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Synopsis

We constructed a regional ensemble prediction system using the NCEP regional spectral
model (RSM) to investigate forecast uncertainty of disturbances around Japan. The breeding
method is applied to the generation of ensemble perturbations in NCEP RSM. Using this
system, ensemble forecast experiments were conducted for a case in late August 2022, when
a synoptic extratropical cyclone and a tropical cyclone existed simultaneously around Japan,
to demonstrate the ability to identify the characteristic growing modes for each disturbance.
The uncertainty of the tropical cyclone in terms of kinetic energy is found to be large near the
center. Although all members underestimate the strength of the tropical cyclone, its growing
modes yield a meridional spread of tracks. On the other hand, the specific humidity has a
large variance around a dry air mass entering the extratropical cyclone. The perturbations in
moisture are found to affect the development of the cyclone by modulating water vapor flux
from the tropical cyclone and the lower tropospheric stability below the dry air mass through

the ensemble sensitivity analysis.
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BIESCEFRGTE 2 ¥ OBEELOFE - FEX D =
R 2S5 FRIFTREME R A & 512 3 2121, EH
THICMA CTEELO N HEEEZIRZAZ N TES
TUH Y ITNTHREREITO D EETDHD. T
YH Y ITNATROMAMER, 7YH Y TNR T N—
BTS2 EIFTRL, ZOHIZTHRA
ZOFZELLTOVAHANEENS X5 EHE 52
Z B3P % (Toth and Kalnay 1993). ZD7-5HIH
FBUETRE Y X —D2K7 3> T TiE, WY
RHEFBRBICBWTRAIE S 2188 %KD 2 /K7~

2 bLiE (Buizza and Palmer 1995) <, f@HTiED
WEEG5 227 %y IR 2T 22 R LT
7 VY T AHEESMER E TV S,

XY R =V OBEOFHMLMEZIRZ 57201
i, BREFAVID ERBEOHERET LTI I 2
L—ayRF5 2 eEELV. HBTOT U3
VINTHEBRIBRT D TAREDE Y VR
=DV ITIIS e RBBHETH 25, 2IKT
VY T AOYIAEIEZEERE T AL RO F
EHMERZ D XS IEREhTWE 0, B3 L
b THICE 7V OFRGE RIS E o T iR E 2 12
ZATW3 RS W, fil 21X Saito et al. (2011)
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TILFREBRICBVT, 27V H >V ITLoRxw v
27— V7 e TV A bR B O vIHE
TERG B R ER L, e 7V IcE b8 CoiliEz
ER$ 2 e TRIRE Y Y Ay — ) v 7 Eh b RS
Ly ROBEMRRHET 2 Z e 2RELTWS.
AW T, HARMECTHRET 2 B O HEEME
ZHEZ 572912, KEENEHRE Tl >~ & — (NCEP)
THR S NHEBAKE TV (Juang and Kanamitsu
1994; Juang 2000) &, WKEE— FEBIE (Toth and
Kalnay 1993; Toth and Kalnay 1997) 1 & % #Hi1EH)
TERRIEZ R L7 3 Y TS AT A
ERFE L. AMETIE, HRLETHRI AT L0
WMEEZTLBRT22HIC, TOVRATLAEFHALT
170722022 £ 8 HROHFEHNIHT 27 ¥ T
YIal—YavOoiERE Ry, ZoHEAITIE, FH
# U IR IR SUE & BV SUE 23 A IR A v H AR JE
WHEELTWE, 73y Iy ial—yaryd
FR? S, ZhZ2hoBEEICHT 2 HEMBIEICOW
TEET 5.

