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Comprehensive study of the cloud macro- and micro- structure of a rare aircraft icing case in Henan
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Abstract The strongest aircraft icing was observed by Henan Weather Modification Center in the history of their
precipitation enhancement operation by aircraft on 10 December 2018. The strong icing occurred during 16:16~
16:47, at the height of 3600m( -7.9~-12.9°C), with the thickest icing in the nose and wings reaching 16.2 cm.
Using the airborne DMT observation, combining with FY4A satellite retrieval cloud parameters and radar
observation, the macrostructure and microstructure of cloud was analyzed in detail. The strong ice accretion area
was located in front of the 700hpa shear line, and water vapor was transported continuously by the southwest jet
stream. Deep inversion layer provided favorable conditions for the accumulation of water vapor and liquid water. In
the area with strong icing, the cloud top height(CTH) was about 4000~5000m, and the cloud top temperature(CTT)
was in the range of -15~-20°C, and the cloud optical thickness(COT) was larger than 30. FY4A cloud top
phase(CTP) production is in good agreement with the observations, which has certain indication significance for
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supercooled water and aircraft icing area. During strong icing period, liquid water content is abundant and the
maximum liquid water content reaches up to 0.818 g m™. The existence of a large number of spherical supercooled
droplets and large supercooled droplets with a radius of more than 50 um is important reasons for ice accumulation.
Due to the lack of ice crystal particles with scales exceeding the mm scale in the area of strong ice accumulation,
the S-band weather radar echo is weak, even significantly lower than that in non-icing areas. When using weather
radar for monitoring, there are certain limitations in inferring ice accretion intensity only by the echo intensity.
Keywords Aircraft icing, FY-4A satellite, Airborne detection, Cloud macro and micro structure
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KPR 23 il AT P PR AN AT RS A TEE, S TR eB s Erm, sl TS A%
FHOT 2 KF (AFISE, 2010; 5 W5, 2017). KHLBUKINF A S TR SR L EZ MM EEVINKR(ZETR,
1999; F#%%, 2014), Mz i /KA R SERUKINEER R, CHESH 0°CLL TS KE K=
RATHS, KBENL S RIRE ST RRARK . B, Xd@ KX ISR &40, W ZMRARG. KA
BIBZMHER R ER U = FE WO ERAE (AT 7 B B .

BRI RGARE WWBIKEZH—FRSARG. 37 D WK S RS RG R AN FRER
(Bernstein et al., 1997), B A 250~600 km i3 [l 2 75 7 & AE AR UK IR X350 36 RS hir 22 2RI X 1990~
1994 F AR UK AWM A I, ZH X KL= A AR OKORER 70 5 ¥ B R SR GidH < (Politovich et al., 2010). B
B RGN, 2 PR AT AR AR A WK R AR S(FET R, 1999). CHUA UK HILAE 0~-12°C
ZIA) ()R R X3, EARVK X 8ud o A B S 3 (R = FI sk iR FF, 2008; xIF 524, 2008; FREkfl ST E,
2006; XIZUFESE, 2013). R EA R T KR HERL, £ IEBAEIK A 4 4 (5K FI-F 5%, 2014; Sergio
Fernandez-Gonzdez et al., 2014).

Bk IR KR REEZ AT, = W B KB D ULz 08 50 A0 15 Dl 2 6 UK 5 B i i, TR AR DK
REE T (0 = ) BEARAE AR 98143 26 22 . Cober et al.(1994)F)FH 31 ZE7 KL AL, 2047 7 KHLA vk IR S,
RIVEA LA KN Z X FKF RN 4.3 km, PR EZ) 130 om®, “PIHRUK &8 0.13 g m?,
SEIE SR TR 18 ume BHFFURE, BEP R 2 RACIAFRT A 7K = BA S8 A2 K6 2R 2R E, R
TN BBK S BEAL, ERIRKZ MBI s, H 2 %R (Politovich et al., 2010). 7EAH RIS /K&
BT, SABEWAEMFIK A N E e E, 42 SEEHK(Hansman, 1989). 7E&HWKE 0.1~
1em? it K (30~400 pm) zH RATANE] 10 min B AT & BETHBE J7 1 9 S FEAS (Politovich, 1989). it
AR RO oA PR —FRAAERZMHEN T, KSR TERZERL, FIGENRET 0°C
DX I B o3 — P a2 7 gt 5 AR Al 33 - Bt S ML T 1 (Sergio Fernéndez-Gonzd&ez et al., 2014). Cober
et al.(2001)7EAL & =N AN R b3 XA g 75 AN SEHOW I o, AN 134 /AT Rl 1B BAR KT 100pm 1
A KR 1 CMLES VAL &5 5, Fi tH 7R IR B AR T~ 13°CIN AN 75 B P25 R R WU 5

