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Abstract The development evolution and landfall process of supertyphoon Rammasun (1409) was
investigated using high-resolution simulation data produced by the Weather Research and
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Forecasting (WRF) model. The diagnostic and numerical study on physical process of strong
rainfall was focusing on the period of the rapid enhancement and the landfall on South China Sea
of Rammasun, using the three-dimensional surface precipitation equations and the definition of
precipitation efficiency. The results showed that the strong average precipitation intensity(Ps) had
been maintained in the main circulation area of Rammasun, and the relative contribution of P
over the land and ocean was basically reversed. The enhancement of land surface friction was
conducive to more water vapor convergence to the land (positive value of moisture advection
Quwva), resulting in local atmospheric humidification over the land within a short period before
the landfall (negative value of local change rate of water vapor Quwy,, is negative). Water vapor
was rapidly transformed into liquid-phase and ice-phase hydrometeors by means of cloud-related
microphysical processes (negative value of local change rate of liquid-phase and ice-phase
hydrometeors, is negative), which promoted the rapid development of clouds and the
intensification of precipitation intensity over the land. When the center of the circulation was
located in the Beibu Gulf, the relative contribution of Quya over the ocean was significantly
enhanced. The change of the underlying surface during the landfall period led to remarkable
changes in the moisture-related microphysical processes, causing significant changes in the cloud
system and the strong precipitation center. The surface evaporation (Quye) over the ocean made
more effect and more obvious changes, compared with the one over the land. The average Q¢
and Qg in the main circulation were basically “positive — negative - positive” within the period of
Rammasun moving to the coastal region of South China. The content of hydrometeors was
mainly increased (decreased) when the center of the circulation was located in the Beibu Gulf
(during the landfall). The high precipitation efficiency had been maintained in the main
circulation area of Rammasun. From the contact of the main circulation to the land, the
precipitation efficiency over the land rapidly increased, while the precipitation efficiency over the
ocean maintained a high value during most of the integration period, but reduced only after the
second and third landfall.

Key Words Landfalling tropical cyclone, Main circulation ring, The physical process of strong
precipitation, Precipitation efficiency, Three-dimensional WRF-based surface precipitation
equation
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o, O Z N T SRR KGR Hr s (Cui and Li, 2006, 2009, 2011; AR
M, 2009). Huang et al. (2016) 7£ LA EHFFCHZEA [, S0 SIS 75T WRF A0 =
e K IZ W RE, 0T DU )1 58 R R H T 28 A F s T J T LB AL, FRH, K
AR AN Pkt g = SRR, = REES T AROU = Py B R 7R A BB DTk, T i 28k
HIARA X IR & Y T 5 . 1% =4k 7 #% (Huang et al., 2016) M WRF #2046 77 FE4H
H KA KB T RE R, RTHHRE T 4K EEY/4RE S il G BRER
MRS A S R, DA = RS i BN = i B R S b i MK SR B R, B B
BP9 SEBR RS K A B R AL — A 0B 0 T H Gl R ReNg, 2018).

2014 FEILVSHEE X B A NEIRIRZ,  FHAT R 58 XUR B RV IE A e R
FLAAED 529, FERE ™ B, 29 1100 JJASZRK, FH AFET-RRES (B — IR g e
M5, 2019). “mhih” ERGEIRE LRV RT ORI @R G K, 7 H 18 H 06 i, HL
I H TR 5K RGEIL 72 m/s, WO BRI I SURIA 888 hPa, FILJETEMRISCE (4 18
H 78 30 40, ] ZEkE (£918 H 11K 30 40D A 7P (29 18 H 23 ) =&
(Rl FEE RN, 2019). %F “H5Si” MEFERN, SREERHEIHT, A¥%E
fath “ D TSN INGR A R KR R 2 A 5, e, & B AT . 58S
REEYE., RIERER. KZEGSmZEBEE ORH5%, 2014; FRILAE, 2014); BT
N, BEEFEEUINFIRE R R BN 5 SR T R M a0 () EE R 2
— (FRILEE, 2014); XEHkSE (2016) FIAH A REEEEB WRF, BT T “BiSid” W
T TS B AR AR LA R = B 7 26 38 JE TN 2= o R v A S L LA A )
HIETTHR.