2. FUHYITLFHRZATLOBE

2.1 FHRETIL

AHFFETHW S NCEP A X2 S LVET L (Re-
gional Spectral Model, RSM) 1%, @FREF L E 721X
LEBS R R RE D REIE T L DO T E EAL L L
T, BEARG» 5 0FThoHFREEZFTE T 288k
WHESL . ¥, BEHORBREEY —HE7— 1) i
BEREL 3227 MERTEHETZ LT, &
WEMNRBREE RO Z LR TH B, > < B
ROFFEME TV I 74 7R R AERE 35
#7KERR (Juang and Kanamitsu 1994) &, FEEI¥E)E
§ 2K S 7 < 2 SRIEFEEICEL D, SERE
M7V 27 4 7 HRRARICED < IERKERR (Juang
2000) 23 5. AR TiE Juang (2000) DECIEICAN
D, Ri#E % RSM, &% MSM (Mesoscale Spectral
Model) ¥ FER. K5O FHRELIIMELE, Rk
FE, B - mdbEGE, MR, Y VEURE, EKET
HY, FEHEKERTIEI VL ARLDORITE, FEFKT
RIEE, ShEHEEIMD 5. FHRELEEDDIZ, 4
RDOIKFHERL, B 7 4+ v & (Asselin 1972), & 3
A 7Yy Ml (Ikawa 1988), BEAY7e /K5
DFEM (Tatsumi 1986; Juang et al. 1997) % FHWTC
W3,
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Fig. 1: Schematic diagram of the breeding method

ETAOYHELERRIIHEHOKERR & IEFRKEM TH L
D% MHWS (Juang et al. 1997). PELEFEICIZ5E
8t (Chou and Suarez 1999) - EiH it (Mlawer
etal. 1997), Noah [EiE 7L (Ek et al. 2003), =
25558 (Hong and Pan 1996), FHZEx{Ji (Pan and
Wu 1995; Hong and Pan 1998), R\t (Tiedtke
1983), EMYE (Ferrier et al. 2002), HiEEESH
B4R (Kim and Arakawa 1995) 23& Eh 3.

RSM iZNT A %7 7 2% OBEBIETHET L L
LCGERHEA TV A, HEEOKES I 2L —a
VICHHERTWS (Nguyenetal. 2019). %7z, /K
FNRE T IL & A EDHE T2 [soRSM (Yoshimura et
al. 2010) /KZESUEFRDBINCHN SR TN S.

AR T, —HFIMU O EREK O P HE K& O
HABZ, NCEP ®42EkE /L GES 0 3 [R5 =
DFYMMEEZHVS. 72 NEBERASLMETD 2 HEH
KiEdRIERFHREE LD DOEHWS. GFS O T
fEizoWTiX, Bk 10 HE @ 7 — & 1X NOMADS
(https://nomads.ncep.noaa.gov/) 256, ZH k
DD 7 — 213 NCAR RDA (NCEP 2015) 7> 5H
BTx3.

2.2 FUHYTILIEAEE

REE— FERER, BEFRLFReEHz 52
TTHROEN RO FEELTTE (REXRZ PL)
ZMOETFETH 2. RENRT PVZEREEIC
BULZBRRAEERZRORY 777 77+
(Trevisan and Legnani 1995) D IEFREANDILERT H
D, BMREDHRIFRE VAT IR 2 /AT
<, RELBRARNUKER R OMEEALZEIHET 2
IREAEE 2RI 3 2 e TE S, DT
NCEP (Toth and Kalnay 1993; Toth and Kalnay 1997)
ERRT (Kyouda 2002; #2H 2006) D4R 7 >~ 4
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YINTS AT LOYIREBI 2T 2 72D ITH
WHERATW =, fBE T V3 > I AAD@EAf e LT
Saito et al. (2011) &, KRBT DIEFHNIFET NV TD
REE—FERIECEZ 7 v Y ITATFRICBNT,
BTV TNDR Y VR —1) 7 XD bR
DFHEENALELZZ e 2WMEL TV 3.

RE— FEBIEOFIEZ LT ITRT (Figure 1).

1. 8872 L THoOWHE xo (GFS DXy ¥ 27—
V), EEOEH ox) #H L UDHED
eRES LICHE LTz, BlodiiE x| =
X0 +@0xg ZVER T 5. 22T a=(L/||6xl)"?
R ER L, x| ZEHo kS X2
B (Vv h) BRT.

2. BER LG BEE 52 Gk 2 he i A
MHEXE 3.

Xo(t =t9) — x(t =ty + At)

Xo(t =19) = X'(t = 1o + Ar)
3. BHEIRERD 2 2DOHOETIND, ROKZID
BE): L PROVIAEICECES L L TMmZ 5.