[ P4 23 S AR UK IR () = e PR A BT JE 7 — S6 T 78 . RERZE (1989) Wi s & RFFHIIX [ SRR
VKAB LN BRSO EEEAT 7RI, R INZH XA K 2 K & BB s BERG nm  hn,  = A R R,
WK B KA IE ST IT . 555 (2018) % B & — K KM VKA B 1) = S B AE 0 M R I, = RS
WIS, (Cloud and Aerosol Spectrometer, CAS) « = HiF K14 # 3k (Cloud Image Probe, CIP) Flf& 7Kk T
K445 (Precipitatition Image Probe, PIP) 4l kL T-H0& B 20 51K T 300 cm®. 1 ecm® A1 5 cm™®, ki 1-rf
HEARMERAA ST Y 3 pm. 89 pm A1 1389 pm. F7 55 (2014) M A AL R HIIX. 7 A ZEUAT ARUKHR S (1 RHLER
GRE,  VEAHS T T AN R BE IX 8] P I v DR BV FERFAE IR UK IR T I v R A< B 1P X 1 B i P
AT AR, 0~-5 °Clalid A K P2k 9 5.05 L™ #7305 %5(2014,2018) %} 7t KUt ot 75 o ek 1 2R
IR R S ARHE R TR, AT R WK X 5 E B WK &2 8m, FIEE R HIE = W IRE
B EJ7: R kR 2% (Particle Measurement System, 45 Jy PMS) 73 #7 HIid ¥4 = /K I AR S5 5 1
BEMEXER AR SRSk, 03 E KA 2013~2016 4F 8] 1) KNI UKk & R goit R0, WHLRRDK
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AFREREZ, BFERERYUD, HRARE S Z 15 X E 2 2000~6000 m(Z& M5, 2019).

2018 4F 12 H 10 H, WA TR N T HLEL, AR AR 1 AT IR 2 o ) 7 4
B RHLIE B A S DR AR R AR UK o R AR R SRFUK AR, A SCRI VLR = BRI Tk, 256 i Fl s 2
MM FY-4A TR IIE 277 i ORAE B BERL, 8 TRUK ARSI = R EBORRHIE DL
FVKTE LRI HL o

2 BBl REFEHK TR

2.1 FEANH

AR SCAE AR 4G : 2018 4F 12 H 10 H FY-4A TR K ABNATE T 15 235 8 3 1k s (SA BB
micaps FfE L P BAR TP EAR AN = ) BRER IR . Hoh, HLE I A e Modern Ark-60
HAR KHL, KCRLIEE L) 100~120m s, HL_E % 70 FHR 01 2 4t (Droplet Measurement Technologies, DMT) ,
FEAR: (1D WG EARERNEZRS AIMMS-20 (Aircraft Integrated Meteorological Measurement
System) , HI-FIELARE. FE. KL SE BE. 2ZE, Kl RagEE. (2) ZkF#:k (Cloud
Droplet Probe, CDP) , #RIYEHIA 2~50 um, &4 30 4L, T 12 R4 HERA Tum, J& 18 #4114 7%
R 2um, HTHRINZERT. (3 mfFEBIRKL (CIP) , KGRy 25~1550 pm, FLH 62 MUAL,
RN 25 um, B THRIKESEFA KR =H. (4 BEAKFEIGHE S (PIP) , #MYERA 100~6200 pm,
HH 62 MYNL, HPEEN 100 pm, HTHRMEEKR T Pl EERER T =B WEAR ks, BFE: 360°
ARG ARG, ARG, H T AT E RN = ZWRE. KR FIRE. &
HURRVICIR BE AN AL 7 RE A ML S5 0 R ST R . DR BERCD BRI RS B BIE RN R A 1w %, %
McFarquhar and Cober(2004)F1 McFarquhar et al(2007) (4B 75 7%, BHRIRIZ |71, FrEHLER & &t bR e
YEdr

S LR B SRS CDP IR T H0R I Nepp CBA7: cm™®) , CDP #IRE T3 115 (14T
A% EDcpp (BAAZ: um) , CDP MK TS A S KB LWC CAz: gm™®) 5 CIP Ik T %k
W% Nep CRAL: om™®) , CIP #RIR TR A 2 B AR EDeie CRAL: pm) 5 PIP #R M AHLTH0K E Nop
(Hfir: cm®) .