ASCHAEET NF TG, R WRF #2538 (Skamarock et al., 2008) Fl=4ERF /K2 Hr
J7#E (Huang et al., 2016), FAUERXT “BCE 7 i Vi hnom i o & XG5 bl 3 E 46 e
VI — I B () 5 e K 3 R T e 15 43 B IS T 7 o AR SCER 3040 T B/ 4 B F %
Bh BUER T R =4 K2R (Huang et al., 2016) ;&5 = &5 70 F I B R0 55
Y WAL IREAT IO s B8 VUSSR = 4B KW AR S B TR, X “ B o
Bk R IF e Wit s —ia gt 5ite.
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AT BER FEAR: (1) FEE R E R PO (National Centers for
Environmental Prediction, f&#& NCEP) FJ FNL &3R4 #r#%#} (Final Operational Global
Analysis), IFIE7;HEA0N 6 NG, ASREIZDHFI1° X 1°, FEH 26 J=; (2) NCEP SEif 4
BRim e 0P IIER TR (RTG_SST HRD, R A 1/12° X 1/12° 1 (3) H[EH
TIN5t B 7K Bk}l CMORPH T2 Sy B 7K 7= i 49 21 R i PR /K B 25l , TR 40 H e
0.1° X 0.1° GEWIHEE, 2012; JLHESE, 2013); (4 HES SR LS XU 5T AT SR AL ) #oi
SUiE e B AR R

WAL, SCH TR R BRI TA] 38 St e
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Fig.1 Model domain configuration

2.3 Z4fEKCH TR
Huang et al. (2016) F|H WRF B 7KP OKIFKEY)) Tk 7 #2 (Skamarock
etal., 2008), #EFMRR] T =4EfE/KICHI IR 1Z T FEA] B LR IRN:
Ps = Qwv + Qcm, (L
B LR TRE AT A0, M PR BB KEREE (Ps) HHZKIRAHOCIIREAR 2 (Qwv) FIZKEEY)
MRS FEAER (Qem) HFEIHE. HA, KEMAREREEREZRN:

Qwv = QWVL+QWVA+QWVD+QWVE, (2)
MAKEY) (= WS Kims 5. &%) MHREBERERIRN:
Qcm = QCLL+QcLA+QcLb+QeiL+QCiA+QCID, (3)

R (D - (3) FIEARRE XY E FE I Huang et al. (2016) Fl1EREE
2 (2019).
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St RGN R R AR EAR T SE CRERA “ b ” SRfEmEs), SRS B
7£ 18 H 06 B 7247 (BAUME N 61 m/s, SEHUEN 72 m/s). JRUEBIS S “ B ” 55
AR 22 5, (H A 2 7R & G, HI8gERe T B 8] CBERLIG gk it~
TEMEER S NRLERE T 20 NS4, TSt “hith” 4E%F 17 30 /M)

K2 2014 4 7 ] 16 H 06 If-19 H 06 I (a) St (SR SR (L, 3% 3km) )
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Bl CREZe) B Ui O M I e IR P U (S0 jiZk, BA7: hPa) AT T K
R (A0 2k, B ms™)
Fig.2 (a) The observed (solid lines) and simulated (dashed lines, 3 km horizontal resolution) tracks
of Rammasun. (b) Distance deviation of observed and simulated tracks (units: km). (c) Time series
of minimum sea level pressure (units: hPa) and maximum wind speed (units: m s™) of observed
(solid lines) and simulated (dashed lines) at 6 h intervals from 0600 UTC 16 July to 0600 UTC 19
July 2014

K13 FNLOHTHERL (al-ad, 709505 1° ) SH (bl-b4, 72##FJy 54 km) [¥) 500 hPa
frfE Yy (CREOSEMEE, B gpm, NIHEZAREK 5880 gpm). 850 hPa KUK (4L
sk, KF%T 10ms™) Ml 200 hra RGE CGEAXY, KF4%T 30ms™. (al, bl) 2014
7 H 16 H 06 i, (a2, b2) 2014 47 J 17 H 06 if, (a3, b3) 2014 47 H 18 H 06 I,
(a4, b4) 2014 47 H 19 H 06 I

Fig.3 500-hPa geopotential height (black contour, the thick line indicates 5880 gpm, units: gpm),
850-hPa wind field (red vector, =10m s, units: m s™) and 200-hPa wind field (blue wind bar, =
30m s, units: m s™) from the National Centers for Environmental Prediction Final Operational
Global Analysis data (NCEP FNL, al-a4) and numerical simulation data with horizontal resolution
of 54 km (b1-b4) at (a1,b1) 0600 UTC 16 July 2014, (a2, b2) 0600 UTC 17 July 2014, (a3, b3) 0600
UTC 18 July 2014, (a4, b4) 0600 UTC 19 July 2014
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U7 XU B R AR R, HCPE 0 75 A8 R 5 K (0 R ATy s P AE R ki h_E 3553 5108, IR
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NV EE 2 RiAG B AR IE 5 A, &5 U X B DR e AT 7 AT 0 A (Huang and Cui,
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= IROE T A B I 2 4
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(al, bl) 2014 47 A 16 H 12-18 i}, (a2, b2) 2014 47 A 17 H 00-06 i, (a3, b3)