0x = X' (tp + At) — x(t9 + Ar)
X, (to + Ar) = Xo(to + Ar) + adx
a = (L/||ox])"?

4.2 3%#DiRT.

AWFZETIE, At 6 L, /laldeT il
*— (Ehrendorfer et al. 1999)

1 ot 2, N
||x||=—/ /u'+v'
b/, ol

c p/ 2 LZ
+—=T" 4 RyT; (—g) +e— g
1; r cplr

dDdo (1)

ZRAWS. u, v, T, pl, q FFEHZNHTGEE,
m AL EGH, iR, HIRSE, HiRoEEEE R,
AIEMAN O 1, 2 HIAEH = L X —, 53,4 H
MRT VT 2 VT LF— 85 HPBRATRT.
cp = 1005.7J /kg/K (& EFELEL, Rq = 287.041/kg/K
FEIRSRERL, Ly = 2.5104x 100 J/kg |32 LA,
o =p/ps FINEFEETH . ST X—XIZh
2N, DB LEFHET 25, o, o A3 LR,
T;, pr BZRKUR L ZREE, ¢ PBBIHOH G 2R
T. AWFETE e =0, THROL /NVAIFZHEL2T R
AF—2 T3, KEE— FEREERDIMIOFE
fEE (D) WH#EA L, D Z—2>WHloFHEER (D2)

5. FALSND NS X — &iF Saito et al. (2011)
WHIY, oy ~ 0.5, oy, =0, T, = 300 K, p; = 800 hPa
&5 5.

24—y 7 LEENE, THEBOKKRERK
Z, FEE O THME BB 2z 2w, HEz
Z 1% OFIAEIC B VT, HRASEAA £ 721X B
2 BT BKED B BT R CIEAE 217
5. ¥, BEOA U AN—DEBEERIEICERT 3
mawid, zhzhoBHHcERLZTV, B
ORI 2 M 5.

Bl F 2 BRI 8 AR TH 3720, ARifFFRIC
BOWTHEE— FERIEOWHI A 71 TE 2 518
%, 2020,2021 £0 8,9 A5 2 DD A} &
BB L, 202 20 HMEZEIHIRZ L 5% GFS
O 2 RETHRECZED SER L. £, A=V
YIDREXIZL=3.0T/kg/m> £ LT3, Zh
1% 20202022 4ED 8, 9 H D GFS @IHifE I3 L TF
BhoDRAED VLA EFEL, 2O (B
XZ30J/kg/m?) D10% ¥ LTREL=. ZO#
SEEENCH T B R — 1) v D KHE R oD 5 &
FA%ETH5. B, BUEKRRT MNP T#RE >~
Z—THOLNTWVRRENY MLOREED ) L L
WARTET % (Palmeretal. 1996) DIZXT LT, BEN
7 PLOREEL NV DITIERIF LR VDR T — ) v
TDOREXWKIET S Z s TWS (Toth and
Kalnay 1997).

2.3 BEREH

BT Vv TR, KRS

AMBEED, BTOTH TR AN—7FE
CHESREGAZHW 2 LR 7 vy IR T
Ly RBBE/NIR-oTLES. 207D, HAES
FTRLAKEFEFICHEBHE G525 e pHEEL R
% (Torn et al. 2006; Saito et al. 2012; Ouaraini et al.
2015). 2BR7 ¥ ¥ T FHRERALEMEICHN S
DOHMEETH 205, SREEOERT V0> T
AFLIOBL, 27 0¥ 2 T X o N—HUZiHlK
DPEL 27-0EF LRV, B TIE, Necker et
al. (2020), Honda (2023) ®F%%EBEIZ RSM D %
AT 4 YT FRCEDELEERMZ, LRO XS
W UTHESMEEN 2 AR T 5.

Skt e oE T
-

L XY N=Z IR IR A OM (1, 1) &
2020, 2021 0 8,9 A & HEMFRAIEIRL, Z
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D 2 >0 A E AR ¥ 5% GFS FHED 2%
2o THEH) oxpp ZAERLT .

