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utilization of cloud water resources. Precipitation enhancement requires scientific
and feasible operational technical indicators to guide the implementation of actual
operations, and reasonable and accurate assessment of operation effects is an
important issue that needs to be solved. It is a necessary way to establish and improve
the operation technology to simulate the actual seeding operation process reasonably
by a numerical model, and then study changes and the mechanism of a series of macro
and micro characteristics of cloud and precipitation after seeding operation. It is
also an effective method to evaluate the effect of realistic precipitation enhancement
operation. An aircraft seeding operation during the stratiform cloud precipitation
in Hebei province on April 15, 2014 was simulated following real operation process
by a 3D mesoscale cold cloud seeding model. The actual operation process was reasonably
simulated by the numerical model. The diffusion and transmission characteristics of
Agl particles seeded by aircraft in the atmosphere were studied, and seeding influence
on the macro and micro characteristics of cloud and precipitation was analyzed, and
precipitation enhancement effect of the aircraft seeding operation was evaluated. The
results show that the horizontal scale of Agl plume can extend more than tens of
kilometer, and most of Agl particles in the vertical direction are concentrated within
the range of about lkm above and below the seeding layer. Upward transport of Agl
particles is significantly stronger than the downward transport. The outstanding
increase of ice crystals and snow particles in the cloud after seeding operation lead
to the inhibition of graupel growth in the early simulation stage. However, the
enhancement of graupel collection snow process and ice phase particles riming
processes near zero layer gradually increase total mass of graupel after some time.
After the aircraft seeding operation, the radar reflectivity has obvious enhancement
and show different structural characteristics with time. The precipitation decreases
first and then increase with time as a result of seeding. Three hours after seeding,
the operation influence area extended more than 100km to the downstream of the
operation area, and showing the distribution characteristics of rainfall-reducing
area first and then rainfall-increasing area in general. The model evaluation
indicates that the net rainfall increased by 3.6%10'kg in the entire evaluation area,
with an average rainfall-increasing rate of 1.1%, and increase of graupel particles
concentration and size in the warm layer is the main reason for rainfall increase.
Due to the weak seeding operating conditions in the target cloud area, Agl seeding
amount of this operation is relatively high, resulting in low effect of precipitation
enhancement.

Key words; mesoscale cold cloud seeding model, emulational seeding simulation, rainfall
enhancement, physical response, effect evaluation
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Fig.1 3km domain (d01) and lkm domain (d02) of the simulation.
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Fig. 2 Comparison of 500hPa (al, bl) and 700hPa (a2, b2) synoptic situation at 20:00 on April 15, 2014. al and

a2 for observation, bl and b2 for simulation.
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Fig 3. Comparison between cloud band (a, mm) simulated by model and cloud optical thickness (b) retrieved from

FY2 satellite at 16:00 on April 15.
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Fig.4 Comparison of radar compositive reflectivity (dBZ) between observation (al, a2 and a3) and simulation

(b1, b2 and b3) at different moments on April 15. (al)17:30, (a2)18:00, (a3)18:42; (b1)18:35, (b2)19:00, (b3)19:40.
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Fig. 5 Comparison between simulated 4-hour accumulative rainfall at 22:00 and measured 4-hour accumulative rainfall
at 21:00. (a) actual rainfall stations, (b) rainfall stations which were shifted 0.5 longitude to east and 0.3
latitude to south. Colored circles represent stations and amount of rainfall, and shaded area represent simulated

rainfall.
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Fig. 6 Comparison between simulated vertical structure and aircraft observation in cloud. (a) temperature, (b)
simulated ice crystals concentration and large cloud particles concentration measured by 2D-C, (c¢) simulated snow,
graupel and raindrop total concentration and precipitation particles concentration measured by 2D-P. Solid lines
denote probe’ s results of aircraft, and solid lines with circle represents simulated results. Dashed line in

(a) shows temperature taken from sounding at 20:00 of Xingtai station.
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Fig.7 Cloud water mixing ratio(g. kg', shaded areas) and ice crystal number concentration (L', green contours)
and aircraft trajectory on (a) 4500m, (b) 4800m, the seeding operation layer and (c) 5300m and (d) 5700m. Red dashed
line denotes the first seeding operation stage, and red solid line denotes the second seeding operation stage,

