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Abstract The development and evolution of tropical cyclone (TC) “Soudelor” (2015) was simulated using the Weather
Research and Forecasting model (WRF). The simulation well reproduced the path, intensity, circulation, cloud system
evolution and rainfall of “Soudelor”. The three-dimensional surface rainfall equation was applied to quantitatively
diagnose and analyze the precipitation process of “Soudelor” when it moved over the ocean. The results show that Qwya
(the three-dimensional moisture flux convergence or divergence rate) played a major role in the variation of the rate of
change for moisture-related processes (Qwy), which was related to precipitation inside the TC circulation. But Qwyr
(vertically integrated negative local change rate of water vapor) and Qwyg (surface evaporation rate) also made important
contributions (especially the latter). Although the contribution of Qwyg Wwas significantly less than that of Qyy,, Water
vapor that converged outside the circulation might be mainly come from the evaporation of sea water in different areas
outside. Thereby, the overall contribution of sea surface evaporation should be great. The characteristics and variations of
Qcu (the rate of change for cloud-related processes) were more complicated than that of Qwy, and Qcrp (vertically
integrated negative local change rates of liquid-phase hydrometeors) inside the circulation maintained positive
(liquid-phase hydrometeors continuously decreased) throughout the incipient stage. Liquid-phase hydrometeors were
largely consumed by converting into ice-phase hydrometeors and feeding the surface rainfall as well as by three-
dimensional flux divergence. Qcy (vertically integrated negative local change rates of ice-phase hydrometeors) mainly
stemmed from microphysical processes and surface precipitation before 0400 UTC 6. The flux convergence from the
outside circulation also had certain effects after 0400 UTC 6. With increased surface rain rate, the transient growth of
cloud hydrometeors (negative Q¢ and Qcy) were mainly attributed to the ascending motion that enhanced markedly and
expanded vertically. Cloud hydrometeors increased obviously with the sharply enhanced upward motion. Melting of
graupels (Pgy) and accretion of cloud water by rain (Pp,) were two main sources of raindrops. Regionally and
temporally averaged precipitation efficiency inside the TC circulation was as high as 96%. Qwya Wwas the main
contribution term, while Qwyy and Qwyg also made important contributions, which was related to the underlying ocean
surface where the TC was located. When the TC moved over the sea, both the abundant source and the small sink for
surface rainfall led to the high precipitation efficiency. As the main source of raindrops, Py accounted for 72% of Py,
which reflected the characteristic of active deep convection inside the TC circulation during this period.

Keywords Rainfall process, Tropical cyclone, Activity period over the sea, Three-dimensional WRF-based precipitation
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Fig. 1 (a) Model domain configuration and (b) two inner domains



2 1 ERESE: B e “
No. 2

(2015) ifg_EiE BN B Fe/K 4 B RS RS Whit 5T
WANG Xiaohui et al. Diagnostic and Numerical Study on Surface Rainfall Processes Associated with Tropical ... 421

® 1 ZEBUX A B A ol 1
BV I R I O BB B ek, BESER T g H
WRF FrffEAz 4N, AR A =X (DO3) fth T
T B Al TR DA R 5 = A 1 T B K2 W 7 R AR
RIS, AR B FEZ W T 5

*1 BUARERRE

Table 1 Model configuration

By A
DO1 [X 1, D02 [X I, D03 [X 1,
KB (%) 343X 325 595X 595 925X 741
I 4 i /km 27 3 15
A H/kmxkm  9261X8775  1785X1785  1387.5X1111.5
N i) 25K /s 90 15 10
Ui E)/h 0~108 6~60 12~54

23 Z#EMEMEKISETAIERNT
WREF #:K ) Jidz il 7 #2 (Skamarock et al.,
2008) K

0
% =-V,-(p.QV)+DIFE, +Es+p,5, »
(1

o(p.Q.