X, (10+nAty) = Xgrs (1] +nAty) —XGrs (13 +nAty)
2
ZITiET YUY Y TAR Y AN—, xgps & GFS
DTHAE, Aty 3EAYG %25 2 2 RRRR (A
FTIX 3 #RL, YI21—vavicff
SETORMAT v 7 n i LTIT.
2. BEHIO T VYV TN R NT AN, 7 AR HL
DERS.

. . 1 & .
6%} 1= 0%, — — Z ox) (3)
j=1

3. BEDIKEE R 2 SEEN 2 1206V 01280 &
SREM T 4 VR fr, BHOKREX2HES
LAY =V TR anp DT B

5xgp = Qpp f 5x;')p 4)

4. JTEOHEARE xp \BENZMZ 5. BEEHE LI
2272012, TIREWD? S n RO
A% GFS O n REfEF#D SRR L 788 %
mz 3.

x{,(t0+nAtb) = Xb(t0+nAtb)+5X|i3p(l0+nAtb) 5)

FlE 3 0% 7 4 1 &1%, RSM HITEIANES £ T &
KRG BEe 357D, NETEREZT > %> 7
NAT Ly ROPETL 202 S T-DIEHEE 5.
7 4 V213 RSM O/KFEHEFEMDRIEL (Juang and
Kanamitsu 1994) 2#Z# 2L T, MTD X 5 ITHRE
T5.

[, j) = [max(|i —iol/1,1j = jol /DI (6)

i, JIEZhENHF - FEALT O T R, o, jo 1&%
N NETEER O BPEHL & FEALR DO TR, 1, J
2N ZNHIGE T RO & s T R o
DERT. p BEEDOFET, Juang and Kanamitsu
(199 W2t p =152 LTW3. X F—Y ¥
REUL app =0.3 £ LTWS (Honda 2023).

2.4 TUYUTIERERN

7Y TVKERNTE, EEOBREAERZNE
ROMAEHER TR FEET 2 H 27 oI T
HP OB S TKRD 2B FETH D, MinH
51 o> & A BEIR O AT 0 e 7 LI 7 1B 0D PRE AT IS

HEhTWs., AZETRET v % 7 VRRY
N VEREEf#EHT (Ensemble Singular Vector Sensitivity
Analysis, EnSVSA; Enomoto et al. 2015, Nakashita
and Enomoto 2021) 2K A7 A THOLNE 7
V7 IVIZEM S %. EnSVSA T, 73 7148
oM S N 2 H o BATHI O B E D % E 72 1388
TN DR RN X o T, EROKRZWEEHZ
227 % v 7 VOMBGREERBERD 5.

Z'GZP = AP or (7)
ZP=xP, 7 =Gz (8)

Z=z1, - ,Znm] € RV IR BNT, K
FEFEEICE TS N, HOBEZDOAEZRD H L
mAYAN—D7 Y ITNEH 7 IR FLE
T2 TH 3. G € RVMN (ZBEFHHOKE X% E
E#IT 2/ VLT THD, KFETEIREE-F
BRErRABLI A LEF—- (D) B/ LLELT
w37z, G OBERIFITANLF —DKIHEDFRE
CHEBESBIUMEBIOEAREDE L, 18
BRI 2B 5. A = diag[d), -+, 4] €
RS> (s = min{Ny, m}) (X[EH % A 7= A1751,
¥ € RWXS 3R R Z R 7208175 TH D, T =
diag[AY?, -+, AY%0,---,0] m < Ny) 2713 X =

1
diag[4}%, -, A% (m = Ny) TH 2. EAM R
) ORZEIHBHMET2EERY bv (FFRXZ b
V) R SRR TAEFOMERORNE SR
Ky, HHOMAUREZIES 2 &, FEDQEHE
WSS B EH R v E W THAREZ 2 & BEE
K%l % COEBOMUEEZRD 2 2T, MIHIE
BRI EREZILELEIT 2 Z A TES. EnSVSA D
M2 ¥ 2 i %1 Enomoto et al. (2015) %
7z1% Nakashita and Enomoto (2021) @ Supplementary