2014 4£ 7 F1 17 H 12-18 Itf, (a4, b4) 2014 47 F] 18 H 00-06 Iff, (a5, b5) 2014 47 H
18 H 12-18 i}, (a6, b6) 2014 47 H 19 H 00-06 i}

Fig.4 Six-hours accumulated precipitation (units: mm) from observed (al-a6) and simulated data
with horizontal resolution of 3 km (b1-b6). (a1, b1) 1200 UTC 16 July to 1800 UTC 16 July, (a2, b2)
0000 UTC 17 July to 0600 UTC 17 July, (a3, b3) 1200 UTC 17 July to 1800 UTC 17 July, (a4, b4)
0000 UTC 18 July to 0600 UTC 18 July, (a5, b5) 1200 UTC 18 July to 1800 UTC 18 July, (a6, b6)
0000 UTC 19 July to 0600 UTC 19 July
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BB BE R AT A smt B (B 20), SEWLBRE/K AL TR S AR (B 4 ad), B
SRR RO B S S — B, MR R SR (K 4 b4), BbAk, sl (K 4ad) o,
AL ARG R T (5 e 0 DA B TV B 30 4D 7 L R e R 5 P /K AR5 31 T A8 AL B
(KW abs); zJ5, “BSd” i 7 EREN =OER G FE, 18 H 12-18 i (& 4 a5, b5),
R A OB P NGNS (B 2a), SRFEACIH RIS, (HEH S R B
(18 H 18-19 H 00 i}, K 2c) W, AIREHTHEAILHE (& 22) BEEES SRR (FR
W, 2014), SRR, ZJa, fERESE =080, SR XU (Bl 2), = REk
HAR], B )R MR AT PSR R T R aERE K (B 4 a5, a6), TN«
hdh” i B 1) 0 = B2 P K T XA R 5 K O 7 B R A T ARGF IS (8] 4 b5,
b6). FEFEHAISE, AL (K 4bl-be) HIFEKHOERE IR ERBEK) L RZH
TEOL TSR T30l (K 4al-a6), XATREEHT, ASCHT A Sl oK BERR B A [E Hhi
E B ULk P /K RS CMORPH . 2 e 4 7K 7= i 45 B IZ I [ K B4, T i
SRAEME B FEYREH CMORPH T2 s 7K AR FCIR Y, CMORPH 2 F7K ™ i
REB BN 6 BEH A IR #y SUNE B 7K AR 23 18] 3 A S AR AR, E R /K O {3 3 (I
CGEI7%E, 2011), [E/KEREAEAEH EA%A, (Sapiano and Arkin, 2009), JEH X F5mBEK (Yu
etal., 2009). [, SRS, BRI 7 “B5a” w7 MAERE =X
W 4P 1) A 7K PR s A 2 AT AR AU R A8 DA B 58 [ /K H 0 1) 20 A S5 AR AK, T b B K AR A O P
szl teiom, nTREIR T TR s FRoKPE Sh E A AN R 2 Ak

CREATR B BEAR . BREE. SRS HR AR K B EL IR UE R L, R R L (A
T T MR ARG SRR TS AN B Rl i 2 S L B K AR AE, = o R A Bk n] A Tk — 2P
[ IE AR2 W 5 LR A4

4 “BIB” wmEKYEEEENSE ST

4.1 WL IX 35kt B

N B I SREREK IR, 1 T B SR SR PR X . o8 T Ry
AEAIL XA 2 e U778, — LSt Uk PR B8 FAs S0NE O [ 7 145 1A 50 2 X 3y L P 1)
Bk e SCHIGH SRR /K (Lau et al, 2008; FHEEE%E, 2019a, 2019b), IEA W 704 850 hPa
DI KU 55 2R 2 1) AT S5 4R BT L DX 3 SO R SO AR R IR RO (CREBREEFI T /N,
2012), BUKF 17 m s™ KU 42 BT X 38 i A05E 32 AR 2R 37X 38 ( Chan and Chan, 2016),
TN I FUARSE Rty Ui A2 Bl It BAS [R] 753 2 1) 7 8 S S #1230 5 5 SR AU i A
FE/KIX (Yangetal, 2011), A3CKKH 5 Chanand Chan (2016) ML 5%, & X “B
" () BRI S K X 3

