021) GFERPEE —IK
AL R R M R T2 g 8 5 A b T o 718 ) 2 P B AR S R AT T T, S ST
SO [B] R s Z BT R 5 | FAE R &R, e RWEAT T N I RTINS A

R BIRFFFEER AL 7 N Tem KA B BRSNS, (5 H A A g S K
WU 25 VR EER ARG &, L5 AT AR AR L 2 PRI 2 S AR AIE 75 T PO R T 4T3 sk
Z, ASCERXF 2022 45 1 AL R R R X — R KRR R SO FE R AL A A T
TR, WEIUAT T LA AR L5 T B2 B B 2 Y B O B ARRAE , S8 HLA

ZIB A RN = RO PR AR 22 5, VRAE 1 1 HEA VR R B
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85 2 WNEE
86 ML R 3 ok 3 2 B 350 3 I AL B E R KRS s R RIS, (RS
87 HULFE 1. ETEAR: PUERHIEH K (Fast Cloud Droplet Probe, FCDP) . = ¥i T BG4
88 Lk (Cloud Imaging Probe, CIP) ; Nevzorov 2 &4 /= & K B A, B L& = Nk
89  A&/K%& & (Liquid Water Content, LWC) Fliz/K# & (Total Water Content, TWC) , AN
90  JEJEN 15%(King et al., 1978); YHLLR G AR E R & R G (Aircraft Integrated Meteorological
91  Measurement System, AIMMS-20) o HTAXERIEAEAE I, FE Mk 2k B2, FCDP
92  WEE—IEIEA A S — MEIE AR T, JEBORIAARYE N 2~50 pum FI%dE (Yang et al,
93  2019: Zhaoetal., 2019) . CIP ##:k3 SR i BFRA], 100 um PAT BRLFEds 2B,
94  FE TR FEUR AR TR, HEBUR T B A2 KT 100 um %4 (Korolev et al., 2007) .
95 x 1 HERERMAER S HL
96 Table 1 Airborne instrumentations and their operational parameters
& EL BRI Ty ge bh=SfEAE| R S}
1-4 @i, 1.5 pm
5-10 J#iE, 2 pm
IR HOREE . REEE
PUE = R Sk FCDP 21 iHiE, 2~50 pm 11-18 J#iE, 3 pm SPEC
mhEKETHES
19-20 J@i&, 4 pm
21 iliE, *
Kol UKE SR HR
=R EERkL CIP 62 ifi&, 25~1550 pm 25 pm DMT
FEL R, BT EIR%
A K B R AX Nevzorov BKEE. BKEE 0.005~3 g.m* — Nevzorov
T L U A
#: 0~13.7km . 183 m
BERFERMERS  GPS & WL WITSHMA
IR . -50~50 °C wE: 03°C Aventech
AIMMS-20 JE B AR A RS

AEXHEE: 0~100%

AXTEE: 0.1%
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W RRRATE KT 50 um BRI PR ZEIE

FY-4A T2 Ea] WAL A g 48 414% (Advanced Geosynchronous Radiation Imager,
AGRD HI] WHHE LA B R AT A i B BB IR LT A B3
LR o AT DG AT £ A B 2 1] 43 #E52 0.5~1.0 km, ZLAME B 125

K7 14 AW 8 IE
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FE 1 [ X AT i 1] (8] f 20249 5 mine #3838 [ bn Al £ ZIhRe R 2 fios CGRiTi, 2018) .
AGRI FRHU LR 0 AW, LL 47 i 2N & 018 1 SO R ECR IR E B . L2 20™
SR FH A BB SR R s S R o EEE R SR RS e R
it o AN SO E ) SR A E A A BB 4 A 0.65 umy 3.72 um AT WG BORT 10.8 um
ZLAN B BAR IR (Black Body Temperature, TBB) . 1T FY-4A T EEK A AN B
SRR, WO SO ) PR S S EE A (Rosenfeld and Lensky, 1998) 21t 8
5 TRN RGB A4S H, BILIfE R 2 0.64 pm JEIE ] LG ATE, 440 G M 3.9 pm JEIE ]
WG, Bt B A 11.2 pum il AR R
K 2 FY-AA BRI AR AT 2 ) fE