material Z S X720,
3. XRZEH

ARBFFETHRR & 35 2022 4F 8 AR, 28 HIZ
mifE L TRELHAE 11 5 (Hinnamnor) 23236
LD SRPEEMEEEL TWe. — RS T
JEETIEA > FEED S HRA T 2 BRI O §i [ Tl
BKESFEL, LS WTHABEEAT
(Fig. 2). ZoHFESEF 31 H»~»59H 1 H
WA TIHAZFHLMCZEDOREKE D6 L.
Hinnamnor &% O FEPEHIT 30 HICHAE LB E
ELE MHEIC/RIREETE D ICEER L7223 5 & HITHEEL,
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Fig. 2: Surface daily weather charts by Japan Meteorological Agency from 0000 UTC, 28 to 0000 UTC, 31 August
2022.
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Fig. 3: Time development of equivalent potential temperature at 950 hPa (top row) and its cross section at 125 E
(bottom row) from 0000 UTC, 28 to 0000 UTC, 31 August 2022. Figures are plotted using ERAS (Hersbach et
al. 2023). Wind barbs and contours in the top figures are indicated horizontal winds and geopotential height,

respectively. The locations of the cross section are also shown in top figures by white dashed lines.

920 hPa &\ 5 IEHITHRNEA I 2R B 1208 & EEE
BICHEL 2. MlOBEEELZIDIAATH BHIE o~
BEREEZBA L, B ROWHKREEZ NiF5 28T =1
SEIRIL L 73, 2 DALl Rl LT > FHIC i
Ao THOBMUFEL, H FLH T A L5 “1
DIRHELAE LSOV THASESRICES I #
Bh 76 L7z (Wangetal. 2023).

IRAFRSUE IR L7 ) > gLk, KBEd
KD EA SR Z2 500 U CRaPaHl & rE sl p 5 2
NZNEMHESRMOELKHPMA LI 2T, FEI
747X MROTHBEESIIFEL TV, 2D
HZ R SRR R RE O BB A AL D {KAH 2
RO ZE5H &8 D Bt X 41, Hinnamnor IZEX DA F
7z (Fig. 3).
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Fig. 4: Computational domains of ensemble simula-

tion. A black box is the inner domain (D2).
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(a) Z300[gpm]+KE[m?s?(@300hPa : bred with perturbed base (b) Z300[gpm]+KE[m*/s?}@300hPa : bred with perturbed base (c)2300[gpm]+KE[m’/szl@300hPa : bred with perturbed base
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Fig. 5: Kinetic energy ensemble spread (m?/s2, color) and ensemble mean geopotential height (gpm, contour) at
(a—c) 300, (d—f) 500 and (g—i) 850 hPa from initial date to 24 forecast hours per 12 h.

4. TFYHYINLPIal—arv

T 2T, BE IR IRKUEFE AR O 57 2
HGEETH -7 2022 4F 8 A 30 H 0000 UTC Z#1H#A
By L7z 24 o7 v o7y 3ol —v g
VERAITS. FHEEBIIALY FANKIZ X > TED
5. AREFZETIE D1 & U CKFEMRE 27 km, T
R 217x217 (100.1 E-174.3 E, 10.13 N-64.16 N)
OFEEE Y D, D2 ¥ U TKFEMRE O km, T
% 325%289 (110.0 E-147.1E, 19.96 N—47.72 N) @
MR ¥ D (Fig. 4), D1IE#EUKER (RSM), D2 X
FERKERM (MSM) TEHE$ 5. 82, 2,2. 3T
WAR7=FET, D1IZBWT 30 H 0000 UTC £ T
20 R Y N=REKT B, KETA 7L OPIAREZNE
2022 4 8 H 26 H 0000 UTC ¥ L, 16 %A 7 47
5. YT ¥ & 225 2 7188, RONIEET

50, 494 7 VEMBERISHEFABMNT 2 X512k %
(). 30 H 0000 UTC 2> 538 H OIS %2ZE 2 %
ZETA40 X N=24KL, 4FEO> I 21—
YavE(TH. D2 TIEDI D40 A N—DT I 2
L—a VIEREHAG Y 55, DIETIE, D2 TD
PIal—¥a T BN ERT.