and black dashed line indicates vertical detection area by aircraft.
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JHPI R B . WERATER], MG 2 /AN, Al SR ik B X AR T B 7 W) b B R R R R L2
BT, #94500~5000m 2 [8] (—6~-12°C), o XI 1) Agl MHPIBE EAS MR A 2]-30°C 2 LA ERE 1 X
B (B 8b)s JHPILE/KF 7 M )9 e B R si TR B 7 ), 4GS 2 /NS (PR R K P ROBE B K 2298 50km 78 44
(B 8d), X5 KHAFMPER Agl KT FTE = X BB 156 ARG . thah, MHITE eI E 2], Agl
BT Bl N A T A K K A, EEEAEHREE 4000~5000m F1 6000m LA |, iHA KA AREC A B, B R
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RN BB EEFEAMCT 0. Lg/ke, TEHIARIEN = X B /K 6w a5, A A AT EL 2 ETHRR X
HI A > AgT MR 51X L XA BORTE R L &, TR T 0. 04 BCE @ UKL LE (Meyers et al. , 1995;
Xue et al., 2013a) HIZKIRHEGRA BT Agl Ryl id Bt AL A T UK S K, T /K T R AT et
RWOKAR, TG E T 2z OOKFACH DU e 18, (2t 7 ok R TR B, 0 iR X A7 AR E T
AIRCASCE B RE (KT-6°C), Wy Agl R 72 AL MK fokL T i K FR At 1A M8 .

Bl 8. EALIENLTFARE 1h (19:45) Fl 2h (20:45), WHEEUZ (a, b) S (FRE-ZRIL) (e, d)EEEFKE RE-T
6> W ERm . KA ARy Agl RFHOKE (L-1) , WES{EZE) 0. 001g. k-1 =K, SRESEZN 0. 04 MK HE
L, HPESELRE -0, 05 A1 0 /KT WAL, AESELN 0. I s—1 I EAAREE, KESHELNRE (C) .

Fig.8 Vertical sections along (a, b) prevailing wind direction (from southwest to northeast) and (¢, d)
perpendicular to prevailing wind direction (from southeast to northwest) of seeding layer at 1h (19:45) and 2h
(20:45) after seeding operation starts, including number concentration of Agl (L-1, shaded areas) , cloud water
with amixing ratio of 0.001 g. kg—1 (blue contours), ice supersaturation ratio with a value of 0.04 (green contours),
water supersaturation ratio with values of —0.05 and 0 (black contours), updraft speed with a value of 0.1 m. s—1

(red contours) and temperature (‘C, gray contours).

B9, 19:00-22:00 () Agl & Z (¥ CFAD B (a) A1 CFDAD [ (b). (a) FHHEDCAEMIRER K AgT MA4HIE (%), (b)
B IX S SR BRI 1 AgT 7RI I 2 (H (AL —TRER, %)

Fig. 9 CFAD (a) and CFDAD (b) of simulated Agl number concentration from 19:00 to 22:00. The shaded area and contours
indicate binned frequency of Agl (a, %) and Agl binned frequency difference between seeding test and tracer test

(b, %.

Kl 8 Bor 1 BRI 21 AgT P (IBR I 23 A TR , {8 FH A %6 5648 2 Bl 51 B 234 8] Ccontoured frequency
by altitude diagram, LA RE#FK CFAD) HIEAIUPT A SAE EIL T Agl ¥ Bt 4 it = RE e (& 9a). F¢
AL ST 3 /N (19:00-22:00 ) FECAERR Smin 65t 19T Agl =484 & FE S5 MIRR 73 58 )=, IFF
AgT WREM 10°~10'm " 430 81 ¥4, HHHEA— = EEH Agl FIRE R ks itk K —E&NREM
6 m B DO 2 e s B B . 18] 9a RIONARHE S AE B 5 2 1 CFAD B, b x By Agl HUR L)
KB FEAL R, v BRI E, A X BUASRIE, CFAD FMGEIR B H TR RS THFIE (Yuter
and Houze, 1995; Chu et al.,2014; Xue et al., 2016)., & 9a nJF W, MALEHI 3 /NN, KEES Agl

R 3 x 10'~10" m ™) EEHAATE 4500~5500m [¥ 5 FEX A Y COLIE A 0. 5% E LR X4, X —
X381 2 AgT HEA AR F AR 24 X 0 AR BE 1Y) Ag T B AL Im) b g s vl ik B 424 9000m, 7] T e f i m]
F1k 3500m IR AL, AR Agl 1A b ik B IR B9 T ) T A4S .