K] 5 BRI 10 K RGEA 17 ms™ (R s gk Ao BEEs (BA7: km) &
K, W RRERFIME, AR RIRIRRZ o P A, IR L ) W& 75 (25) F s
Fig.5 The box plot of the radius of gale-force (17 m s™) 10-m winds from the TC center. The blue
point represents the average. The horizontal line in the middle of the rectangle denotes the
median, and the upper (lower) side of the rectangle represents the 75 (25) percentile

D03 X4 (i M [T 10 K XUE g 17 ms™ (A& A5 “ B oS rEaiE (F
5) BN, BANFRANEBA (2014 4 7 H 16 H 06 I-19 H 06 B, & ZIc i 10 2K XE
917 ms I EAE S 5N ) B LRSS (R) AR, o ARSI B
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W BONKARIIARRAE: I 5 T BUE R, S 2P 8E S A8 A
KT HIHT 10 SR IXGH A 17 ms™ I 505 Fats U b0 B B 1R P R (LU A 46 e 220l hodd ™ 3R
PR AR, EMRE ) B IE” EARIAGRS BRIk, B, BL“ Bt - i
ALy, L EIR KR A2 A2 B R B R X3 5 SO “ B B E AR
AMEEAKIX I, BB (B 5), RMPEFARIeIR, M “Eiia” AR T ih
ffl i (17 H 20 WA, JLEL6), ZEARTFIRIN, RN DTAHE: KXE A
BACVEEITE 120-269 A L2 [F. NHEAMABAERNZE OKTPAHE 3 km, ITEIZ2HEE 1/
) ik BORE, S5 & =HERKIZWTTRE, X “E I TR DY R Y B I R
izt

4.2 [EKITRENL

K 62014 4£ 7 H 16 H 18 I 2 19 [ 06 I K XU X -4 MBI B /K 2R (Ps) KIS IS AH
KR (Qu) ZKRBIBCCAIRAEZRE (Qow) (BAZ: mmh™), BLE “Bih” KPR
i DX il U RS R B (R, %) BOINSIANEEAR . 2L fH S0k “ R thadh” KXV BRI
DX aR R RIZR: B adh” KRB AU X 38 P Bl ks s RO AE G ek R (0 S R 2K
“RRG D R RBEIFR AL X I A AR S AR DR B SR R R AR i
A E BRI DX T e o s b PR 2], At = 4% B €0 R SI2R KT I B Ty 3h 7 = OB B
] ) It 1)
Fig.6 Time series of area averaged (in the R17 domain) surface precipitation rate (Ps), the rates of
moisture-related processes (Qwy), cloud-related processes (Qcy) (units: mm h™) and the ratios of
land (green dashed line), sea (blue dashed line) grid number to all grid number in the R17 domain
(units:%) from 1800 UTC 16 July 2014 to 0600 UTC 19 July 2014. The red solid lines represent the
area averaged values in the R17 domain, while the green (blue) dashed lines denote the relative
contribution of land (sea) grid in the R17 domain. The first black vertical solid line represents the
moment when the land grid appeared in the R17 domain and the other three black vertical solid

lines correspond to the moment of the landfall in China of Rammasun for three times

Kle2hH 17 2014 %7 H 16 H 18 1% 19 H 06 i D03 [X I AB 4L 1) K XU [X 455~ 32 1 i
IKE (P KIEFREFEE R (Quy) /KEIFIIEFEAZ R (Qov) LA KA Py Biti th/
HEFERS AR DTk FHIE 6 WTRAE H, BRI Be N, “BiEidh” F AR X3 — B 4+
F AR BIBEK R P (B 6), HEAE #aiy U sim FE IR i o AV E bl (Bl 200, 3 Ps
—HAEREEY (B 6), HE18 H 21 WA CGE=IREM R, I3 Pl 2 KIE,
BEJEmSAIRES; 17 H 20 B4 CERGAT 11 /AN ZE47), “ B ” K XU I iz f it 4,
ki A% 15 P FRIAE A BT ik (R XU BE] PR s A 55 P -2 AT LUK XU B P A 1 50 FH U 2% 12 16 i
H-UOE N HT, JTIRIRGEG g, [FI, MR AU Ps AT TTRR CORXURE MRS S Ps 2 1
B LR XU P9 Sk s 80 BT/ s 38 O OS Bl BATE], Blittdss s GERFERS 0D Ps AT TTHR 1)
Haom (Jekg5) BB AR AE, HJE, nIRes B4 KA N R ss e, B s G
FERE RO Ps AN DTHRIT 4608 SS (XGa), BEJE, RS =UCERECRT, M AR X
ok, Bk S Ps AHXT DTRRIZHTIG R, BRSNS AR R R, B
RS 1 Ps AN DT IR 02240 S R AN A% R8s LE AR R A e — 30 e 18 H
12 I57-19 [ 00 W2 8], K XUFE] A Bl R R4S i BB AR A 2, (HP A 55 Ps AHXT DR 132
A EAFE (B 6), PS5 Ps GEVERS R Ps 22 FH B AR IXURE] PR I A s
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Bl ks s P Z AR LIOK XU N Bl st S A% i, TS 2R N i, XA SR
B /KPR AR ORI S R R AR 2 Quy B = KBRS AH G FRAE R Qo) HEXT BTRR I
RZER (K 6-8), i, Quw MERMEERY PN, T QN —MEHHAZL
s SARAH R .