2.2 REFH K WITHA

2018 4F 12 A 10 HRSEHASITEMN, AU A F 22 m 2. K2 E 2. s s
JERSEFRISZ T (B 1) . 10 H 02 i (dbgint, FED fdimE L, g 24T &K $. 08 i, 500hpa
A RK-GEBH- SR L — 2 —{%AE; 700hpa _bZ5Fui-B b — 2 — IR, FReLm AR s, TR S W
Bk 7KIR; 850hpa 32 ¥e wE Al MU b, TR Ab T4 I AL < . 20 IF, 500hpa B A%
FEAL T HFIR-P k-5 B —28; 700hpa b 7S VIR AL T4 fH-VF B -F P —4k,  7H /e S FFEmik /KR 850hpa
ST RF RS2 v R ], CEUT 2 T s 30T, IRZBRIR S AR A BIET, 2] B R TR IE MR E
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Fig.1 Moving paths of the troughs of 500 hPa (green lines) and the shear line of 700 hPa (red lines) at 08:00 and 20:00 on 10

December 2018

CINEERW N -
D o Hrb, S—R0CT XA T 20 700 hpa VIR AR ML) 4.5 MERE, WATHRRY & EEH,

i) KA O A% TR BEE BLZE T 10 H 09:55~12:26 116:06~18:50 1 J& 1 F 2R/ KHLER (%

ook

M. 25 BRI CRAT XS T 245 700 hpa DIARZe AR MBI, KAT AR T 16:16~16:47 R B A KL
WA L DRI R AR K, RARRUK R R AR IR F] 16.2 om,  FRUKSEFRAEHL WA 2 s

FR4E 10 [ 08 WA 20 By A0 A1 e BHES RS = 45/ 0t (13D, MHBE R (08 i) J[pgth X = 24
H, ZEZ1km, ZIEEL 3 kmEfA. &iE) (00 =ERE, ZIsEHET . FN ES iz

FEr, wmEsA T 9~10 km, HTFEAEZA 2 km T)Z, 7km L F A3 ER, HaREEHE,

IR

25909 m, 55 ZEERARHLEMICT (R D A —F. ML NES, 8km LA —ERENE S,
4.5 km LR AMIRHREIR S, BKHE DY 553 m.
# 12018 4F 12 A 10 H B ALUERM €AT M5,
Tablel Overview of the two flights on 10 December 2018

3 LR IR TRATHTE] AT S
4K BRI~ R~~~ ~E ' HISRIE-L2 C, 25, mERE 1600m 4, fiE
20181210 9:55~12:26 ) A, o
(flight 1) W~ I~ E TR ~VF E~FH% LB 5000 m, 2 KRR 3600 m s, =)EETE.
KRN SIR 0.0 C, BIA/ME, AR 1000 m A4,
BB BB ~ P F ~ P~ ~ T AL 6000m, EK/FLETFE3600m FEK (<12 'C) ,
20181210 16:06~18:50 A
(flight 2) I~ P~ JE O~ K~ B 01 T 16:16~16:47 BUKL T/, VATREHE, EHHNH

P RBAREE R 2300 m (7.5 C) o KAT SRR B .
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129 Fig.2 Two flight trajectories and aircraft icing observation of the fight 2 on 10 December 2018
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131 32018 4 12 A 10 H 8:00 M1 20:00 A M« FaPH L B BIRSS = 1 EL45 4T
132 Fig.3 Cloud vertical structure analysis based on L-band radio sounding of Zhengzhou and Nanyang station at 08:00 and 20:00 on 10
133 December 2018, respectively