BT A A% A UK S IR — 5850 Agl K ATk AT fdlk, 9 7 % Agl WWAERIIESL, AT T Agl
IR R RES CHPZERSL, 3R Agl KT iR T AS SRR AL, HoAbh 5 A58 52 A FD,
HHE TR SR RIS T Agl SZAE I 2 (A RIS R B 58D, B R CFAD Z{AE (K 9b), T
SCTRIFRCN CEDAD I (contoured frequency difference by altitude diagram), HZERETTMN—ERE Fix
W Agl K7 HIVHAERAE CH T4 REG T Agl A%, RIS /NI AR S 53 b oy — L s
5, BT Bir s 2AER S BHFEA TR TR EMEL, BUESEPr s AT 5037 18X Agl
S ARHE LSRRI A KD B 9b R E R, fERIGH Agl 7E7% = E A LD E (AR Z), 18
4800m [RIEMVZ PRI (£ 4700~5300m) FFAEHRKM) Agl THABIE(E (0. 15%SFE L X180, 1A XIS I AgT
WPELE 5x 10°~2x 10°m " [X[A], JHAEIEME X IR 5K 9a fIRERS: Agl 431 X I —5. 7000m LA, {4k

1) AgT 75 %M BRSS9 D FRAS s FLR R — 5 T & A Hh Agl B ACHIEFEAERT, 55— 5 TN 421K )2 Agl
(1K TV FE T BT B3 IE DRl (1) 2



b. = EE AR

ASCIHICR AT A S HEAL G 3 /N (19:00~22:00 B (2 FIFEKARL, ARG Agl 13 &
Mo P K AR AL BTG L, 4 37. ON~37. 7N, 114. 8E~116. 5E FIXIRAE NG 3 /NP IX (& 14),
TRERIVLE, T SCHIETA AT % 3 L R4 X

B 10, 19:00-22:00 BFEAL X P = i & ST B (K855 22 (ST-CT, X, %) BRS04 (CFDAD). [l A S04 K
BEYIR G L RKE S () 2R G- BME A (ST-CT) AEXHEHIRIR HIAZ L (%), B E B ORI AR R R E, S
S IR K BRI £ LE R KPR TR 255 P 3ME (ke kg D)y KPR SR AT X PR E RS .

Fig. 10 CFDADs (shaded areas) of simulated microphysical parameters in evaluation area from 19:00 to 22:00. Black
solid lines denote changes in the difference of horizontal and temporal averages of every hydrometeor mixing ratio
relative to the control test (%), and vertical black dash-lines correspond to the zero value of relative change.
Green solid-lines indicate horizontal and time averages of hydrometeor mixing ratio in control test (kg. kg,

and horizontal black dash—-dot-lines denote mean zero—temperature level height of evaluation area

B 10 SR T A R0 A2 il X 56 h S f e 3 S AT AR AH IR A 19 CFDAD B CRELERD) . i SR vp &
VBB K RIS (R 56 T3 (SRR, AR K0 N A EE & AE A — & B2 B AT [ B (0 e
FEACRPYIFTAR) DAS AR IR T L% i a5 iR P A A8k (RESEZR) . 5 9 h Agl 4045 X Y
FRUEAE X 1 BEXT R, ] 10a H1 4500~5500 2 [1] (1) KR & HU /KIS AR 22 9 97, Tl 10b 2= /K AR
ZIVTFATNE, XU X EE KR 2 AR I s PR AR R B, JKIRAT =K
AT AR AERPIRAS, R I8/ 0. 1R 3. 5%, 4t EITE 10" kg/kg B KV Z /KX Rl FE R AR 2
AL BN, X—mEEMREYET Al AT LRI (£9-5°C, XR-FH5E ) 4500m), FF Agl
IRZAC TS KA AN 2= K I B 2 Y, TR 1 VK SR 7 I K ik — 2 i R = KRR . K 10e |
A& E], 4500m LA VKRG HE BRI X3, A 28 N IEE, W(EEAAL T 4600~5500m JE [, Py
T B KR IA 2 13. 7% (5076m), ] WLAEAL A 2 5 R oK i v 35 . 256 7 R s &4 i
Kl 9a [MIALERY BIORFIE, CHLABRRUEN A B R E BT, BIFMAAE T 4500m~5500m iX —i& B AL # A%
X sk LA 10c~e, 4500m PA L, 55 FRAERRAE S UK RAL, Ak =P RIR A TUE R T &3 (&
10d), PRI i KB MEIL 2] 3. 6% (4458m); 1 f B IE S UK AN S AR (A I, L= R IR A
EUAR () B 2 B SR 1, TR R B R IR IR 3] 4. 9% (4664m). M ki KRB i L g, =
TR 2504 10 Ik PKARRL 2 TRl 3R A i R AP I FE R A KO R K, A 5 R P2 43 il £ T
=PRI A ZAKAUKIR, BRI, HEA AR = TG T U 0 2% 405 55 3508 o v PR AN gt Lt 2
KRERRERRL T, BRI ZA QL = KRR =KD, TSI oK G TE i i 72
HAH 2 IR KV AN K BTH R, IRt — 20 I 95 35 ok /M4 o A ANt e BE R 1 26k . ALk, UK
FERL T~ 2 8] (R 5 2R i R 3G 5 S R A = TR 3N ) = 25 R, R S 0K s n, - AT
UKERL T2 MR A K OERE D) TREFEAEVK R I FE s E R VK 35 B35 N8 2 (i A fd it Al
Frd PR AR UK/ 3B I E R e, (EE 10e RIAB I BARZH) 7], XS5z Pl =K
IR 2 FEA G, H A TEJE BRI AE S SCE TR 404

