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20124 3 A Joint Workshop of "4th Global Change Projection: Modeling, Intercomparison, and
Impact Assessment","5th Internation Workshop on KAKUSHIN Program" and
"14th International Specialist Meeting on the Next Generation Models of Climate Change
and Sustainability for Advanced High Performance Computing Facilities."

DB (AKEATA)  http://www.prime-pco.com/climate2012/
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Joint Workshop of"4th Global Change Projection: Modeling, Intercomparison, and

Impact Assessment","5th Internation Workshop on KAKUSHIN Program" and

"14th International Specialist Meeting on the Next Generation Models of Climate Change

and Sustainability for Advanced High Performance Computing Facilities."Z37#% Web ¥k
http://www.prime-pco.com/climate2012/

The Westin Maui
March. 12-15,

Joint Workshop of

"4th Global Change Projection: Modeling, Intercomparison, and Impact
Assessment”,

"Sth Internation Workshop on KAKUSHIN Program” and "14th International
Specialist Meeting on the Next Generation Madels of Climate Change and

Sustainability for Advanced High Performance Computing Facilities.

Objectives:

Prediction of long-term global climate change and the related regional
extreme weather events are very serious issues for sustaining security,
prosperity and future of the world society. Vigorous progress in high-
performance computing and information technologies has enabled climate
scientists to simulate the long-term global climate change and regionally
extreme events as wind storm, typhoon, hurricane, torrential rain, drought,
heat wave, floods, frost etc.. This has been achieved by innovating
climate/weather or earth system models with supports by high performance
computing and globally networked observation technologies. Based on these
advances, climate modeling community is now producing projection data,
which are expected to make significant contributions to IPCC's 5th
assessment report (ARS).

High-end computing technology, especially large-scale supercomputer, is
ceaselessly and rapidly growing and its capability is predicted to brake a
wall of exaflops around 2018 by USA. Also some countries in Europe, Japan
and China would be following to reach to exaflops computing age. Green
and high-capability computing are now pushing venders to develop new
heterogeneous architectures as multi- or many-core with GPU and
accelerator or so for attaining more flexible computing capability. These
trends in computing environments gradually and strongly impact on
simulation-software technology in modeling global and regional climate

change or earth system sustainability and global system.
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Since climate modeling, computational science, and computer engineering
have been intimately collaborated so far, it is now required for folks to re-
tie up more closely and internationally, in order to cope with the coming
new environment of computing. Thus, the objective of this workshop is to
bring together climatologists, computer scientist and engineering people for
discussing and exchanging latest results of climate change projection based
on the CMIPS protocol and new ideas for the next generation models and
simulation, as well as hyper -performance computing environments that are

envisioned to be available in the next few decades.

Background

This workshop is a joint one of "4th Global Change Projection: Modeling,
Intercomparison, and Impact Assessment”, "Sth Internation Workshop on
KAKUSHIN Program" and "14th International Specialist Meeting on the Next
Generation Models of Climate Change and Sustainability for Advanced High
Performance Computing Facilities. The third above is basically related to the
communiqué of the 6th Japan-US workshop held in Hawaii, March 1998 and
is the 14-th in the series having been held in several places in the world,
starting with the first one in Hawaii in 1999, Previous Locations are:
Honalulu, 1999/ Toulouse, France, 2000/ Tokyo, 2001/ Boulder, 2002/
Rome, 2003/ Honolulu, 2004 / Kona, Hawaii, 2005 / Albuquerque, 2006 /
Honolulu, 2007/Honolulu, 2008/0ak Ridge, 2009, Tsukuba, 2010 and
Honolulu, 2011. The organizers are sponsored by the KAKUSHIN program of
the Ministry of Education, Culture, Sports, Science and Technology (MEXT)
and by the Global Environment Research Fund of the Ministry of
Environment (MOE).

Main Topic

Latest scientific results with relevance to IPCC AR5 Models and
algorithms effective to multi-peta and exaflops computings for

simulating climate change

Possible sessions:

Latest climate prediction and projection results

(near- and long-term, extreme events)

Multi-model Intercomparisons

Impact Assessments

Integrated Earth System Madels (including biogeochemical modeling)
Cloud Madels with High Resolution

+ Ocean Circulation and Sea Ice Models

Data Assimilation

Multi-pata and Exaflops Computing

Algorithms and Computational Environment

Vender's Challenges

Others

Conveners:

+ A. Sumi, Prof. , University of Tokyo

+ T. Zacharia, Vice President ORNL

+ H. Simon, Vice President, LBNL

* Y. Oyanagi, Emirate Prof, University of Tokyo

Steering Committee:

* M. Kimoto, ACRI, University of Tokyo

* A, Kitoh, MRI/IMA

* Y. Takayabu, AORI, University of Tokyo
K. Nakashiki, CRIEPT

* M. Kawamiya, JAMSTEC

1. Drake, ORNL

M, Tayler, SNL

B. Spotz, SNL

H. Tomita, AICS/Riken

H. Nakamura, RIST
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Secretariat:

Prime International Co., Ltd. Tokyo
Venue

The Westin Maui Resort & Spa

Dates

March. 12-15, 2012

Schedule

Mar. 12th (Mon.) - Registration, Meeting
Mar. 13th (Tue.) - Meeting

Mar. 14th (Wed.) - Meeting

Mar. 15th (Thu.) - Meeting (AM only)

Registration

Pre-registration is required

Hotel & Flight Information,

Arrangement is entrusted on you.

Please refer the page of hotel information,

1 4 HARTH, YEORFR

Agenda Day 1 (Monday, March 12)

Morning Plenary session
* Speakers: TBA

Computational science

Afternoon | Climate modeling

Vender session

*Welcome Reception at Westin Maui

Day 2 (Tuesday, March 13)

Morning Researches using the Peta-computer and Advanced

computer

Afternoon | Long-term projection for climate change

* Speakers: TBA

Paoster session

Day 3 (Wednesday, March 14)

Morning Decadal projection with data assimilation

Afternoon | Projection on extreme events

* Invited Speakers: TBA

*Reception by KAKUSHIN project

Day 4 (Thursday, March 15)

Morning Multi climate model inter-comparisons for CMIP3 and CMIPS
* Invited Speakers: TBA
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72SST H4INE T 7T ROV OXFi O b2 5 8 2 U, KRIEFERIEE SR (AM0C) i
L BRI 5 Z & &R LT 5 (Reverdin 2010; Robson et al. 2011),