%=—V3-(paQCV)+DIFFQC+paSQC, (2

0(p.Q,) 9(p,QVo,)

Dhaxd _ g . V)+DIFE, + ———= %"

at 3 (pan ) Q« oz

P,So, X (r, 0,8, 9, h) (3)

Hrf, Qv QA QA & RKE IR G (v K
s oc oKy e WK i &0k s: Fs g B
h: UKED, Es ARRHL Gl MKyl & (MR AR,
P MEFERE, VA=K, Vo MR
SR K BEIRL 1 R 3% K3, Sq,» So, A Sox
A P I0, FFE LN IR G R (Skamarock et al.,
2008):

Sq, +5g + ZXe(r,i,s,g,h) So, =0. (4)
Huang etal. (2016) #J7f (1) ~ (4) BT,
JERUE [ 0dz GBI 2, 9 HIFORBER R TR
T S D) XA FEIEAT ] LAy, B AT 2]
BT WRF B =i Hbin A2 W i, Wk
Py = Quv +Qow - (5)
Hrr, KEMKEEEZERE Qwv=QwvL+Qwvat
Qwvet+Qwvps AR FELZ Qev=QcL+ Qcrs ¥
KB AL # Qer=QcLL+Qcra+ Qcrps
UKAHZKBEPA IR Z Qer=Qe +Qcia+ Qe

R T R S I AR E 2 I8 5 (Huang et al.,
2016) iR

2 o(p,Q\V,. )
PS = '[Zs |:_Z xe(r,is,gh) aZ :| dz ’ (68‘)
x| _9(p.Q)
— _ a v d
Qe I[ > } z, (6b)
Quur = [ T-V5 - (,QV)Mz, (6)
Quve = Ls Egdz s (6d)
Qwwp = J‘ZZ‘ DIFF, Q, dz, (6e)
4t 0 aQX)
Qe = Ls |:_z xe(c,r)(pT:l dz, (61
Qcia :LZ:ZXE(CJ)[_V3 (P,QV)ldz, (6g)
Qo = 2,0 DIFF, dz, (6h)

2 6 an .
QCIL = J.ZS l:_z xe(i’s’g’h)%il dz ) (61)

Qun = [, Dl =V P.QVI 2, (6))
QCID = J.: ZXE(i,s,g,h)DIFFQx dz.
IS SCANEE 2 iR

F2 ZHMEEKISHAESTHIES X
Table 2 Physical descriptions of the terms in the three-

(6k)

dimensional WRF-based precipitation equation

Ji PRI YERS X

Ps R KR B

Qwve  TEFFG IZKVR AR A 3 ¥ 7 fE

Qwva MBS =4 /K00 FEFE A /AR R

Qwve M G TIZEKRZE

Qwvp 1A =4 KVFERUR

Qe MHPIBAEKEY) (S TAWFD R AR 1 57
Qcea  TEHAUFMN=UERARKE (SRR W55 G /AR R
Qoo MHBUN =4 AIKE (AR FEBR

Qe EEBUMOUKAKEY) (2UK. Ty TED SR fE
Qoia  MEEBGI=HEIAIKED) (0K . 585 MR A/ARHER
Qo MHBD I ZLEUKAAEY (B, F. WS KR

3 IEPIIIE

31 ERIZANsRfE

Py eI % 22K S %R Bl S R
TPt s AR Tk, Kl 2a 45T 8 H 4
H 18 I8 42 9 H 00 I #y e “ Jnidt 217 W1



P Y S

Chinese Journal of Atmospheric Sciences

422

43 %
Vol. 43

15°N+—5

1020 - 70
g 1) -~ Mslp-Mod -~ Vmax-Mod [
] ~ Mslp-Ob: -+ Vmax-Obs [ 60
S 1000 slp-Obs max-Obs |
2 ] E 50
S 980 :
& ] F 40
] 1 :
,g 960 - F 30
2 1 b
§ 940 - 20
& ] E 10
= 920 :
T T T T T . 0
0000 0000 0000 0000 0000
Aug5 Aug6 Aug7 Aug8 Aug9
Time (UTC)

1 T T T
110°E  115°E 120°E 125°E 130°E 135°E 140°E

Max wind speed/m s°!

350

{©
300 +
£ 1
§ 250 A /\/
% 200
T 150
= ]
2 100 5
A ]
50 M
0 ] T T T T T
0000 0000 0000 0000 0000
Aug5 Aug6 Aug7 Aug8 Aug9
Time (UTC)

E2 (2 8 H4 H 18 1% 9 H 00 IRy <UE “Inil®” & 6 NI (L0t S CGED 3R, (o) B (20D RS GG I 5o
OGRS msTD) REARITIARIE (S84, S0 hPa) A, (o) WIGHRINHAZE (Al km)
Fig. 2 (a) Tracks of observed (red) and simulated (blue) tropical cyclone Soudelor at 6-h interval from 1800 UTC 4 August to 0000 UTC August, (b) Time series of

maximum wind speed (dashed, units: m s ') and minimum sea surface pressure (solid, units: hPa) of observed (red) and simulated (blue) storms. (c)Distance

deviation of observed and simulated storms (units: km)