Kl 10a. b A ER], & 4500m [ FRIFEZEME, KRR, oK B 1H
¥eo T 4500m LA R IR 4 m T Agl IRIZ IR, DRk 25 7K PR AR 5 K AT 6 A2 FR T UK ARDRL T 1 DL 35 8
B K RS TR T IA RN /K A2, AT ECE] 15a2. b2 t S B (A B AR AR AL T &, KSR 1 DL 5 A
KRR 2R T KAER . B 10e R EREEZHHIE AKX, ks FRAHE 6x10°~4x 10"
kg/kg Y0 [ P B 30, JCJE BRI R REAT PR 5 T, — A& 30 7 TR 175 22 1 J2 P A/ 388 3o lf I 2= /K BRI VR 3
TR TR MK S R S A KON R R R, O REE B Z AR T, = A K
ME R (B 10d EAEZE).,



EREZLUTBEE D, ME 10f IR A LTS B T E 2], = MRS LU EE
JE J2 BT B e K AR X B 0. 5% (X E ik BIH K 1.0x 107 kg. kg '» 2809m), XN 242 % Foki
AL ZEAER R, 2k mE R E BT, MR AR MEIEARYERETE 0. 2% 134 & (LX) &1
76 10 ° kg/kg E2k: BNAEAR AL 0. 24%, AT 1572m). FRAERE 2 ARk 2 /i i E BRI —, B 10e
B2 L 7% 1 VS R AR AL S AR NG, BRI A H) 1. 0% (2190m, ZEXiiaE 1.4 x 10 keg/kg th
NECKARD, B AIIE IS MY A 2 A A . A 10 SR EDATE, AL A A [F] R I 7 A 38R A
—, TRIRA LU MBI AR A 38— ek =84 1 oA, RIS RO AN O Y 38 A 8 0, 38X Bk 3G 3 A
DUER, T ] 10e HIR JE H R (A 22 A AR AR S RO AL, I U BH R 2 R R R 1R AR A S R AR A A E G
R, BALRRJZ MR AL FE AT 582 52 Y AR A0 A 2R

7EFE 10 /19 CFAD Z{E A rh, B EA BRI R B IR A AR X3 Ak, A7 A — 28 1E 5 AE B L
AGHI X, Wi 10e H1 2= 7KAE 6000m LA AR 2 XIS — L8 CFAD ZE(EA84k, = AR X Pl G 1) J5 IRl — 7 T
A REAE TR R Z 2 h 2 A B AR R, (AR SR G R RIS R B R L, A
PR 3 R 3 AR AIE BE 22 1Y) 2 B AL ) JR) b 2% AR AR AR R e e, 2 — 7 T AR 2 AL R BTN s, S8
2 IR FEAE I [A)R 25 6] 1 IR O A& i) (Xue et al., 2016).