Table 2 Indicators and main function of FY-4A Imager

HiE I B /um 25 [6] 43 #Ekm R FEEN
0.45~0.49 1 90@100% SR
Al WG £ 41 0.55~0.75 05 150@100% =, &
0.75~0.9 1 200@100% T
1.36~1.39 2 150@100% 57
[SEAR)) 1.58~1.64 2 200@100% =, 5
2.1~2.35 2 200@100% o, "B
3.5~4.0 (high) 2 0.7K@300K R AL
FReTAh
3.5~4.0 (low) 4 0.2K@300K iR FFAE
5.8~6.7 4 0.2K@300K KR
KR
6.9~7.3 4 0.25K@300K 7K
8.0~9.0 4 0.2K@300K K&, =
10.3~11.3 4 0.2K@300K WRIRE, &
Kash
115~125 4 0.2K@300K WERE, ©
13.2~13.8 4 0.2K@300K =

FAXRES HEARIRE L (CINRAD-SA) i Tk (114.71 E, 38.35 N) , &M
SHERN 250 m, POE TN 1S BHE RN 6 min, ST 9 AMI AR AR AR F R AR 2 o
FEHFRIERPRR T P2 EEEE. RIESESEMNREMLERE . KEWHE
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ARG o AL A EAE A o F IS TR (A ST Bl AR BRI 25 73 97 o RAES
A3 A A% FH R rb 08 R o0y (European Centre for Medium-Range Weather Forecasts,
ECMWF) ERA5 Fi4 i #ikt .

I T LR B A7 AL AT R B, 93 08:17 (HEF, FIRD 2 JE iR
T R BEAEAE BT CAA SCLE 43 W 2o GSCH) BARFAE IR A F SR KL R AL AT I R R
AL TERINEEE , TRV AT S B = A R R A 2R T S I BIUAR # 5 f P2
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3 WAL
3.1 XEE=®

2022 ££ 1 [ 20 H 06: 00 M M[X =25 500 hPa A AT FE LA diizh], mas®igd, o+
)2 850~700 hPa 77 /£ U RS 5Lk, WUdA 10 ms™, it gt [X 5 S i BRIR <
i, AREARHREER 70% K A E, S2rh RIRE IR R B E (B la) o A%
W e X 2R E . PR IRAEIES (B 1), m ke AO A T3RE ZR AR, U X
900 hPa K LA R A 1~3 m s KIS AR MR, TERECAERER “A%” , HRITRZKA
BEESIRTE, RN U ARAT LR Z I 22 SR AR B L Fa MR AE R, (45 b m i
XAKZH = RILRR R .
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12022 4 1 A 20 H 06:00 (5, FED Boidho ERAS BT #ERHR SR #: (a) 500 hPa £ 34 & &

(I (S5 ME 2R, SA7: gpm) 1850 hPa iy (A, Hfi: ms™ | iEY (LESML, B °C) fl

WY GAG, A %) o (b) WFHAEY GEOSML) MR (R, $h: msD o 2660
FEATRAT I X

Fig.1 Data reanalysed by European Centre for Medium-Range Weather Forecasts ERA-interim at 06:00 UTC
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(Coordinated Universal Time) on January 20, 2022. (a) Geopotential height (blue contour line, units: gpm) at 500
hPa, and wind (barb, units: m s™), temperature (red contour line, units: °C) and relative humidity field (shaded,
units: %) at 850 hPa; (b) Sea surface pressure (blue contour line, units: hPa) and wind filed (barb, units: m s*). The