4.3 KIRIZ

K7 5K 6 J5Ml, 1E KRNI 2 24 Iidr % (Qwvi~ Qwvar Quwvo A Qwves BAL: mm
h™)
Fig.7 As in Fig.6, but for Qwvi, Qwva, Qwvo and Quye (units: mm h’l)

IR STAR R FE S TR Qs Quvas Quyo A Quve) IR T AE T o (181 7),
Quva CIEAE/SUE 23 9 2 7n T ELAR 73 (0 = 4E /KGR HR 5 R 4R ) MRS ES S5
awv DLE PsA (6, B 7), /2 Qwv s EERTTHRI, Quye (FEERS TUHIKIRRIAR
e, Forp, IR/ SUE 23 9 R R R SRS B /R0 A Quve CHITHT BSGHE T 78 K %,
IR NI BN, EILE Qwua NN ED, 1 Queo B Y EAW/D, RTINS . B
IS BA S Quoa BN TRV Ps RARARLL KRR P i A% 53 Quvva ARIAFDR B R i T 75
PSR RE R (K 7D, S LB A LR R (& 22), SGREEAD, 25,
PEBESE =8 R, RS R Quaa BUARDRT DTRR DL Z N (& 7D, TIRFERS K Quuva FHR 0T
MR (224 55 A s ARG AH S R AL, 58l 30 T o PR 5 RO 5, A7 R /KRR 22 3 )
i b X 3 £, SCHERli IR 2= A B DR feg LK PR B BE (5 (I 6D, T 3L A
DN CILEED) PRI, KA AR o esR . (B 2c) MBI K
N (B ) [gESF, Iz Bl 5 K R G R0 (B 6), B2 I/KIRFEFE I R EAR G,
FERS R Quva HUARXT DTk E 0855 (I 705 BARS Quua FLEE, KU A PRI Quan A1 Quve
LUN— DB, EXEEKEREIRA HE TR, H, P Qua N TR &3, SR
FE, B BA, B EARAFXIN BT Quy 24 E4ERFIEE, FREEER =
AR JERGRIE, KA b2 G Rk & BRI, (BB P B R
FERTIIAO AL BE N, Bl A% 58 Qua AR STRREEAS S (I 70, Bl 5P 2 00 Qun

CHEXHED T2t CIEImED, R0, BRI it BE A 45 O 1 9, 3 BRI 22 AR
Wik R EBRE S (Qwear B 7D, JEI 8] A I Bl A s B2 SRt IR (B Q) R
BRI 9 K = R RE R, KEKITHAC R /KB A KRR, 25, B AL Qun
fAAxforEk (B 7) MgaxE (B SOREANIEE (RS T), 52, i
FERS L Quyl IR ISP A s BB A1) T 2 T ) AR A0 3 BOKT TR SR B A IO B AR A
T AT U AR B A B K 23 R AN S PR FR e (R 2 35 AR A, Bl A X a2 ), Jd i
BERARSDHEEREAEENRNMEEN: 5 Qua 1 Quu EL, KU NI Quve I
AN (B 70, Bl Ui O AL TR B, Quye BEAEAIRIROR, 18 Fi 1)

(EHRH =V, TRIMEZER GRrERift), SEHEHEMRK, 18 H 18 1
FEAT IR IARE A28 Quve IR AT T A B T iEAE OKR) F I 78R I E 2 E ] (18
7), IXMERAEIEFERS AL Quve XS DTk CIEINSD (0AR4L E AT TR MTAAREL, MIXSI S, B
HokS L Quve MR SRR EAE /N (1B 7)), B R XU RS 2 H A in (& 6) T2z ie
FEOR i bt 3t T 28 e 2 R 1 Bl e PRI AR A S5 7K AR LA R ISR/ PR R 78 A 55D o