c. IR

I 3 /N b SRR KA O R B (B2 W 14D, XFLEETTE B =08 98 2= 1 i Ik [
ATLAE B, AEMEAITIG IR 1 10 20 A, AL = P ARl s B2 = 1075 PR R 8 [ se il 4 e B el 58 ) AR 4K 25~
30dBZ [ FE WA /) (IR ) BEAE I TA] e K — EL 2 20:00 2, 1AL 22 75 T4 Rl 0ok Bk
R, H B BRI AR LR L7 BB sR,  /Rb = R 5 mkss, RIX— B A, s imE
B AORL T & e 658, PR J2 A RORE 1R R U S5 » U T PR 3L PR [T 95 53t s M P 7Kt A7 i o AE 1 11
b R EHER B XA A) F B EIRRRE, (ENLE BJ7— BB Thn /247, HAk R R &S, R ER A
PIX (WIERT 25dBZ A IXH0 u FEIE R, k)= R O B el X Vi FElR S B 25, dnlEl 11b w1 2km &
FERE, HEALZ KT 30dBZ S [RIRR 0 2%, H R 75 KT 25dBZ H R X 45/ B[] 20:00 J&, 3F
it XA 22 T8 I [T A2 P 22 810 T PR O S AR B i, i 1ey d P AR G 25 0 LA X dskrb, - ff
W= KT 20dBZ 5 FE R 1195 [X Y B AR G Iy, ELAE km LA KT 20~25dBZ 19 0 H B,
T BRI K T 25dBZ R K (el 38 ) 98 RE SR 3 e EIRRFAESR B, ARV IT AR5 2L/ N PRI 1)
W, SN A ARz X EAR (29 4000m BAED Bk [mlpcg o, (22 XN AR K R as, BRI H AR
=K BeJE, BT EAR TR N, Hirz KW BN (A RIESg 3,  HAacH B )
SREEANE ARG R, B — 2 /NG B br = B K 58 .

P11 AN [ S 20 ok 7K A o ) R 326 [ B 3 TR B o P e 1 5 DCRT B B BB 2 0 0 1 L R S FIREAL 25 1 o 3K [ i
(dBZ), SHELME S AR AR EHR I, KEFHELNRIE CC), KEFATHIALE Farm AL 2 b e 8 [ 5 AR X ot B
AR IX ]o (a) 19:20, (b)19:45, (¢)20:40, (d)21:15.

Fig. 11 Comparison of vertical sections of radar echoes (dBZ) alone the center of precipitation change at different

moments, including natural cloud (shaded area) and seeding cloud (black contours), and all contours value are

consistent with shaded color bar. The gray contours represent temperature (°C). The position of gray shaded belts

indicates the abscissa range corresponding to the main change region of radar echo in seeded cloud. (a)19:20,

(b)19:45, (c)20:40, (d)21:15.

Kl 12. 5 10 281, kB CFDAD &
Fig. 12 As in Fig. 10, but for radar echo.
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AR S I EARSE (2017) ORI Hras R —580. BP R ZR AR, A = X IR iR oy 22,
B L AERIP R 5~30dBZ HITEE | v BEAE B2 5 5500m i [ AR HS 7 XIS i ik 22 3 i
AL = AE 15~35dBZ [ [alp s B B At o), R IEBR Z R WK, FIRFHERIIEMAEIT, ik
PR AR Je 2 T BRI R e il AR i ) o 255 18 10 f T AT eI, HEAE 2578 25 DR A [l 5 4 i
T ER TR TGRSR, TR 2 2 B AR J2 0 1] 2 58 8 o 0 3 R R AR Y . Rl 72 DU i
LS S K R R 0 )

d. MK AR A S Y B A

P 13 S T AT ACHE AN 25 KB VI (3 SR AR AE B TR0 (e T 13 T MK
ST A AL TFA I H0 30 2 40BN 110 S BB, 51 19:20 J MK IS A TF 06 590 i ] 2 0 455
ISR, B 20010 BHF M AELE-1 0. 20:15 LU, ALz MK AEEHNE, HEgEL
RZ MK, B 21:20 S5 BIMKE MK 2. 0% 2 JEHEH 2 MoK RIS RIBRIRE T, {2
MRS B 22:00 I — ELAEREAE 1950 FE] 13b o Bty T S0 5 1 T 46 B0 S 1)
T T KRR 250G, MM 35 M AER 122, BOMEK BRI B 5 R, 25 BB K
e A RO (L P 10 U6 447 L2 W R 5 o R 8 5 B A 5 VIR ) 13b o
B B 2 O T B T T 35— s PRI B 2 5 R A R 12 {5 5 of 2
S HOTH B K FUR RIS (LS, 28 o AT 0 R 5 M A A (AR 2 B 2, e
A2 PR T 75 B0 T B BT SR TR 13b ool Ak 25 b 2K R 19:30~20:35 2 1] 2
SO, 5B A b A SEC BN1 0 K HBEURTS WEAORE AR Xt 25K T L 35
SHMNARX MIZKEGT BAZNMN, BASKPRAZ0Z KR RS (E, [
R X 2 110 32 R