red five-pointed stars show the observation area

3.2 WMBEE

1 H 20 H 06:45 7=+ [H £ 350 47§ K HLAA K IEE EFrHLziE K, 2100 m &Rk
FEMMX CaifEl 2 frn) 5 07:19~07:43 M 4800 m F| 600 m 4% jiE  FEH T HEEHR N EH
PRI JE ET+2 2100 m, 07:56~08:11 7EMLI X P #E4T B A AL VR b (ALY 1, SRSk,
R 2405 JRGE 7 m s, EAGEEESZ) 72 km, JEHRBSRULARIAS 18 1R, BUALAR/EIABTIRE
PEUT-17 °CHIAEE T L 0.338 g 5™ (MR S HRLE : 08:28~08:40 1K 2100 m & FE7EMLIN [X
EARLKL) 12 km, T84T 4 km (OB AL 77 sCBEAT 58 — AR (fEfRHT 2, Z0ESEZ)
Fphbe 16 ARBULIRIAZ, HBHCEEN 0.69gs™, EHLT 09:19 ¥ .

39°N1

38°N1

. %
[— The flight path

1155 m
l -28m
— The pre-catalyst trajectory
— The first catalytic operation route
36°NA | —— The second catalytic operation route

114°E 115°E 116°E

2 MBS RATHEEIN: BELNRERR WUTHIE, 1§ BSER 07:50~07:56 HEALATHIZE, 45 Stk
TR — M2k, LSRRI A EL AT ZR, 20t RBLIE R R A R I [ L7
LLAHELR IR X
Fig.2 The topography of field experiment region and the aircraft flight path on January 20, 2022. The solid black
line represents the flight path. The solid blue line represents the pre-catalyst trajectory from 07:50~07:56. The
purple solid line and the red solid line represent the first and second catalytic operation route, respectively. The red

aircraft icon represents the Shijiazhuang Zhengding International Airport, and the red frame line represents the
7
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4.1 =RBEEEZEFHE

07:19~07:43 "KHLZEWMIX A 4800 m #Ejie FFEZE 600 m AT 7 = BRI, R
-24.4~-7.3 °C, [FII 450 F] 2100~2300 m f-7E— R HWEE . & X4 FCDP #8380
B 0T Bk >10 em® i, TTHE =B, B P 3a~c AL, 1400~2100 m {7 4EMK 2=,
WS B N-17.4~-14.3 °C, FCDP MLl Z i1 3k FE e kol 702 em™®, #5484 235 em™,
Nevzorov # S W ) 2= PV AS & /K B 3418 0.06 g m™®, 2K 0.15g m™, FCDP Al
A K EYIWE = FE AR SN o R R RS (2100 m) A K & RIS BIIEAE, WR
JERTELI R AP A, ELIRIR S R S K B R, TR KIEEIX . & 3d ATLLE
i, 1400~2100 m & B4R KT 100 pm VKSR Sk T, PR 80K N 074 LY, Bk
BLFRORE N 2.3 LY, AT L% B A SR AR

20007 @ ®) © T @
45001 ] ] t

4000- ] ] ¥
3500+ : - {
£ ' :
2 3000+ . - ¥
E - -4
£ 2500- - - -
2000 - —; _F(/f 4
1500- = £
1000- . -

500 T T T T T T T
-25 -20 -15 -10 -5 0 200400 600 800 0.0 0.1 02 0 1 2 3

Temperature/°C FCDP/cm™ LWC/g.m? eI,
B 3 A X 3k 2 T AR BOWIN SR . (@) JE; (b) FCDP; (c) LWC; (d) CIP

T T T

Fig. 3 Data collected along the vertical flight path over Luancheng in the observation area: (a) Temperature; (b)
FCDP; (c) LWC; (d) CIP
MRS = ZURFigEnr WL (B 4>, FCDP M) 2 kL 1% 5 50 34,
WAL 0F B2 H) 2 KL AR N 10~12 pm, =TSR THORE L R R R 1AM ES, =10
MBI ZIE TR T DR, DRSS RIVRTEIEE, KREDNZWHITRIE R, RE

FAAE AL 10 pm LU, 2B THE TN, BEA = L AT s 2 i s A g 1,
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BT KT 20 pum B OR 2 A2 1o CIP WL FRIOK 25 ditobir 1 [F) A0 52 B 23417, Bt o BE A,
UK fiokL 7 i BRI RN, 2= TAL UK S b IS FE T = AT i, 1800 m
Ry 98 5 KILF] 275 pm.