T 51990 FARITHE & 72 KOFEE & RPEEDO R R KEEAL R B AWVICER L TV D
EIMT L L Do TR, BEDOBIRRET ML HHF5EIX, PDO OEA-FHIEL )
DIAMO 12k L CEFED T 7 & H - THEIT 5 Z & 27k L TV 5 (Zhang and Delworth
2007; d’ Orgeville and Peltier 2007), E£7=. Kucharski et al. (2011) IZfEi& €TV
Z O TR D RSB OEEINTAE: 5 KRVEFEI O KRN Walker ffER O30l A 18 L TEL
A DLa Nina JGEZ O T 2 L ARE LI, b ORERIE, 1990 FRITE
E T2 ALR VI O KRS AN S R D KU A B Z KIEFL 9 2 Z L 2R LT\ D,
£ ZTAMIZE T, 1990 FARITHE & 72 R L AERTEFEOWE OXE > 7  DORARIZD
W T REHEERE AT T LMIROC & FIWV TR~ 7z,

() BT VL& THIESR

KAFFETIL, EE DR D 3 5D NN— 3 O RKRMELERE A E T /L MIROC3m,
MIROC4h, MIROC5 % IV T, 1 O4FEHIMEZAE) T EBR 41T >72, MIROC3m (T2 5 3
DO HThe b R E DT < K& T42, MEEDKI 1ox1° TH 5, MIROC4h X, MIROC3m
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CNTIEF UEEREE 2 O, SRR R by (R&CT213, M 1/4°x1/6°), b D
TV B YRR & KIEICS B L 72 MIROCS X ENSO DR BN e L, A5 L /3l
FORITHD (KET85, M 1°x1°),

B 320/ —Y 3 O MIROCIZ, ZELRFRE, =T vV v, KA 7,
K E Vo 7B S 7 B R KA AEIR O/ RH] . S 512X IPCC i FEICES<
ks T U ookt & 5 2. 2 0 HACHBLIEER(NOAS) 21T > 72, I NoAS Ei %
HIZET VOREE R U, BT — & % FEICVERL S L= FBIfRAT 7 — # (Ishii et al.
2006; Ishii and Kimoto 2009) d#E/KiE & iy DR ~E%E T T L~k T 257 / ~ U —[afbE
BR(ASSM) %#1T-7-, X HIZZ DAL FEER % 212 1995 4% L < 1% 1996 FOFIHIE % R |
AT 19 A 2 /3—(MIROC3m 73 10 £ > 73— MIROC4h 78 3 A > 73— MIROC5 7% 6 A
VR DT Y TV TRIFEBR(HCST) 21T o7, 728, FEBROFEMIT Tatebe et al.
(2011); Mochizuki et al. (2011); Chikamoto et al. (2011) (ZFE# S LTV 5,

(3) #ti

1990 AR T & To KU O FFHIME A T~ 5 72D 1991-95 4E5F-1) & 2000-04 43
B & DAL LOSST TN DA RDT-(K 1), 1990 A% HEICHBNT, BllShz
SST AL K PEFEIER CTHAMNE L OVK I T LaNina O L 9 72 8% — > 273 (X 1b), =D
SST OZALITHEY B S 4072 FEAKITARE R O S Tl T, P 6 A > RPEIS
N TTHAIME RN & 5 (K 18), & OREHIEIC BT DBk D2 ki% Walker 58 D5k %
RLTWD, Fiz, BV RVELER CRAKEOHMABII SN THY . ZHUERFEHERICE
7% Walker fiER D5k & A LT 5,

2O XD B SN EKI LOSST o2& biE, iRIE{LY 7T LD X 5 745 s /)
2Dy I 2 b—3 3 (NoAS ERR) TIXHIHMENMEWNS DD, WEEENG & 72 THl5E
BR(HCST ) CILMmBIMEA RV, NoAS FEBR TIX SST B L UMK DZEIZE DL & & H Y
— kR AT DM H (X 1e and 1f), FFIZ NoAS FEBRIZI51T 5 A D SST Ok
KOZEAIE, BLMED X 5 72 P AEL O Tide <. TR KIEZ L & Hadley 78
BROMILZ R LTINS, X DICKEEIRICEIT S NoAS Bk SST 1%, Hiik ik cHEin
T2bOD7 Y =T FOMIZET 2 AIRMAIL 0.3 LI &> TWT, BllllEinz
SST ZE{L DKM & 13384 L TV (X 1band 1f), —77 HCST FEBRICI1T % SST Z1kid,
B & LA TIEIE 238/ NGl L TV D b oo, KR LaNina 87— B L7 Y —
7 RO T09°C &z 2 7R & Vo 7 BHE O R A X < 8L L TV 5 (X 1b and
1d), Z 9 o7z SST ZKIZfEV . HCST SEBRIC IS 1T 5 K D25k & BLRIE & [FIARIZ H5]
B ARSI BT, PN & A 2 RPER K OB KPR 2 TR A %
R~ LTWA (X laand 1c),
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Climate change from 1991/95 to 2000/04

PRCP SST
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1. 1991-95 43 & 2000-04 43 & O REK (2K mmiday) 35 KON SST(HX: °C) 07, Lo
&, HCST, & U NoAS FEBr, Bk & SST OEIHIMEIX GPCP & Ishii et al. (2006) O ZEfENTT —
B &M Lz, HCST BLUNoAS EBRTIE, ETETEICT VY 7R L, EbicEnD
3ODETNELE L TRDE (DFED, SAVFETAT HTN)

B PRI 0O Walker T 8R & BV R FETE DO KA E) & OBMREZ TR 5720, JRiE
(231 2 X B AR AR 75 DR B — IRp T T [ 2 AR R L 72 (B 2), 8L S 7= ek R 251
1995 4R R A TELE T . FEEEACEEEN S A o RERICONT THIINL TH v . Walker 7§
B O L2 R LTV A (X 2a), 2 0 Walker 558 O FRALAZ OBV K VEVE TIIFE K & O H
MBI TN D, —J7, 1997 4E) 5 1998 41T 7N T TR T 20 A R OIRIEZ &
-2 El Nino 23%84E L., Walker #§5R72355{k79 %, £ D%, ENSO % La Nina DAZHH~E R D |
B RVELE OB K EOHIIN E & 112 Walker fEBR OSRILIREE T 5, 2 @ Walker fEE: D
feik. ALVEERIS I OV P iR B 2T AOTEE O 2% 72 SST o F-R & B L (Chikamoto et al.
2011), RFHFECCIZX 1 TR UL K 9 RERIE D SST R4/ % — v Zmd,
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I