BBk AR ATLAE Y, B A R 1 il
AU IRl SR IE I B ah A, 4 H 18 I
27 H 18I, “Hil P A Fi b, BN
B T B “ Rl ® T s i (K 2a)
M BHSE (EED, Hir e S A YERFAE 50 km LL
W& 20). BEF “ IRt 2 AMHIFAREHTEEIL &
B, RMTEAFABIA G R G 50, B
R ) Fhets e 2l 8 350 Bl ls - T ), {H
TN EGCE RS 3 K2, HEk 4l 4.5 REH
PR, B R 22 BTG G, BRI B 42 78
Wi (18 220, HAR 2 g HTE K (18] 20). it
PPty e 6 Pt AR AR ISR 8 1 06 I, LT
W6 h Aigy, GRid g, HBA T RE R
Wo SEOLE7R, TR ER “ IRl 8
bRz ss, AT 8 H 18 IEE AT
P, X SRR 513 O A o k. R
AAAE— 225t AHRUA SO SE0EIT 32 20 144
U B SIN Bein S, AU O AR
gﬁo

M 2b W ) F O B AR T A H 38 A8 AT LA
Hi, “UREE” 786 H 00 I 2 i AH ,
G2 7 H 18 5 g, SR 5 )E,
2 [ty b HTH B B 2R (S, R R R T
M T HIAR A7 105 2, W46 I AL B =T o B
RO BT (B 2b), SR RO (HRH G %
fHZHN, 5 H 12 2 5 5 ohf#r,
PR G MBI T« i 7 v B AR P T
R 6 H 00 i 2 Ja et om, LA S it Jo i g
SSMARCRFIE . N IR0 E 7 AL BHE 10 K&K
KU AR rT DU H, 6 H 00 B2 f5, Wi
LT E S OERSIIR 73 N ERUB LS AN I S (T
(R N TR (& 2b) . SRR S, R
FFAE— 58 2558 R AN SO SRR 9T 32 BV I 4Ry
A SRS B T, B LI 5 RN AR AL
h—3.

32 SIRETIRR

FIH NCEP/FNL A ERHTHRL KP4 #E %

0.25°X0.25°, IS [ 73 #E 6 /MR T DOL XI5 (27



2 EWRESE: HGERE “an kP (2015) g EE S B K Y B BRI S T 5T
No.2  WANG Xiaohui et al. Diagnostic and Numerical Study on Surface Rainfall Processes Associated with Tropical ... 423

km) BLALLZ5 O LA KRR IR E S (8] 3D, 30°N LUk, 515 “onm®” il s g sh. 5
] W, AR e M PRI T 5« k2 H 06 B (& 3a. b), PHRFEAIHE € 4 Fr e B H
BORUR RN S RS ASENEAL, . & k2%, HUkFEN, B3 aiRe girs, s i
PR ER . BRI . PUXREA LA, 850 hPa o, 4k&:5] S AL 5, 850 hPa
PR 2iss, 5 H 06 B2 a7 (), 200hPa b, JEAEE AL DL AR H X (R 770 < 5 P B
PRSI AL T HAILH B2, 500 hPa 5Kl AHECA, VEVEAWHK KR RES] “onm 2 IR
by KW it X R E SRS, X e 36 H 12 8 (B 3e. ) JFIR, HERERAIR
FEALF- UMK AR, FBICRIAR A 300N PR, ® WA, FXEZREICR IR, E G &
EA G AR S N (VA T | 7 NG O o AT P < 2 % (VA N A 119 1T T = i S i B2 S S T e )

20

—

Col w
200 hPa|850 hPa
T

160°E

7 //'/'/ 3 ~ ‘/{/ —
1. = S R e o | 2 1
1008 4 200 hPal850 hPa 10°

T T T T
40°E 70°E 100°E 130°E 160°E 40°E

] : e ] Lo ///(\ 20

10°S e 3 885500 hpalsso hPa 10° M T ey e 200 healsso hpa
— T T . T T T T — T T T o T "