134 3 =EWEHE

135 3.1 FY-4A EE=SE 5T

136 2018 4F 12 A 10 H, =&E=HEMlE. K2R 20 L V1A e msm, REFPTHXE iR 2R
137 #:EE IR AEROK. A 10 H 8:00~21:00FY-4A T & 10.8 um ZLAMNEEXHE 0% = A sh M as (&
138 W& , RIBAN=W AR ARED), EiBa TN ETRVEEZER S KA, = A&R-75 77 K2 640
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km, F-4677 M98 245 km. = RIEIRIE, E iz BRI (cloud black body brightness temperature,
TBB) #5-50~-70 ‘C, #ME =R (1 TBB £-20~-40 C. 4MH = & T 10:00 FFAR N A TU Bl X ik, BEE
(A HERS 2 E VG 1A AR IR TR AL X b 5%, VA g o i S 1) = D 22 R — 2R AR 30 o0 X 05, IR T2
FEm b E = RN, WA L7 14:00~19:00 A= RA RN B, JUH 16:00~18:00 = R fEHR A
MR, 21:00 Z 5T R L2 = KOG ZE#TE . 2 H 288K (9:55~12:26) KATIXHEAEL T, B, &
I FE A RIBEE IR s, BN A PEH R, CHIEER E 20 2 =0Tk, 1,
B MO T A AN LS. M H S 4k (16:06~18:50) KATIXIRAEHR . M A, T ERTEEHH.

FIF 2018 4= 12 H 10 H FY-4A T2 )z T FE (cloud top height, CTH) . = T5iii & (cloud top temperature,
CTT) . =#i#& (cloud phase, CLP) Flz=)t*JE /% (cloud optical thickness, COT) 7=, #E— NS =
RIS EURE R S K I 58S, B 4 o T IR 4 K27 ORI 20 = () 40 Ao e EIT IR,
10:00 B AHHIX mIAFEEL) 6 km 24, mIREL-20 °CLE A BEAMBILMX ZTEEL 4km E4, =
TEE-10 °CHE Ay s WL EEANRE ES RTUNE A K . biE E o AZALEEE, 16:00 BAbHb X H1 = Tl
JEILF] 6~8 km, = TIEZ1-25~-40 °C, mAHSERZXEAREME S i, 20 DU IX = T
fEZ) 4~5 km, A TEREL-15~-20 °C, AT R E MG EIEE; AR, 3 DR X g id %
Kzo 18:00 LG, HH. B RTEEEE 4~6km, =R EIZ)-15~-20 °C, I LLFGHLIX 2= T
BIRid ks (EIRG o MGd e, R B2 8 B R ETINGE, B — 4L RAT I BL Y 11:00~12:00
AT R E 2 30~40, BEE T RAWRIE, & 14:00 %X g KO E 5 CUik 40~50, Je2¢ R
IE B2 B IR BH =1 B A B REA, 16:00 B 6252 5L B2 = A PR R 2] me X 4, (HARAE T L= BRI A & 35 1)
SIAT T HERT S AR RAT IR R O
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Fig.4 Evolution of cloud parameters retrieved by FY4A satellite on 10 December 2018: cloud top height(CTH)at 10:00(a) and
16:00(b) ; cloud top temperature at 10:00(c) and 16:00(d),(e)-(f),cloud optical thickness(COT)at 12:00(c) and 14:00(d), cloud
phrase(CLP)at 10:00(g) and 16:00(h), respectively. Black solid line represents the track of flight 1 observed during 9:55~10:26,and
red solid line represents the track of flight 2 observed during 16:06~18:50
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KB HIL, B ACE A5, ERaFESE (B5) o & 1 HaRfloke B 16:16~16:47, XN X k1)
Tkl 5~25dBz. HiAFIWEELW (B 6) bR, YATEE (3600 m) [HIyEH 5L 42 1A B K
B, BHEFEAKRCFIE NV R, 2500 m DL R FF4E I 5~10 dBz (55 [R1;  HL[R19% b i FE BRI 3
g, JTHL [ IA S 15~30 dBz. FHULATIL, SRELUKIX Sz Wb RO BRI BEARRL T, 5 TR SCH W
R M 5B — 3. B (2017) Nfid v K A ik Rl 5 A O BF AT B BT, ORI (1 3k v 7K = 3t
X kSR ERSS (<15dBz) , AWML RS HEREBAVIA . 18:15~18:40 AL [A] 45 M 8 H 2
e [A130 X, RS [R5 TH A 7000 m A2 Ay, BREIGNAEZ) 20~30 dBz, EALT 4000 m LA R. 454 N XMy
OB AT, I K RBE /S S BCIR AT R AR BCIRVK S SR, BT 85 I8 S 28 DR - S5 R R BEI
NURITRCIELE, BRI DX ) (R 8 AR FE AR o BT 9 AR UK X e/ ROFE i 22 K R vk b7, e S i
BORAEBRIBAERES, HZEHRACTAERR K PR AT R AU 2k B i), A 4 [ ok 152 >R 4] T
UK FEAEAE — 3 1) JR PR o
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&5 2018 4F 12 H 10 H & 280 AT HIIR 16:18(a),16:48(b),17:30(c),18:00(d) ] KATHLILE B e ik & St 28, B seal sk
1E B E 22K [ 35 %55 R B 2 K AL LZE