B13. PP X P XT38 Bk Bt R . Sk e, BoKa /. W ZRIC IS IR 2 (ST-CD. BREFHRAN
TSR REME (ST-CT) BERSRIAR L. (o) BOSZRFNL AL NN S B RS XA KRR, s
fiEAl = K DR EEAR T HAR = AL, PR B AR A AR A T AL E . (b) & EZ 535 R 7K (Prep. ) KT (Qv) Z7K (Qe)s
UKl Q). F (Qs). % (Qg) FIM/K () WEETN. (o) FELS N AL EHRAEZME (ST-CD, Hh
SRR, AT, (d) AL B2 R R R KL T E S B AR B2 (ST-CT). (b). (e) M (d) P miRIZNEE
XA o PR B L IR L SR RAEAL PR b B ) B

Fig. 13 The time series of regional average precipitation intensity, total amount of hydrometeor, total
precipitation, difference (ST-CT)of total conversion rate in main source and sink of raindrop, and difference
(ST-CT) of total number of graupel and raindrop particles in warm layer over the evaluation area. (a) Solid lines
represent average precipitation intensity of seeded cloud (black) and natural cloud (red). Blue solid line denotes
change of seeded cloud precipitation intensity correspond to natural cloud, and black dotted-line indicates the
position where the relative change is zero. (b)The regional total amount variation of precipitation (Prep.), water
vapor (Qv), cloud water (Qc), ice crystal (Qi), snow(Qs), graupel (Qg), and rain(Qr) in seeded cloud relative to nature
cloud. (¢) The microphysical processes conversion rate difference (ST-CT) of source (solid lines) and sink (dash
lines) terms of raindrop, solid lines indicate source items. The dotted—dashed lines in (b) and (c) correspond

to zero value (zero—line). The shaded area denotes the second seeding operation time period

H R CAMS T BT ey, R T A IO0 G4 W 3 5 FLAR K BRI RL 1 (0 Z IR IR I . 5 F E 3
s R A RN S B RS o X LS A B R A A R R B, AERRZ IR (Mgr) SRR A2 O R 5
TR, HOONRMREIF = (Cer) BLRFBRIX A FREIF = (Ceg) AMMMALIFE (Csr) g, (HIX
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Set R R R B L Mgr ZUREAE 2 | AMERUL L, HRFETN S W Eh# (Aer). FHmEL (Msr)
SRR R BEAR, AT AR A Al A H T B K ) R BRI . T AR R (Svr) A XN UKEE . T, wkAl
FHMERE (Criv Crs. Crg) MMM EZICI, Hrp Crg & FEMICO, HMEESHEGRE 14E
Ll l, Criv Crs Ml Crg [FJI 2 8% (U B BRI, & 13c WPt T Ak g i il 6 v 2 AN VP4l X P R
W EZIRICIUEACR I ZEE (ST-CT) BERF A2, nfLLESR], fMEAIFEIE4 25 7080, B9 Crg. Svr A
Mgr R 4A BB B R4, T AR T ELF 90 7341514 20: 20 A FF4R H B S ARAL,  IX U B R0
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T 35) S Rk 55 IR Ak, Mg RS 6 SR 5 Ml [T P 7K PRI 38 4, IR J2 W VR ) i/t 253 1l Svr )RR IS« H 1A
10e A1, VA MR EZAEAE T 4000m LR R4 2, g2 il Crg i R R AW E N R R E
JEII R FESE A, Crg I FR 19855 Y 2R 2236 X 26 5 FE J2 A I b K055, AR Ve R W] R 3 m, (H
T A 2 W I SO R R R AR 2 (Cer) MR EEGS1S 2, X BRI SURBA 2 K, 1 f K
W2 SR T NI Z BRI (B 13d), IR EH Mgr i F2X — B Bk ALH], S 800 2 R
b (B 13d) . FEAKIES. KRETE 20:20 UL, AL F M Mgry Crg. Svr il #2 DA AR IEIC Iids o+ H 448
=, H Megr 1 Crg i FERIAAL B Bom T AR FE . Mgr i R R385 06 R 25 S 30 B /K F38 T, 32 A4k 2 oK
B AR TR BRI, Cor FBE)Z Cog 1 FE (134 5 0] Bk 8 A R, i 2 R 8 i (& 13d)
& Svr R AR E B R, B EAKE R e AR ERH . 84 Criy Crs F Crg A2 274 2 W iC
I, AHEAME R EMGE BRI, X EART Mgr iIIHE, BN ERLI RS IS K Re % ik = 5 it 5
ZEE KM ERL (B 13d), IXAHEDE T HTSCE 10 F50 0, RIOK T SR T-75 25 B )2 R R I8 PR 2 1 8 i A
WP, B, SRIREEK F Z AL 2 B A A FE, T Agl B RBEP BRKSERAEA
b, BEMEZM 2] 1 Mgr ik B2 H I SGIss Jo 3 o AR AR, I 2% S U T P AR AR R AR AL AR 4K