BLNE & ARk, HCST FEBRIZ ISV T b B KSR > Walker 96 B8 it & BV KT
WOBEKEOEMENBEEL TV, Fx OTHIT AT A TIEENSO ORI ATREM:AS 1
FERRETH D728, 1995/96 H=w)HIfE D> HCST FEHR Tl 1997/98 40 El Nino z Fll4 2% =
ERTE TR, LALAR3 5, HCST ZEBRIE 2004 4 % THifie 3~ % Walker 7 EE DAL,
& BVHERPETLEIZ BT 2 K O 2 @RI L <A TV 5 (X 2aand b), — 75 THIHME
{EZAT > TV 720 NoAS FEBRIZ BARAITEIE AN/ N & < | BV R PEEEIR O Bk R 22 & A B IE
Tho(M2aandc), ZAHDORERIT, B R FEEEEIZ 1T 2 Walker 58 DR S D2k &
BV RVELEIRIC BT 2K EB E DB EWICEE L TWAHZ L2 R LTS, SV
FUE, 1990 FARUCHE & 72 AL RVEVERS L OO RUEZ (L E BNBAVICEE L TWD =
EERIEL TN,

annual rainfall ancmalies from 1921/95

{a) OBE

1930 -—"T"—l—"'—“t—?—lrl—'—l—r[‘*—r—-

GOE 120E 180 12208 BIWY Q
4] HCST
2008 N 1 L | 1 |
2000 L] -
1" M

TS ~

%12, #RIE(10°S-10°N) I 351 %
1991-95 4EF-1597)> & DR K Al 75 DA%
e, A S BHIE,

HCST. NoAS 3Bk, HA7iImm/day,

1935 -

1830

A 04 DA D2 G0 0 SE 34 04 12

64



R R SRMERS 68 7 /WA K 2 ARk T 25k

1990 FAHHIZI VT, AMO DA ERE & B/ Y —2 T o RO LT SST 23
AITHEIM L 72(K 1), FEFC, Z 0 AMO ONAR BRI Z AL EVE KIEPEIC 1T 5D SST O
FHRA R BV R CROKEDSEEINT 5, & LA RGO RKZEE) & B ik
@ Walker F5ER DZEAL & BT 2 72 51X, AMO OZALN KR IZH 1T 5 SST o v 7
hRE—UZR|EER TG LR, &2 TAMO & RFEEIZEITS SSTO Y7 |k
PRE— 2 DEMRZ D128, HCST EBRIZEIT 5 19 A L " — DA X Z e L 7= (X 3),
AR X IE O FH BB (FRBAF%R % 0.54) 2 Rk L, Z4Uid, 1996-98 4> AMO index 73 K&
AL N—F E 1990 FRIL T T T REEIZEIT 5 SST v 7 b — U AN K <
TWHIEERLTND, EBIZ, AMOindex A KE <, » o, KFEPEIZHEIT D SST &
T RRE = NEHE LSBTV DE 5 A R—EH oD T SSTIRAED Y 7 hXF— 2 %
i< & RTEPEEIZ 17 D SST @ LaNina 287 — N K< HHLTE TV A (X 4b), — 5T,
1996-98 4D AMO index DIRIES/ NS WA L R—(F, 7V —r T FOFEELICET S
SST OFRMBUA & e~ T/ E < REFEIZ 1T 5 SST @ La Nina 732 — 2 3R BREC
» 5 (4 4a),

Climate change from 1991/95 to 2000/04
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SST Z{b D % — U HHBMRER, A LIicHE
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Uox— FRINgood A L X—DT YTV

65



G B R A 58 7 /WS & 2 I AR T I 52

@iFEmeE LD

FGEED IR D 3 DD/ — 3 » O REHEFER 7 /L MIROC Z VT, 1990 £/
Tl & T R & REVEE DO XU S 7 b OBIRMEIZ DUV TR~ 72, 1990 4404
OB STz SST &KX, 77V —v T v RO ECTHIE L, AXEFET LaNina @ X
I RE = R LT, 20 SST DI R Z — AT BLI S U7 Bk 2B K
PEPFETHIN L . RS T Walker FEER D5 xhin 3 228 (b2 r Lz, ZhbBlllsn
72 SST L BEKDEAL S — %, RBBL Y 7T VI PE S AR ER s (NoAS FEBR) 721 TId
BMEPMEN S OO FIIEL BT > 72 THIZEER(HCST 55R) TIX L < B TE Tz, FF
(2, 1996-98 4> AMO index DIRIENS K EZ WA =T & Bl S 47z SST D2 b X%
— U IS A TV, 26D Z EiF, REFEICBIT25UES 7 MBS RKEER O xS
TENEEL TSI EEZRRL TN,

ZHETOMHIETIEL, ENSO 7% Walker TR D2 AL 2 18 L TEM RUTE D RR IS8 &
FIET 2 &R L H BTV 7= (Klein et al. 1999; Saravanan and Chang 2000; Chiang and
Sobel 2002; Chiang and Lintner 2005; Chikamoto and Tanimoto 2005), — 7 C., it DL T

(FENT R IETE DK A E) S Walker JEBR DA L 25| EE Z T 560 HDH T L 2R L T
% (Kucharski et al. 2011), AHAFFEIZIBNTH, 1990 FARUITHE = o REZEIB W T, BIF
W9 K 912, Walker fEER D2 a8 U CTRETFED B REFESTEED L A TE A RENVEDN S
Z 5D, £, 1995 FEEHIZ KPELER T AMO ONAESERIZHE 9 Kty 7 h sl & 7=,

Z D AMO DOAARSERIXALHEVE R VETE D SST HEIN & B K PETPEDRE K B DB % 7=
5L, B R Walker JEER D GIZ T B2, £ OREE., 1990 4EATE 441 :jﬂ21$
123513 % SST i LaNina @ K 5 bR Z — U ZaRd, 29 W o lo KEPEIRICE
SST OZEALITKRAIEER G DAL 2 L TR T IRICB T 52 BROE(LOE S A— 2 D%
{LIZE THEST 508 LivZe(Tu et al. 2009; Kim et al. 2011; Kajikawa and Wang 2011),
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B fRAR B KRB TLERGE BB T VT L D AR Sk 5
IM-1-1-3 MIROC |Z L A HE D HH & FHl
HRIEN  GERKRFPRKIEEVIEAT - F2EE)