Fig.5 Aircraft trajectory overlayed by radar reflectivity at 16:18(a),16:48(b),17:30(c),18:00(d) during the second flight on 10
December 2018. Black solid line is the trajectory of the aircraft until the time corresponding to the radar echo
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Fig.6 Evolution of vertical radar echo for the second flight on 10 December 2018
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4 BIYIERE

4.1 ZHYEERE AR EZRRHME

I CHLNZ BObRdE, EAME 0 R ke (D PRk FSSP IR Z 07K E Nesse>10 cm™ (Rangno
and Hobbs, 2005) ; (2) #4k &K EAUIE LWC>0.01g m™ (Gultepe et al., 1996) ;  (3) Ngpp>0.1cm™
H. LWC>0.0005 g m™ (Gultepe and Isaac, 2004) ; & —Ff 7 ik i 4% 32 A1 f] (Zhang et al., 2011; %%
JkEE, 2019) o WX TANE A KSR =, BT KR REMENEOR, @t FSSP (2~47um) #1 CDP

(2~50pum) &5 7R TSR AMGEE,  H i =R TR AR 25 3] 10 om™®, R bR bk Sz by &
IRE=MIKZ . Cober et.al(2001)F1 McFarquhar and Cober(2004)F) FH k& 1 K HLA I 25 BE 5tk z= () 578 S
N MRS B BT DU B B BRI B B0k KT 041 L. A% EIKE . KEAREHZ
FR ) B, AR SCARYE Nepp™>10cm™ B¢ Neip>>0.11 LI, Il KHLA =

7 JERT 2018 4F 12 F 10 HAS—42 Yk (9:55~12:26) AL 244 )4 BE -5 6 N 1) (3 A% . KAHLZERE
K VR R s g A R R TCFH B IR E A7 T 1621~2010 m (-8.9~-6.0 °C) Fll 30263444
m (-9.7~-4.7°C) , [EIEMBIREN T 2692~3362 m (-9.2~-4.1°C) (& 7a) . WiEAF|F/KIKHEM
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Fig.8 Evolution of the temperature and altitude (a) , liquid water content (LWC) (b) and number concentration(N.) detected by aircraft
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Fig.10 Vertical distribution of number concentrations(N) and effective diameter(ED) of the cloud from 16:06 to 18:50 on 10 December
2018, Black boxplot represents the results observed by CDP, and Blue boxplot represents the results observed by CIP
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7 22018 4F 12 A 10 H 16:06~18:50 ¥z X A [l i B FL 1 f0L & 45 R
Table 2 Fitting results of particle spectra at different heights in cold cloud area from 16:06 to 18:05 on 10 December 2018

HE (m) BN, TR Fu EREY HIZERHR
2300 60.23 -1.43 -0.013 0.86
2600 238.56 -1.43 -0.011 0.85
2800 325.13 -1.42 -0.016 0.86
3600 603.55 -1.39 -0.010 0.86
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VKRR 2 ROV IE LA S AR UK I ALREAT T 47 & 0 A, EESSRWT:
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Fig.10 Vertical distribution of number concentrations(N) and effective diameter(ED) of the cloud from 16:06 to 18:50 on 10 December

2018, Black boxplot represents the results observed by CDP, and Blue boxplot represents the results observed by CIP
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