Bl 14, AR TR 19:00-22:00 MO THIFE K (K RAVELL (B, ST-CT, mm) FIEHAZIRBUOINE (BHZL, m). Ehate
SR TTHE AT TR E BV XS, 20 R R 277 HE KL ES IR A DX, R R R o B 8 v g AN T AT 11
P 16w i T i o L AR A7 B

Fig. 14 Accumulative rainfall difference (ST-CT, shaded area, mm) and accumulative rainfall of nature cloud (contour,
mm) from 9:00 to 22:00 in the model. Green solid-line box shows evaluation area determined in this case, and red
dashed-line box denotes the region of second seeding operation. Two black dashed-lines correspond to positions

of vertical sections positions in Fig.8, Fig.1l and Fig. 16.

WA ORI B R B BT AE, B 14 44T 19:00~22:00 MM REUEWE X AR S R
PRI 70 A, B PR K AR AT TR 2, AR ENR X (ALt R T HE X0 —EIRZR, L
FHE B KA XIS T T AR L) 16 2R, R EARalk X R AR AL 0. 2 DMZER ) XIS F Y,
b A K AR S BRI O ORI BRI I KR 20 XN R BN IERCR D8 X B 112
R, HIERXIEAZE ML AL BT A2, 3P4 XN IR AR I #0719 KA Big, BRI
Mo T B K A BETT 55 AL RS DXV B 2N TPPAE IXVE R . 3R 1 45 TP XN B 2R = B K S AL AR
XA T e A A RO R S B, e b AR 2 DR AR TP Al X PN B3 /K SRR AR X3, 38 T X4 e i e 7K 6 o ) X
S, SR R AR PR AR S A AR L R B KA T A AR 1 ATLR BIRELL S 3 /NS M B K AR 1
AR RO R T T, AN 3 RSN, PRI 1 1%, AR A TR R X, U140 R 22 AT as #) 3. 0%

1 (A 19:00-22:00 FIPPAE X P B R FEK AL AL R SE vt

Table 1. Statistics of natural precipitation and seeding operation effect in evaluation area during model time

19:00-22:00
PR E R X R W E NI AL 2 [X R X JR b R 2
(10°%kg) (10°%kg) (10°%kg) SERIE R (%) SERIEW R (%) %)
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9863. 7 3375. 4 35.6 1.1 3.0 -12.4~13.1

Bl 15 b = h H B A X EEFER ., SFENSHEUESHRZNEMN (ST-CD. TR TaBAFYRES AR
ZAH (ST-CT) BER 1528 . al 1 a2 NFHHIST, bl Al b2 AT S,

Fig. 15 The time series of main source terms, conversion rate difference(ST-CT), and difference (ST-CT) of total
number and average mass of snow and graupel particles in supercooled zone of seeded cloud. al and a2 for snow,

bl and b2 for graupel.
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Fig. 16 Vertical sections along precipitation variation centre (from southwest to northeast) at 1lh (19:45) and
2h (20:45) after seeding operation starts, including rainmixing ratio variation (g.kg', ST-CT, black contrours),
number concentration of Agl (L', green contours) , cloud water with a mixing ratio of 0.001 g. kg (blue contours)
and seeding area position (bold black lines). (al, bl): graupel number concentration variation (g.kg', ST-CT,
red contours) and graupel mixing ratio of seeding cloud (g.kg', shades). (a2, b2): mass median diameter variation

of graupel (g.kg', ST-CT, red contours) and rain mixing ratio of seeding cloud(g.kg', shades).
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Fig. 5 Comparison between simulated 4-hour accumulative rainfall at 22:00 and measured 4-hour

accumulative rainfall at 21:00. (a) actual rainfall stations, (b) rainfall stations which

were shifted 0.5 longitude to east and 0.3 latitude to south. Colored circles represent

stations and amount of rainfall, and shaded area represent simulated rainfall.
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Fig. 6 Comparison between simulated vertical structure and aircraft observation in cloud. (a)
temperature, (b) simulated ice crystals concentration and large cloud particles concentration
measured by 2D-C, (c) simulated snow, graupel and raindrop total concentration and precipitation
particles concentration measured by 2D-P. Solid lines denote probe’ s results of aircraft, and
solid lines with circle represents simulated results. Dashed line in (a) shows temperature taken

from sounding at 20:00 of Xingtai station.
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Fig.7 Cloud water mixing ratio(g.kg', shaded areas) and ice crystal number concentration (L,
green contours) and aircraft trajectory on (a) 4500m, (b) 4800m, the seeding operation layer and
(c) 5300m and (d) 5700m. Red dashed line denotes the first seeding operation stage, and red solid
line denotes the second seeding operation stage, and black dashed line indicates vertical