4.4 Z KBS



K8 5K 6 3L, EH N KESC A FITFES TR (Qes Qs Qoas Qaps Qas Qais
Qo M1 Qep, HA7: mm h')
Fig.8 As in Fig.6, but for Qc,, Qe Qeia Qeio, Qai Qai, Qaia and Qg (units: mm h™)

= IR KEI AT 73 R (AT MR (K& [RERE W35, MM, =
IKEEIIAH RIS R SRR A (Qen) AT 43 IO = 7K BRI AH DG R AR AR 2 (Qe) FE A 2= 7K
B IR EAAE 2 (Qe) WEERSY, TR (AR = /KB S AR B A % Qe (Qe)
FERYE T B AR (B /KB R R Qo (Qoo) =GB (D
KBRS /R ECE Qua (Qaa)s Qoo M Qop EHEUD, FTLLZNE (K 8). B
W KRB Y DX RORE RN A 25 7K e 22 S 30 L A 2 e ) 34k, ARl 3 ”
T AR B A FEE R AR 1) 22 ARV RRAE (1] 8D gl Thadh ™ S AT IAT Pl 52 M) P VE VA I B
(K 8), KRR A-FEIH Qe M Qo BIFEA BRI “IE-F1-1E7 AL, A3 ofr Tk
BRI, DLAE N T (AR R A 1 =K &k BRI ), (BE=08
RIS, DAEME O ARG A B = KB & & a ik LR N T, Qaa (Qoa) 23
BWERIE (50 {5, U, SR BEARIA R R (D AHZBEIIE G GRb) FEER
TR SN (AD TN O KEEE GEED DL AL . B3 TR A
FEARAALYR B A | N Bl AR AR S AN R DR, =S R, IR S Qe A Qo
IR A RIS U B AR AGRFAE, A RIS B Qea A1 Qoa AR FUME,  ESCIRE, &
Wi 7 A i T R A R UKV AR S PR R (B 7)), A /KRR = ) B AR Pl 1
TR AT AR = 7KEER, (e (bt b2 Pk 5 R bRl e s e Rl i) IR W3 B S Tl A s
KA LRI BRFE, JCHE Qoa f1 Qaa (I 8D, SX Rl NIV FEA% £ 2 [ S Y
AAFFAEAE AV S RIS R IR A AR (B 7), EFENSA, A SRHLIE )48 7 75 2R
S v I o R A B — R AT

4.5 FEIK R i

B 7K R 26 7 K RE A T P BR B KSR B () Z AW 5 — MR HE Y S 5
(Braham, 1952; Auer and Marwitz, 1968; Heymsfield and Schotz, 1985; Chong and Hauser,
1989; Ferrier etal., 1996; Doswell et al., 1996; Lietal., 2002; Taoetal., 2004; Suietal.,
2005; Suietal., 2007). FEKZFEWZRMHTRESETT ZAEGEE (Grell, 1993).
FMK TR (Doswell etal., 1996). =- M B FEA 7T (Lau and Wu, 2003). LAK P&
KILFEZ W (Lietal., 2002; Suietal., 2005; Suietal., 2007). BRI —idh %
KR FES KA RIFHIEAE, A 70 KR 5 KRR G2 MER (B3R B RkEZM
H AR AR N R R B /K 3% (large-scale precipitation efficiency, fiFK LSPE), ZNA TR Hh
[H] %7K 2R 5 2 Bk 4 AN B 46 R 2 R EUAE PR N = e 3 B /K 3% (cloud-microphysical
precipitation efficiency, [#K CMPE), {H FiliE CHIBEKREZEXN BEAKRIEF AR 77, FE
HARZ W I KRR T 100%80# /N T FEAGHEIEE: Suietal. (2007) X Hf
SR HI KA AT (Suietal., 2005) HEF 1 121E; 275 Sui et al. (2007) HJLAE, JF
LR =4EEKIZHTFE (Huang etal., 2016), KRERE/KZER (LSPE) AILAE A:

Ps

LSPE = S nanai )

Hrf, ps HHUTHIFFIKE, Qi = (Quvi, Qwva Quvd, Qwve, Qi Qeiar Qeios Qo Qaias Qi) A5 BRI

Hisgn(Qi) = {(1):82 ; 8
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A B3 A I Sl R IR e R AU TR}, 45 = 4EREK
CWTTTRE, 0 S AR ] P LR it AR DX Ak ) P 25 P K S 3 Al T 0 #

Ko 5K 6Kl HNRRERKMAE (LSPE, HfI: %)
Fig.9 As in Fig.6, but for LSPE (units: %)