1L LI

HIERIRBZGIZ & - T, BVHRKUE ORI, MEREDRFERED L I IZEIT S
DO eV R, BIFERRERITIL AL, RSO ERRELETH L, ZNHD
MEEIZOWT, ZhETEL ORI TbNTE -, ElEEETRAET I HERICE LT
X, BIEL D SR BA L, BN LIRS 725 &0 ) D% (e.g., Knutson et al.
2010), F7o, FBAEBNBS LV LRIV ITR D Z & b EfE S 41TV 5 (Yokoi and Takayabu
2009; Murakami et al. 2011a), L72> L7223 5, fERS PR OWEE KR (SST) S & — 1258 <
KT 5 2 & 03 EHf S TH Y (e.g., Sugi et al. 2009; Murakami et al. 2011b), {&#k& L T¥F
WDOAHEFMENRREWRETH 5, —H T, &t KA 2 BEHRKE DR AR
BAED FTRIFTHREME S & 5 2 & 23554 S 7= (Sumith et al. 2010), % = C. 3FMEO KK
FEAET /L MIROC ZHWT, ETETALOREROHBMZ MR L, KIZNA Y ¥y 2
b~ FEERD B B RO AR D FRIFTREME 2T ~7=, F 72, 2006 4F4 W & L7z 2035 4F %
TOFFRTHFERD b BEOFREZFHE L, Z{LDJRRIZ DWW TRz, ZDRFIZ,
TR DA TN D 7= DIZET VT 2 7V TR 2 Rl L 7=,

ETV - EBROPE & RO ER

A EDET I BHIE S A7z g £ 7 /L (MIROCAh, R5UT213, MEAEKY 1/4 FEx1/6 L,
Sakamoto et al. 2011), E7 /L OMEEEZIZIEF 2 THKE L7-HET T /L (MIROC5, K%.:T85,
WA 1 XL ; Watanabe et al. 2010)12/1 %, AR4 REIZf#E H L 72 MIROC3.2 @ H i {5 JEE hi
(MIROC3m, K&:T42, ¥R 1 %1 & Hasumi and Emori 2004) % FHN 72, Ziu s 3FEEE
DETIVENENT, —E#HOFRML « FRIEBRP T,

BUE UG DFAGZ VXN TR D 72 2 5- 2 72 F2HR(20C3M: 1950-2005 4F) & 7 — & [Al k. IR
(ASSIM: 1950-2005 ) & v 7o, 7 — & Akl B S ALz e o KR & 35y o K pfE >
b DmAEZET MURAEIZEILT 27 7 ~ U EHbOFIENEH S 417z (Tatebe et al. 2011), &
TR AEDOFIIZ I, BRI AT v R EOHH YTV A O R E 5 2 -
(A1B/RCP4.5: 2006-2035 )12 2., AIHMEAKIZ & - TH L7 HIHIE D & Tl L 72 28R
(PRED: 2006-2035 )& VM=, ZHBHICMA, ETNADNRT 4 —~ L A% F v 7T5H
=02, A ¥ R¥ ¥ 2k FEBR(HCST: 1960-2011) 174 7=, MIROC3m, 512>\ TiE 1
2. MIROCAh IZHOW T S FBITHGEAZ LV, TEN1IH 1 HD 10FROF
W Z24T > 72, MIROC3m Ti, %47 10{HO R DDA F 7 a v bne 10 fEHO
OIEMEERR Sz, —J7. MIROC4ANh, 5 TIIwHEIZEL » A D LAF IEIC X - THE
B S 7= (51 MIROCS @ 1991/1/1 TR D54, 9141 A1 B, 90/10/1, 90/7/1 D[Rk,
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(a) Best Track (JTWC) (c) MIROCS (TBS)
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DAF w7 vay ML THl), £ 112, FET L - FEROT UV TITAEEE LD D,
P, B2 DO RWRY | FRIZZEEOET VOET LT TV TREND,

ETNADT U N7y EBREZEFRET S FIEZ. FI Murakami et al. (2011a) D FEIC
o Tz, ALVER LRI T AEMBAELESKI 26 HIC/R D L5, ZNENDOETLTH
A% [FET 572 DOFMMEAMOMHENEZ Th D, Lk, FRZZ EDOLRVWIED | BEOK
I OE TR D, FBLHIT — 4 & LT Joint Typhoon Warning Center
(TWC)DRA N hF v 7 TF—F &l LTz,

RO FEHME

T L D1 D FEAEHEFE 55347 O SANE 2 B & Hefe U7=( 1), AR4A ORI L7
MIROC3m %, 7 ¢ U BV OHMITHENFEA LIZ WS T ANFAE L7223 (K 1d), K
RONKFFGEEZMNLS THZ LT, TRbIBRELESNZ(K 1), HETTLOY
HmBEEZRE T2 EICL0 ., SMmAR0BHNICIIES< L 212572 (K 1), KIZHJE
FAEROZEHIHET ORMEEZ X 2 12779, MIROC3m TIEFAEN R KIZ/2 5 8-10 A i
INRA T APEIE LT, B L v e Sz, —J7 MIROCS & E 7 HAKITH
ARG LTV D, BEHEB OB, HHREOZEMMEE 2 LE L § 5 D)
H Lizuy,

69



R R SRMERS 68 7 /WA K 2 ARk T 25k

F 2B ROIREILET NV OAKEARGEIR < KAFET 5D, X 31T H B AR KRJEH DO
R BM(PDF) &2 7R, MRAGENE L R DI2Ht-> T, BBWAERBHEET S L1220
WD, LU G, I bIHEE D E W MIROCAh T % AR A 60m/s 248 2 5\ &
JEODFEABEEIIBR L 0 b7, BREOFREIZITREE ST TiER, 7 OWERE
FEFEEXIEA T — D) BIKAFT 5 Z & D3 iEHE S 40TV % (Murakami et al. 2011b)D>C,
SN ITREE R A F— L &2 B L= MIROCS % & fffg B k425 =2 & T, BUEMNLME
OHREBENFHIND L9125 EHFfFEN D,

40
7 Best Track
Best Track 351 MIROC4h(T213)
6{ MIROC4h(T213) al m:ggggm gig;
MIROCS5 (T85) ~
5 51 MIROC3m (T42) ex, 25
2 g
@ 4 o 201
= =
0 31 2 154
= u—
2' 10-
14 5
0 T ] LI Ll ¥ Ll ¥ T LJ L] 0 T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 10 20 30 40 50 60 70 80
month max wind (m/s)
2. B IRF AL O ZFHIEST O KA (1979-2007 3. BJAD A R KA O PDF(1979-2007 4F),
), BI(EA). MIRCO4h(FE#R). MIROC5(Hk BLUAI(EA). MIRCO4h(FRAR)., MIROCS(HHR).
#). MIROC3M(FEM). HALIXEEL, MIROC3m(# #2).