Fig.5,6 ICZ N ZEH = XL X — L KEK DT ~
P ITNRAT Ly FOHBEZRT. EHEjT 3L ¥ —
EAIHARER D & 24 K2 £ T—H LT, Hinnamnor
WG LB RED S EEETlAZ/RL T
% (Fig.5). £7-FE (Fig.5g) Tl Hinnamnor O
M OBFEELICH L THMAZRLTE D, KR
PHEDICONTAREL ZoT W3 (Fig. 5g-i). af
HAEECALRI T, WIARE LN TE AR 0 R IR UE
(124 E, 36 N) MG LA Ly FBARETHRS
2 (Fig.5g). ZOAF Ly Rk L & IR
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( EPT[K]+Q[g/kg] @700hPa : bred with perturbed base

(b) EPT[K]+Q[g/kg] @700hPa : bred with perturbed base

( EPT[K]+Q[g/kg] @700hPa : bred with perturbed base
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Fig. 6: Same as Fig. 5, but for specific humidity spread (g/kg, color) and ensemble mean equivalent potential

temperature (K, contour) at (a—c) 700, (d—f) 850 and (g—i) 950 hPa.

FE-FALBIC O 2Bk E e b (Fig. 51), X N—=C
IR RREDBMERE D R 5 Z BRI LT
W5, NECHELTH EEOIEIEA T Ly R
INZ VA, BURE 132 - JUiE 45 ARSIV S
7 OEIEIIZA Ly RORZVWEEMMAELTED
(Fig. 5¢), MHERLEI X 2 ERKEDFERRE L
TV,

IKZESTU, W FFORZEZE I (122-126 E, 28—
36 N 13T, Fig.3) &xb L7z X 7L v KAWL
DEFRIEND &3t FE e » i THECR N S
(Fig.6d,g). %7z 850 hPa(Fig.6d) TiZ(130E,33N)
HECEEL SIFITHUT 2 AT Ly FHELH, &
RIS S A D ot &I LT, KR S
HAMHCHRAA L IKE RIS L TS, F2H
ZEEICHIET 2 ATy R, X UIEEL <

Hinnamnor IZE D AN 21208V 5 % (Fig. 6d—
f, g-1). TAUIHBZESIDIETED & ORI
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Fig. 7: Ensemble simulated (a) central mean sea-level pressures (Pa) and (b) tracks of Hinnamnor. A black thick
line shows the Japan Meteorological Agency best track data. A red thick line, an orange line and gray lines show

an unperturbed simulation, the member with the strongest typhoon and ensemble members, respectively. Markers
in (b) indicate the locations at 0000 UTC of each day.
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Fig. 8: Relative vorticity (107*/s) at 850 hPa with the maximum values at upper left corners per two hours for
(a) the unperturbed simulation and (b) the member with the strongest typhoon. Blue contours indicate wind speed

from 15 to 45 m/s by 15 m/s. The regions 3 degrees from a typhoon center are shown.
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Fig. 9: Same as Fig. 8, but for zonal cross sections of relative vorticity (107#/s, contour) and potential temperature

anomaly from the zonal mean (K, color) at the typhoon center for (a) the unperturbed simulation and (b) the member

with the strongest typhoon.
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Fig. 10: The unperturbed simulation in terms of (a) initial water vapor flux (kg/m?/s, vectors), its magnitude

(kg/m?/s, color) and moist absolutely unstable layer (MAUL) (shade) at 850 hPa, (b) initial zonal cross section at

35 N (ared line in (a)) of equivalent (color) or virtual (gray) potential temperature, relative humidity of 95 % (blue)

and MAUL (shade), and (c) 24 forecast hours of mean sea-level pressure (hPa, contour) and 3-hour accumulated

precipitation (mm, color).
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11: The first mode of EnSVSA. (a) The time development of total energy profile of the perturbation in the
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(d, e) potential energy and (f, g) latent heat.
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Fig. 13: Same as Fig. 10, but for the member with the largest contribution to the first mode.
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Fig. 14: Same as Fig. 11, but for the second mode.
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Fig. 15: Same as Fig. 12, but for the second mode.
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Fig. 16: Same as Fig. 10 and Fig. 13, but for the member with the largest contribution to the second mode.
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