detection area by aircraft.
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Fig. 8 Vertical sections along (a, b) prevailing wind direction (from southwest to northeast)
and (c, d) perpendicular to prevailing wind direction (from southeast to northwest) of
seeding layer at 1h (19:45) and 2h (20:45) after seeding operation starts, including number
concentration of Agl (L', shaded areas) , cloud water with a mixing ratio of 0.001 g.kg'
(blue contours), ice supersaturation ratio with a value of 0.04 (green contours), water
supersaturation ratio with values of —0.05 and 0 (black contours), updraft speed with a value

of 0.1 m.s' (red contours) and temperature (‘C, gray contours).
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Fig.9 CFAD (a) and CFDAD (b) of simulated Agl number concentration from 19:00 to 22:00. The shaded
area and contours indicate binned frequency of Agl (a, %) and Agl binned frequency difference

between seeding test and tracer test (b, %).
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Fig. 10 CFDADs = (shaded areas) of simulated microphysical parameters in evaluation area from 19:00
to 22:00. Black solid lines denote changes in the difference of horizontal and temporal averages
of every hydrometeor mixing ratio relative to the control test (%), and vertical black dash-lines
correspond to the zero value of relative change. Green solid-lines indicate horizontal and time

averages of hydrometeor mixing ratio in control test (kg.kg'), and horizontal black dash-dot—1ines

22



denote mean zero—temperature level height of evaluation area.
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Fig. 11 Comparison of vertical sections of radar echoes (dBZ) alone the center of precipitation
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change at different moments, including natural cloud (shaded area) and seeding cloud (black

contours), and all contours value are consistent with shaded color bar. The gray contours represent
temperature (“C). The position of gray shaded belts indicates the abscissa range corresponding
to the main change region of radar echo in seeded cloud. (a)19:20, (b)19:45, (c)20:40, (d)21:15.
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Fig. 12 As in Fig. 10, but for radar echo.
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Fig. 13 The time series of regional average precipitation intensity, total amount of hydrometeor,

total precipitation, difference (ST-CT)of total conversion rate inmain source and sink of raindrop,
and difference (ST-CT) of total number of graupel and raindrop particles in warm layer over the
evaluation area. (a) Solid lines represent average precipitation intensity of seeded cloud (black)
and natural cloud (red). Blue solid line denotes change of seeded cloud precipitation intensity
correspond to natural cloud, and black dotted—1line indicates the position where the relative change
is zero. (b)The regional total amount variation of precipitation(Prep.), water vapor (Qv), cloud
water (Qc), ice crystal (Qi), snow(Qs), graupel (Qg), and rain(Qr) in seeded cloud relative to nature
cloud. (c) The microphysical processes conversion rate difference (ST-CT) of source (solid lines)

and sink (dash lines) terms of raindrop, solid lines indicate source items. The dotted—dashed
lines in (b) and (c) correspond to zero value (zero—line). The shaded area denotes the second

seeding operation time period.
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Fig. 14 Accumulative rainfall difference (ST-CT,

nature cloud (contour, mm) from 9:00 to 22:00 in the model. Green solid—line box shows evaluation

Val

shaded area, mm) and accumulative rainfall of

area determined in this case, and red dashed—1line box denotes the region of second seeding operation.
Two black dashed—lines correspond to positions of vertical sections positions in Fig.8, Fig. 11
and Fig. 16.
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Fig. 15 The time series of main source terms, conversion rate difference (ST-CT),

PALR S BRI ZEE (ST-CT)

N ARSI G

and difference

(ST-CT) of total number and average mass of snow and graupel particles in supercooled zone of

seeded cloud. al and a2 for snow, bl and b2 for graupel.
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Fig. 16 Vertical sections along precipitation variation centre (from southwest to northeast) at
1h (19:45) and 2h (20:45) after seeding operation starts, including rain mixing ratio variation
(g. kg', ST-CT, black contrours), number concentration of Agl (L', green contours) , cloud water
with a mixing ratio of 0.001 g. kg ' (blue contours) and seeding area position (bold black lines).
(al, bl): graupel number concentration variation (g.kg', ST-CT, red contours) and graupel mixing
ratio of seeding cloud (g. kg ', shades). (a2, b2): mass median diameter variation of graupel (g.kg ',
ST-CT, red contours) and rain mixing ratio of seeding cloud(g.kg', shades)
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