70



12 N AL & i I (Bl S S

15 (a) Best Track
10 (a) ASSIM 40N 1

5
0
-5
-101 10N -

30N 4

20N -

/

\ (%

-15 T T T T T T
1980 1985 1990 1995 2000 2005 9 105E 120F 135t 150 165 180
15 (b) ASSIM

30N -

/ ;: ) —_

10N W

EQ : 3 =t b

-15 T T T T T T T 1 T T T
1980 1985 1990 1995 2000 2005 105€ 120E 135E 150E 165E 180
- (c) HCST
104 (c) 20C3M 40N @J’
5 WIVAWA , 30N
_ . ¢
T S/ A | 20N
-54 \ / om
sip \ 1NN/ -
- 5 T T T T T T E Q‘ r//zllhd& ¢ " \
1980 1985 1990 1995 2000 2005 105 120E 135 150E 1658 180
4, 5 BB ZE (855 D4 4 258, 5.ENSO A > MDA A A ERAEDE
(2)ASSIM(FR#1). (b)HCST(FR#H1). (c)20C3M(HRAR). %, ElNino 4 & La Nina fE0D#(El-La) % 7% L
ERIIERL, REAIEA T Ly RERT, T%, (2B, (b)ASSIM, (c)HCST.
DA 2 258 O T |

WIZ, ASSIM & HCST 7 b RO 2 8O F LM - Tl AT §EM: 2 MIROCS &
MIROC3M DET /NT > TV TRl L7z, ASSIM 2515 5 7= & S A 55 R 725 D
e RN A LI & Pel U 72 (0 4a), MEEOKIR &S L EE L T2 nIic B Bh 53,
ASSIM [ZBUR DA 2 258 2 L < FREL L TU % (1979-2007 4= CHHBIFR %X 0.66), ASSIM
AF v Fay MEYIHMEE Lz HCST @ 14E PRI R 2 X 4b 1IR3, Tl & B
M OMBISRENE 0.44 T, Kl K- TIBHOZEE 2 L FHITETWD, —J, W1
AL ZAT D720 TP L7284 (20C3M) AR BIER SRS 0.14 LK< 725 Z & 6 (IK 4c),
HCST D iz KW A U3 Eisk e & Cid e <, FiElbic Lo Thebaniz2 &
NGIIND,

71



G B R A 58 7 /WS & 2 I AR T I 52

B DA 2 Z8 81213 El Nino and Southern Oscillation (ENSO) D #2888 K& W2 & A5
ATV 5(e.g., Wang and Chan 2002; Camargo et al. 2007), % Z C. & B DI A4S E R 204
Z ENSO M El L7724 T ARy w kL, ENSO IZf: 5 E&h o T A EM: 2 FRFE L 72,
512 MIROC5 & MIROC3m DET /LT % 7 OfER 274, BIHITiX. ElNino(La
Nina) DI IFFE AR ALV R VLEDO R HALVEYIZ > 7 R T 5 Z EMHM BTN D, 2
DT ASSIM TH XS FH SN TE Y, HCST T, ALHEHlOBMRAENTIOD, bl
FEL PRISHTWD, ZNHORERIE, LR KEFEICBT 2 BRORBELR T T,
FAERDO A B L FRTE TS Z AR LTEY, MIROC THEOZEH T#
INFRETH D Z L EBRE LTV D, BURTIXT — & AL TESCHIMEO B Y 5 23 281 T
& TIERWeD, 4%, 7 — X AMEFESCHIIEERIER EDO S B D Fkic L v
LV XWHEETHRROFH TN TEDL LR D EHFEND,

30N (a) Heterogeneous reg. map for OBS SFC = 40%
20N ! :
& -
1DN- % 18
' 60N d) reg.(OBS TC v.s. ASSIM SST)
EQ el ‘ . oo 50N{~ g '“:‘,‘f_

105€  120E 1356  150E 165 180 [Jos 4o
(b) Heterogeneous reg. map for HCS

)
x
A

105t 120E  135€  150E 165 180
(c) Time coefficient R=0.68

_|

30N

20N 1

10N 4

EQ

{ OBS
-31 HCST
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

"T120E 150E 180 150W 120W 90W

6. BB DI AL A 22 3 A7 OB & TRI(L-3 TR OM O SVD 5 1E— K, ()Ll o BE X,
(b) T > B mRE, (CEI(ERLR) & TRIFRER) ORMREL, (d)yBLNFRERD SST(ASSIM)~D [EJFX
(&) IR Ik D SST(HCST)~DEIFK, (d)-(e)? HALIE 0.1K,

72



R R SRMERS 68 7 /WA K 2 ARk T 25k

30N (a) Heterogeneous reg. map for OBS SFC =19%
q 3
20N 4 2.7
(2&‘ ' 2.4
10N - / % e
/2 15 (d) reg.(OBS TC v.s. ASSIM SST)
1.2 BON = o
EQ =7 e T T 08 50N Vv - - »
105€ 120 135  150E  165€ 180 [los o - -
100 (b) Heterogeneous reg. map for HCST —es  3qy 7
-0.3 20N 2 8.3
7 os 10N "
20N 4 -1.2 . s 42
Qﬁ ~1.5 108 - . s
-1.8 20S : 28
10N /% -21 308 2.1
H/E &y 2.4 120E 150E 180 150W 120W 90W 4
=27 0.7
EQ T = il T T T -3 -0.7
1056 120 135 150E  165€ 180 Cie
(c) Time coefficient R=0.63 son (110G (HEST TO Vs HEST SSD B
31 0BS prol Y S R
21 HCST 30N s ':‘:
1 - -
1 M A \R o | o =
VTN S ;
1054°
=21 208
=31 308 r r r r v r
120E 150E 180 150W 120W 90W