SR BE, B BRI X IR N — B 4ERE AR SR KR (B9, BB
W, IR IX T34 LSPE 3k 85% LA L, ANl ZI 2 B Ak 2] 100%, ARBILH #Avs S e fE
HLER I s IR 5E KR KEE ST (ERERIE, A SNE SRR X 3 N 3
LSPE [ AR AL 5 #vis ShE g (B 20 K ILREKERE (B 6 MR AR X R,
MBEIRRERE L (A 4) FTUUE W, BoKRCERR T 5BKmEA K, E5BKCRE (450
1-3) A% H BRI BT ah b Bl B R, ol R o DX 3801348 1R B K R g 2 = 31 60%
PLL, AP S il JE XCPGESE T BT 100%, 2 JEBEHE FRE, ARG SCEIRIE R WA S
1) B K AU AT 4K 22 HORR A3 IF Ta) B A 3 BRI s U, 8Bk 2 e, MRS s B K 1)
T BT A T e S MRS s KR st 2 3 (B 6), VRS S LS K = R E B4l
Sk ke (B8 AR, BHEIREREZIE, WM S KRR R sa N vl 58 5 e sl
WREZER/DN. BKRGEE LIRS SRR RGRE (K6, 8) FH%K.

5 B4 5iTiR

AR WRF 1250, B 56X 2014 FE R G R “ B 7 (1409) K&, T8 KOG R
FEITRE T w0 e e R, REROVERAIE 7R, WRF AU A B T “ s adh ™ vy
LR ERAE S B R VAR . S IR S LT DA R B K SRR AE , AR B, 4K
Z RN BN B AR 22 IR RFAE 60 AN FLPN, ASEHOLEY il adh 7 TR HE R VI ) = S s Z1
s Sl 0, RIS PR UEORE, 4G S 4K W BRI KR
AT, AR B W AR N 5 R i 5 R B R AR R v X — B B, H A
W CBL “B i PR AR G, DUE L 10 K& L 17 m/s KRB T2
1R B LA ) B IX sk SO Ja Ttk ™ ) AR IR AN B K X 380D P I e /K A B i
AHLHF R T IR LS 7L, 3381 R B R

(1) “Bh” FEARRAN K X I N — B 4EREE R I P FK R (Ps), FHBE #4
TS VE R P I DR REE BT, TR PR T R i, B A — KOS RERTA Bl s 17 H 20
WA A, “B” AR T AR e b, ol MRS 0 Ps PR DTRRIE A 2 7 A
1, ABEPE RSB IR A — 3G P Ps AR 22 S R [ Bk P E i 7R
RIRISSA ST TR 2 Quy FH KB AR G FE AR 2 Qew) AEXTTTRA B B 22 5%,
H, Quy IMERAENERE P, 1 Qon £/h—MNEH BN EH SRR

() KFIBEEER/EAEE (Qu) MEFMBIER S Qwy PLEZ P, 2 Qwy i
FERTIERIA, KRR ER (Quy) PRI/ 28 K% (Qwee) A, HIJEE Quia
ING AT, AB BRI FE IR B k. Bl S D B T BE R A 1G5 (IE Y Qua)s B
T 7KV 22 b v i b [X S G, e RSO i i 6 P B P it b 2 ey b KB RV (AR
Quv)s SCHERTHE B2 BEK 22 R PUE R DL B /Ko FE I, T 4 3R oA T (A6
D PRI, EVERE A Qua IR TTBR S5 0 58, 50 RE A TR] N 24T 1) 2840 3 BUK IR AR )
BT FR R AR, 3 R R IR PE Y K 2 R R B A PP () SR 2 AR AL, i b R A
X 32 a) i i 5 A ) R R T BR A IR R AR AR SREHbAR L, B ORI
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TR AR SR, HA W] .

(3) WAl (D ZKBME AR Qo (Qo) EESRIETHAH (D =KEE
PRIAEER Qo (Qe) Mz KERNIEERE /AR R Qaa (Qonads KB X H, )
HCREAHD KB 00 25 I TR A4k, ARELE By adh ™ T2 AR AT Rl A HEE AR PRk £
AL “ G AT R RN B K KU T Qe AT Qo 2
AR CIE-H-IET BARRHE, PR O AL T A e (RN D i, ERIAR
N B = KB & B R BRI GRlb) D, =R RIE], FlibAg S Qe AT Qo
PR B IS TR 12" AR ACRFAE, 5 il BT SUTRG 1 BE 4 BUKVUR & POk g 0, I8 =)
B REPRIE R A AR AN AR = KB, (e (it b2 K = R PRI

(4) BB, “Eihiah” AR IRA — B4R R m i KRR (LSPe), 1
I LSPE & 85%LL L, ARHLH B I s ER KPR BE J1; M LA Rl F i 3t 4, [l
b s DX T4 1 P A SRR TR T 170 TR A R AR K R AR 248K 2 H5RA 7 e 1) B 22 4
FRE RS, RAESE RS =8 5 A .