40°E 70°E 100°E 130°E 160°E 40°E 70°E 100°E 130°E 160°E

21 OO\NEPa 850_1: Pa
T T T
40°E 160°E

10°S

50°N
30N 30°N -
10°N - Lot B 10°N -
24 40 | 20 | 40 | 20
10°8 £ 200 hPa[850 hPa 10°8 200 hPa[850 hPa

4E 0B 100E  130°E 160 4E 0B 100E  130°E  160°E

K3 (a. c. e g) ENL &ERHIZERL (23954 0.25°X0.25°) 55 (b d. . h) Bl (50985 27 km) 500 hPa 7341 (ML, Ffr: gpm).
850 hPa M7 (i MK HE, KT 12ms™) F1200 hPa A7 (L ERGF, KT 30ms™). 201548 A (av b) 5 H 06 i (ev d) 6 H 121, (ev D
7 H 18 1. (g« h) 9 H 00 I

Fig.3 500 hPa geopotential height fields (contour, units: gpm), 850 hPa wind fields (blue vector, >12 m s ') and 200 hPa wind fields (red wind barb, >30 m s )
from (a, c, e, g) NCEP Final Operational Global Analysis and Forecast data on 0.25°X0.25° grid and (b, d, f, h) numerical simulation with 27 km horizontal
resolution. (a, b) 0600 UTC 5 August, (¢, d) 1200 UTC 6 August, (e, f) 1800 UTC 7 August, (g, h) 0000 UTC 9 August 2015
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Fig. 4 (a, c, e, g) GMS satellite images (resolution: 0.05°X 0.05°) and (b, d, f, h) simulated OLR (shaded, units: W s>, resolution: 27 km). (a, b) 0600 UTC 5
August, (¢, d) 1800 UTC 5 August, (e, f) 0600 UTC 6 August, (g, h) 1800 UTC 6 August 2015
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Fig. 5 42-h accumulated precipitation (units: mm) with horizontal resolution of 0.25° retrieved from (a) satellite through CPC MORPHing technique
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Fig. 8 Temporal evolutions of area averaged (in the 420 km radius domain) (a) surface rain rate (Ps, black line), the change rates for moisture-related

processes (Qwy, red line) and cloud-related processes (Qcy, blue line) (units: mm h™"), (b) the ratios of Qwy (red line) and Qcy (blue line) to Ps from 1400 UTC

5 August to 2000 UTC 6 August 2015
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Fig. 9 Temporal evolutions of area averaged (in the 420 km radius domain) (a) Ps (black line) , moisture-related processes (Qwy:red line, Qwyy: blue line,

Qwva: green line, Qwyp: orange line, Qwvg: purple line; units: mm h’l), (b) the ratios of Qwyr (blue line), Qwya (green line), Qwyp (orange line), Qwvg (purple

line) to Qwy from 1400 UTC 5 August to 2000 UTC 6 August 2015
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Fig. 10 Temporal evolutions of area averaged (in the 420 km radius domain) (a) surface rain rate (Ps: black line ), change rates for hydrometeor-related

processes (Qcy, purple line) and liquid-phase hydrometeor-related processes (Qcr: red line, Qcyy: blue line, Qcpa: green line, Qcpp: orange line; units: mm h™'),

(b) surface rain rate (Pg, black line), change rates for hydrometeor-related processes: (Qcwm, purple line) and ice-phase hydrometeor-related processes (Qcy: red

line, Qcy.: blue line, Qcya: green line, Qcip: orange line; units: mm h’l) from 1400 UTC 5 August to 2000 UTC 6 August 2015
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Fig. 11 Area-averaged (in the 420 km radius domain) vertical profiles of hydrometeor mixing ratios (Q, for graupel, Q, for snow, Q; for cloud ice, Q, for

raindrops, Q, for cloud water, units: 10~ kg kg™") from 1400 UTC 5 August to 1900 UTC 6 August 2015
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Table 4 Comparisons of regionally and temporally averaged (from 1400 UTC 5 August to 2000 UTC 6 August 2015 within
a 420km radius of the center of Soudelor) physical quantities (Ps, Lspe, Qwvi, Qwva, Qwve, Qwvps Qcrr, Qcras Qerp, Qerrs Qcias
Qcp and raindrop-related microphysical conversion rates). Values in brackets represent absolute magnitudes of the above
physical quantities and values outside represent relative magnitudes of these physical quantities when Py is set to 100.

Physical descriptions of the raindrop-related microphysical conversion rates can be referred to in Table 3
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