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

BI7.X6IZF L, 727ZL SVD&H2E—F,

2 JBD T A 3k T

WITAF % LD RV R 77— L (3B TORRD Tl FI et 2 i ~7=, Tl A HE
IRy T D 7o 01 RIROIE LB S5 A OBLH & THI(L-3 4TI D il > SVD iRt
% MIROCS5 ? HCST EBRIZ DWW TIT o 7o, ALPEREFEO R HURICHIm L, AL VEA]Tlsid
T HNE— 31— N(SFC=40%. FHBEIFR$0.68) & L T HAL(X 6). Z4LiX ENSO
WPED BB TH D Z LN 7-(X 6d-e), T /T S D SST DK — U & 5ELIT
ITRITERNED, 2RI D BROBEFESMO TR NS = b ETONRATLE
Vo LALLM L, T /MIETARDICBHZHFHRLE S & LTWDAERTBand, £
7o, K712 SVD 5 2 £ — F(SFC=19%. FHEALR%L 0.63) D KA ~d, ALK FVEDH %
THRAEBDID XZ — B, ZHUE 1990 4RI R TRl & 725 7 b
(Chikamoto et al. 2011)IZ1¢ 5> BB TH D = L3 yin-o 72 (1X 7d-e), FEfREkz 725 & 90 4
RIEFAZEDP D EE~NSHMIZE L TWDIOR 005, ZO XD, & DFEDWFED KB
BRI B ROEENCE L CiE, HEO FRIFREMENR B D Z L3 g0 oTe, ZHUTIMEE
OHHMEILIZH D & ZADBKEV,

73



R R SRMERS 68 7 /WA K 2 ARk T 25k

BRI T

15
AHITTIE, 2035 4 F TORFRK 104
T-(2006 FEHIHfE D 5 0> 30 4R T 54

HYO#ERZ ™Y, 304FkEITITD 0-
XM EME LD A 3T MiTFE o _51
TVWRNEBZ BNDTD, -101
PRED & A1B/RCP4.5 Ot % & -154
EOTRT, BROFERTEAELR

ZZDO R 8)D 2006 A7 5 D 8. HEVRE A SR S (T %0 O e A5, MIROC3m, 4h, 5
THNZITED L ROFEE L. EBFNT BT v, BICEER). ASSIM(ZRHR). PRED
SR IT B RO S & D +AI1B/RCPAS(HE#R), F2IIAT Ly Fa®RT,
FERPG Oz, ZOBEMIEET

MBS A THRETH - 72

1985 ~ 1995 2005 2015 2025 2035

(X,
(a) present (c) future - present (e) future - present (PDF)

§ 40N J 40N 40N

< 30N 30N A 30N

] i B

+= 20N 20N 20N 4

(2]

8 1o 10N . 10N e

c i ! 1 2

o} Qw/y\: N Ca

(=] oy = & PRI

E T v T T T Ef T f T T T E T f T T T {
Q105E 120E 135E 150E 165E 180 Q105E 120E 135E 150E 165E 180 “ 105E 120E 135E 150E 165E 180

-
=2 12 3

= (b) present (d) future - present () future - present (PDF)
S 40N J

Q

&

& 30N+

=

8 20N+

5

£ 10N 2

8 EQ Q. :‘”‘" : i . EQ : - « v EQ
@ 105E 120E 135E 150E 165 180  105E 120E 135E 150E 165E 180

9. B RRE A ML - AETEMEEE AR OIF A, R AL LBY) & FAEMEE(FEY) D, (a-b)BITERE.
(c-b)BITE LIk D7, (e-)PDF TH L7-HIE L RO, (c-HIiT 9% DEMHERR CHE/RE ZADH
G52, (e)DHNLIEX107, (A BfZIEx107,

74



12 N AL & i I (Bl S S

6OE 120E 180

d) OLR ( future - p

il =

G0E 120E 180

_(€) chi200

60E 120E 180

(g) vor850 ( present )

(h) vor850 ( future - present )
i Tz T

P

"-.;__HL “\k \ .

20E 130E 140E 150E IE 170E 180 170W 160W

B o A

(j) RH700 ( future - pr'esen't )
e < 7

40N
35N
30N
25N
20N
15N
10N

i 4
105 1 e
100E 110E 120E 130E 140E 150E 160E 170E 180 170W 160W 100E 110E 120E 130E 1

T , ; oo o I R S s sy

10. BREEG OWF R E(, SYHEEOBRAEREDIREZES) &, ORI, (a-b)
SST. (c-d) OLR. (e-f) 200hPa [i(Z351F 2 WEEAR T > o 4 /L, (g-h) 850hPa i (2 35 () % kel
B, (i-j) 700hPa [ 12 81T A AHRHEE, A5 90% DIEHEIRA THER & ZADKREE,

75



R R SRMERS 68 7 /WA K 2 ARk T 25k

BEDFE SR A ESEE 5340 DRk 30 Sost Track (19792007
(2016-2035 4= -4 & BL7E(1955-1989 4F 97. p:’esstenrf‘a - 5( 0?1 58 9‘02 2))
TEYDER Y% 5 & ALl ATIES )| future (2016-2035, x7)
BCRA - FFEHENEAD LT D00

HHD, FAWATRECHALLRE Q21

FEHL, WRIFIERC TR L7 PDF 035 3 18-

T BB RS €

RILLY . HEVICRBANROAE,

Z ORERIT, JATRFZE(Yokoi and 2121

Takayabu 2009; Murakami et al. 2011a)D 8

FE R & EMRINIT—ET 52, EEMIZ 6 -

TS, ZHUTIRBRIES E T E B 5
TRVIERRENGTEEEZ NS,

WIS, BRI T 5 R 0 20 30 10 50 80 Jo &80
DN, BRESOELOBAN BT, max wind (m/s)
BROFEAECA ENDBREEH ORI L LT, % 11 HEO A FER KB PDF, BLICER).
1) M\ SST, 2) * ks T/ TR UL BUERE(FE ). FFRBEIRAR),

BR(EYA—2 b7 7). 3) %O FE)

S g TV XA, 4) B9VVEDERIE S T — B) IRWERRYLERE, R EBE ST
% (e.g., Gray 1975), = Z T, ZNHWL DONDOEEIZHOWTHIE & Bk ZE 2~ 7= (X
10), SSTIfthDZ < DFEGET AN ZE 9 ThH 5 L 9 1Z(Meehl etal. 2007),  TEl Nino ! |

EMRIN DAL Z — 1272 B (K] 10a-b), OLR OZ1ki%, <°iX Y EINino DEED X 9 724
FENB = F R Ly BEREE TR BIE X 0 RIEFEIZ 72 5 (X 10c-d), /=2 bl
s LT, EEOBERT v v L OZAGIZVE AR TEE TR 2212 72 0 (K] 10e-f), Walker
TERPFHEDL Z LR LTS, Fio, MMIEEOTH L3RR T m KB 2=
RS HZ LT, B A= M7 703896 L(XK 10g-h), TRERIRZEIT & 0 A e B 73
BT 5K 10i-), ZHIEELLLEROFEELZMHTIEATHS, LER-T,
IEBE(KIZ L % El Nino-like 72 SST OZLAZLEY, THAEPEIZ 51T B KIBIEBR 5 23 B )80
FAELICKWRIBIZZE DD Z LA, BROEPFERE S —REIZRoTnH EEX LD,
FBROFAELDLLHE VIR D DI, HEHISAE TRV 2Y, El Nino DFFD X5
(2T OAEXHBE B EREEOFM T 72572072 B2 Db, o, kG RO
TNFHRL 72D E WV I FERDPHE STV D P, AR KEGED PDF OBILE & fF 30 bk
X, FRHICHE B R EZ RE R - 72(K 1), ZHUTiE, IARETH D Z &0, K& &l
FEEREEL TNV ONDOFRRNEZONLN, FLEE-&D &L &3y
Mo TRV, SBOBETH D,

76



23 3CHK

10.