10°

——FCDP_2100m
10% ——FCDP_1800m
—— FCDP_1500m
103 -
_‘_§L 10?5
=
A 10
on
2
o 0
= 104
Z
=
10" 4
——CIP_2100m
1024 CIP_1800m
CIP_1500m
1073 ; :
10° 10! 10? 10°
D/pum

P 4 A[F 2 FCDP I CIP S Kok Tl MR, WAL (53 52 FCDP WL 2100 m. 1800 m il
1500 m FLFil, £, REEMSEE S Y CIP ML) 2100 m. 1800 m Al 1500 m ki

Fig.4 FCDP and CIP particle spectra observed at different levels: The black, blue and purple represent the 2100 m,

1800 m and 1500m particle spectra observed by FCDP, respectively. The red, orange and green solid line represent

the 2100 m, 1800 m and 1500 m particle spectra observed by CIP, respectively

H & 5 07:50~07:56 ffE {1k AL AT KHLEE 2100 m = /K AT I UL A 454 B8 8 Fr /K
LRI, 2100 m s B SR RSP 4820-17°C (8] Sa £L 584D, =i 50K B B Ko 533
cm™, ¥y 389 em™® (18] 5a BB SLLR) 5 UK SRR TR E AN 3.3 LY, SFEIRL TRk
FERN09L! (EI5h) ; ZHBASKERKNO0ILgm?®, FEZ 0.07gm™> (B 5c) . M
5d AT, TR IR AE R, 1R ORI 40 pm, UETE 15 pm BLR; MUK
T ki1 (B 5e) AIEH, 2100 m & KRR ELAAANEIE 200 pm, X5 = T4k 9K
FLF EEAEPLE 100~200 pm. BILAT L, WO X 2 Tk R E LIRS = oA X, Bub R

MR R T
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500 FCDP Al g
= 600 ] Temperature L 165 554
& 4
a 2
O 200 1 F-175 g
= o

4(? " T : T T T . T ¥ T L T ¥ T ¥ T T -18.0-
> (b)
=27
=iy
@] 1
0
1g[N(D
gl 5(_0 )]
4.2
33
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0.0
Ig[N(D)]
0.0
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1.3
w7
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Time(UTC)

] 5 07:50~~07:56 AL L AT KHLEE 2200 m & BE/KT RATIOWIN bl : () 07 (ZLskdl) A1 FCDP
MEMERL P HORBE (R4 5 (b CIP MIMATKE P HGREE; (o) LWC;s  (d) FCDP WLl R 11 5
(e) CIP WL FARL 1
Fig.5 Data collected by the aircraft while flying horizontally at the height of 2100 m before catalytic operation at
07:50~~07:56 UTC: (a) temperature (solid red line) and particle number concentration N measured by FCDP
(solid black line); (b) particle number concentration N measured by CIP; (c) LWC; (d) FCDP instantaneous
spectrum; (e) CIP instantaneous spectrum
4.2 Bk, DEWMEZHIENR
4.2.1 FBIXEPIHAE
6 NAZHE S WEBRMIRTEIL 1.5° AMA BB AT EER F KA. d1F 5 A%, ik
PRV AT, MO X N = T AR EZE DL 16 um BUR RS i, shb RSB 2K BRIk S
kLT, OO R S WBOUU IR 2 I B R U IL A PPI (1.5 11 B _EJFAR B a1 3¢ (]
6a) . WHLT 07:56~08:11 LL “JL” FIRITUAREE — K MEALIRL, s AR R 2% 18 1R (i

WENE W 6 LDt sS4 o FEER —IRMEALAE VL) 16 min f5 (08:12) , T 2L B AL
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