ASSCAE B 2014 A5 G IR b BB 18] 5 A R P B R (AU RZ W A, B0
DRI 7R T H AR R N K o B ARAL S L 5 R O B RE IR &R, BT 2 i 1
B /KRR AT ASRFAE, FRIRTT 1 AR AU R P i R A s AN S RIS Dk, TS 4t A
Bl R e FAats =0k 368 i S99 1) o o 7K B AR RO PR N BR AR AT AR, SRR AT AT AR SR A S R B
PR Z A, AREERI Y 5 70 B BB, 456 = 4R B K2 WT R 2 W A B R 7 #,
T REARRIT FUBSUEASC A 18 s[RI, g SCRnId, #1ox JAs —Uie AR A TR P K DX AsAT 1R 2
AFRE TTi5 RRAMAT D EER AR LA A SO T R 7T, 2P IR IEA S 32 22
238 MR A R R FE 2 KA 7 S0 A SO 4518 K R] RE 52 B 75 24 i U 224>l
AR5 ST FEIR NI SR8 78 3 A SCEE ik 78 1 AR Bl A Bl s AT e P/ P
FEAARRT DTk, 0B B SR i X 30a AT HoAth o X5 (i, ARZIX AT MZ X 55D,
ARG FEANF 73 X T332 DMERE— 2B IR AN AR BH SEA AN 7] DX S5iors 414 (1 P K
REREANZE S, VBRI RIERAL AN BT DX R G TR SR BB AR s Bedh, B TR
(X 458 A P 7K 5 B2 5 A AN 223, AT 4B s AN [ 5 B8 e /K X I K P B R IR L2 S B )
(10 22 57 MY R] B8 B EAL s Xt IR N B g8 A e e o o 7 PR ol DR B B 7k 5 B2 ) it BAT +
T EZERE .
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Fig.2 (a) The observed (solid lines) and simulated (dashed lines, 3 km horizontal resolution) tracks
of Rammasun. (b) Distance deviation of observed and simulated tracks (units: km). (c) Time series
of minimum sea level pressure (units: hPa) and maximum wind speed (units: m s™) of observed
(solid lines) and simulated (dashed lines) at 6 h intervals from 0600 UTC 16 July to 0600 UTC 19
July 2014
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Fig.3 500-hPa geopotential height (black contour, the thick line indicates 5880 gpm, units: gpm),
850-hPa wind field (red vector, =10m s, units: m s™) and 200-hPa wind field (blue wind bar, =
30m s, units: m s‘l) from the National Centers for Environmental Prediction Final Operational

Global Analysis data (NCEP FNL, al-a4) and numerical simulation data with horizontal resolution
of 54 km (b1-b4) at (a1,b1) 0600 UTC 16 July 2014, (a2, b2) 0600 UTC 17 July 2014, (a3, b3) 0600
UTC 18 July 2014, (a4, b4) 0600 UTC 19 July 2014
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Fig.4 Six-hours accumulated precipitation (units: mm) from observed (al-a6) and simulated data
with horizontal resolution of 3 km (b1-b6). (a1, b1) 1200 UTC 16 July to 1800 UTC 16 July, (a2, b2)
0000 UTC 17 July to 0600 UTC 17 July, (a3, b3) 1200 UTC 17 July to 1800 UTC 17 July, (a4, b4)
0000 UTC 18 July to 0600 UTC 18 July, (a5, b5) 1200 UTC 18 July to 1800 UTC 18 July, (a6, b6)
0000 UTC 19 July to 0600 UTC 19 July
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point represents the average. The horizontal line in the middle of the rectangle denotes the
median, and the upper (lower) side of the rectangle represents the 75 (25) percentile
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Fig.6 Time series of area averaged (in the R17 domain) surface precipitation rate (Ps), the rates of
moisture-related processes (Qwy), cloud-related processes (Qcy) (units: mm h™) and the ratios of
land (green dashed line), sea (blue dashed line) grid number to all grid number in the R17 domain
(units:%) from 1800 UTC 16 July 2014 to 0600 UTC 19 July 2014. The red solid lines represent the
area averaged values in the R17 domain, while the green (blue) dashed lines denote the relative
contribution of land (sea) grid in the R17 domain. The first black vertical solid line represents the
moment when the land grid appeared in the R17 domain and the other three black vertical solid

lines correspond to the moment of the landfall in China of Rammasun for three times
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