11.

12.

13.

14.

15.

AL RS ERE B 7 /AT & D AR T SE 5k

Camargo, S. J., K. A. Emanuel, and A. H. Sobel, 2007: Use of a genesis potential index to diagnose
ENSO effects on tropical cyclone genesis.J. Clim., 20, 4819-2834.

Chikamoto, Y., M. Kimoto, M. Ishii, M. Watanabe, T. Nozawa, T. Mochizuki, H. Tatebe, T.T.
Sakamoto, Y. Komuro, H. Shiogama, M. Mori, S. Yasunaka, Y. Imada, H. Koyama, M. Nozu, and F-F.
Jin, 2011: Predictability of a stepwise shift in Pacific climate during the late 1990s in hindcast
experiments using MIROC. J. Meteor. Soc. Japan., in press.

Gray, W. M., 1975: Tropical Cyclone Genesis, Dept. of Atmospheric Science Paper, 234, Colorado
State University, Fort Collins, CO, 121 pp.

Hasumi, H., and S. Emori, 2004: K-1 coupled model (MIROC) description. K-1 Tech. Rep., 34 pp.
[Available online at http://www.ccsr.u-tokyo.ac.jp/~agcmadm/].

Knutson, T., JL. McBride, J. Chan, K. Emanuel, G. Holland, C. Landsea, I. Held, JP. Kossin, AK.
Srivastava, M. Sugi, 2010: Tropical cyclones and climate change. Nature Geosci., 3, 157-163.

Meehl, G.A., and co-authors, 2007: Global Climate Projections. In: Climate Change 2007: The Physical
Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change [Solomon, S., and co-editors (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

Murakami, H., B. Wang, A. Kitoh, 2011a: Future change of western North Pacific typhoons: projections
by a 20-km-mesh global atmospheric model. J. Clim., 24, 1154-1169.

Murakami, H., R. Mizuta, E. Shindo, 2011b: Future changes in tropical cyclone activity projected by
multi-physics and multi-SST ensemble experiments using the 60-km-mesh MRI-AGCM. Clim. Dyn.,
DOI: 10.1007/s00382-011-1223-X.

Sakamoto, T.T., Y. Komuro, M. Ishii, H. Tatebe, H. Shiogama, A. Hasegawa, T. Toyoda, M. Mori, T.
Suzuki, Y. Imada-Kanamaru, T. Nozawa, K. Takata, T. Mochizuki, K. Ogochi, T. Nishimura, S. Emori,
H. Hasumi, and M. Kimoto, 2011: MIROC4h - a new high-resolution atmosphere-ocean coupled general
circulation model. J. Meteor. Soc. Japan., in press.

Sugi, M., H. Murakami, J. Yoshimura, 2009: A reduction in global tropical cyclone frequency due to
global warming. SOLA, 5, 164-167.

Smith, D.M. and Eade, R. and Dunstone, N.J. and Fereday, D. and Murphy, J.M. and Pohlmann, H. and
Scaife, A.A., 2010: Skilful multi-year predictions of Atlantic hurricane frequency. Nature Geoscience.,
3, 846-849.

Tatebe, H., M. Ishii, T. Mochizuki, Y. Chikamoto, T.T. Sakamoto, Y. Komuro, M. Mori, S. Yasunaka,
M. Watanabe, K. Ogochi, T. Suzuki, T. Nishimura, and M. Kimoto, 2011: Initialization of the climate
model MIROC for decadal prediction with hydographic data assimilation. J. Meteor. Soc. Japan., in
press.

Wang, B., and J. C. L. Chan, 2002: How strong ENSO events affect tropical storm activity over the
western North Pacific. J. Climate., 15, 1643-1658.

Watanabe, M., T. Suzuki, R. O'ishi, Y. Komuro, S. Watanabe, S. Emori, T. Takemura, M. Chikira, T.
Ogura, M. Sekiguchi, K. Takata, D. Yamazaki, T. Yokohata, T. Nozawa, H. Hasumi, H. Tatebe, and M.
Kimoto, 2010: Improved climate simulation by MIROCS5: Mean states, variability, and climate
sensitivity. J. Climate., 23, 6312—-6335, DOI 10.1175/2010JCL13679.1

Yokoi, S. and YN. Takayabu, 2009: Multi-model projection of global warming impact on tropical
cyclone genesis frequency over the western North Pacific. J. Meteor. Soc. Japan., 87, 525-538.

7



R R SRMERS 68 7 /WA K 2 ARk T 25k

I-1-1-4 MIROCS5 3 X O CMIP3 @ KA E AT T WIZEB T 5 2EkDE
A—r b= —= g OIS DFE X BB R r— )L O HEAEH

¥ X (Hyung-Jin Kim ; ¥FEAFIER 78 - BFER)
i A F (e 7EBH s g - EEFZER)

AWFFETIX, RIEEECI T Db BEARMEISE EWNE 7 1 — KXy 75 &f%éi
%@%/x—/ﬁﬁkmw:—:auowf B D RGWERE S E T /L (CGCMs)IZ 5
DB Z G L7, FRZ, BV ORmKIE(SST) DA~ 28 8) & B LT%%?%@%®
E A= UMEOREKOFBE %Hlxtwéo

Rk & 850hPa JEE S O RMEIEDOFEZ(LIX, BEROE A— kA HET 8L 72D
REEHTH D, H L MIROCS Tlix, £ 5HALLHTO MIROC3 L0 & B HHLENLT
We, ZORES MIROCS Tl £ A — U MEDOREKCERG A 6 L 5 il L2 0
BREEDS, & DR EED MIROC3 L 0 & FHINEIC )72 VLTI Y, CMIP3 @ CGCMs &
i L TOMR R WEERMEZ R Lz, ZORE, CGCM THHUERD /T A2 ) B —
AVERRTHIENEECTHDH I EARENT, £, Nino3 o A ) SST % A
T =—= g AT L2 L 2 A, =/L=—= 3 OIEIE & JA#H 72 MIROC5 TiI\
O MIROC3 £V & K< HH.INTWe, £ ThH, Eﬁﬁﬁmﬁﬁ%T’iof
ENSO ZE D IEMIIEAE D & o> CMIP3 ™ CGCMs D KER4y & FIERIC, 43I
SN TW o,

I KILHFENT (Maximum Covariance Analysis) Clx, 2ERDE v A — UMK D % 28
ORI o LV =—=a LR L TWD Z e RENTZ, AT ETAORRE R TH,
ZD LI BFEERT AT AIBAED CGCM IZHFIZIVIAEFNTWDH LB X bivd, 2k
DE v A— U MEREK O FRBINEIZEVE: SST O FBIMEIZ R E <IKFEL TW5b, #HilHD MIROC
DFERAZ LT 2 Z L12X D, MIROCS TIFEE O XPiEEh 35k LT, v
—JFA T 4= Ry 7 OFHEERMEL, Tl=—=a OFBEO LY B holzt
Ezohb,

78



AL RS ERE B 7 /AT & D AR T SE 5k

Global monsoon, El Nifio, and their interannual linkage
simulated by MIROCS5 and the CMIP3 CGCMs

Hyung-Jin Kim, Kumiko Takata, Bin Wang, Masahiro Watanabe, Masahide Kimoto, Tokuta

Yokohata, and Tetsuzo Yasunari

1. Introduction

Verifying and tracing the performance of a coupled global climate model (CGCM) are
indispensable for its continuous improvement. The evaluation more often focuses on fundamental
processes of the climate system, which may be reasonably categorized into two groups depending
upon the type of impetus: forced responses to external forcings and self-recurrent phenomena due
to internal feedbacks.

Solar radiation change on daily to orbital time scales is a typical example of the external
forcings. It induces distinctive meteorological phenomena that are in phase with the temporal
variation of the solar forcing. Among others, however, emphasis could be placed on the annual
cycle of precipitation and circulations since it manifests the global-scale monsoon, one of the
profound meteorological events on the planet (Trenberth et al. 2000; Wang and Ding 2008).
Internal feedback processes are complementary to the forced responses as they represent the natural
fluctuations within the atmosphere or the coupled climate system. El Nifio-Southern Oscillation
(ENSO) is often described as the most salient illustration of the internally organized modes of
variability. Moreover, El Nifio is known to exert enormous impacts on regional monsoon systems
by modulating the onset, intensity, and retreat of monsoon precipitation. Its effect on interannual
monsoon variability has traditionally been studied on regional scales. But recently, a concept of
global monsoon has been proposed, by which the regional monsoons around the globe can be
viewed as an integrated system (Wang and Ding 2006, Wang and Ding 2008). Wang et al. (2011)
further demonstrated that the global monsoon precipitation, the rainfall amount falling into the
global monsoon domain, displays a coherent year-to-year variability that is coordinated by ENSO.

The present study aims to address overall aspects of global monsoon climatology, El
Nifio properties and, in particular, year-to-year El Nifio-global monsoon fluctuation simulated by
MIROCS (with T85 atmospheric resolution) in comparison with its ancestor (MIROC3med and
MIROC3hi with T42 and T106 atmospheric components, respectively) and the CMIP3 CGCMs.
30-year climatology of GPCP (Adler et al. 2003) and NCEP-DOE Reanalysis 2 (NRA2, Kanamitsu
et al. 2002) was constructed to verify climatological monsoon precipitation and circulations. For
the validation of El Nifio and its interannual linkage with global monsoon precipitation, the GPCP
and the NOAA ERSST version 3 (Smith et al. 2008) data sets were utilized. The 20C3M monthly
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rainfall, winds, and SST data sets for the period of 1970-1999 were collected from the CMIP3
archive for model-to-model comparison. Note that only the first realization of each model was
analyzed to preserve the interannual signal. The model outputs were, then, remapped onto a

common grid system of 2.5°x2.5° by conducting bi-linear interpolation for fair intercomparison.

2. Global monsoon climatology
a. Annual mean and annual cycles

By the multivariate (MV) EOF analysis, Wang and Ding (2008) showed that the first two
leading modes together account for about 84% of the total annual variance of the climatological
annual cycle of global precipitation and low-level winds with maximum and minimum of the first
(second) mode occurring around local summer (spring) and winter (fall), and that the spatial
patterns of the first and second modes can be faithfully represented by JJAS (June through
September) minus DJFM (December through March) mean (hereafter AC1) and April-May minus
October-November mean (hereafter AC2), respectively. Thus, to assess the CGCM’s performance
in modeling climatological annual variation, the annual mean (hereafter AM), AC1, and AC2 are
examined from the MIROC family, the CMIP3 CGCMs, and the multi-model ensemble (MME)
mean that is derived from the simple arithmetic average among the CMIP3 models (Figure 1). It is
first noted that the r? (square of Pearson’s pattern correlation coefficient) and RMSE for the CMIP3
model outputs have a statistically significant linear relationship with confidence level higher than
95%. The PR AC2 (Figure 1g) is only one outlier of such linearity. Thus a model with a higher r?
tends to have a smaller RMSE. Secondly, the r> (RMSE) is lowest (largest) in the AC2, suggesting
that the current CGCMs have difficulty in representing pre- and/or post-monsoon conditions.
Thirdly, for the square of PCCs of all annual components, MIROCS5 unexceptionally outperforms
MIROC3 and is generally superior to the CMIP3 models.

b. Global monsoon precipitation and circulations

The annual evolution of the first two leading MV EOF modes reflects the seasonal
contrast between rainy summer and dry winter as well as the seasonal reversal of low-level winds.
Because monsoon climate features these characteristics, Wang et al. (2010) delineated the global
monsoon precipitation domain as the annual range (AR) of precipitation rate exceeding a threshold
of 2.5 mm/day, where AR=MJJAS (NDJFM) minus NDJFM (MJJAS) in NH (SH). Here, MJJAS
(NDJFM) indicates May through September (November through March) mean precipitation rate.
Note that the AR is defined by the combination of the first two leading modes. The AR could be
used to measure the monsoon precipitation intensity. However, due to its latitudinal dependency, an
alternative measure, namely monsoon precipitation index (MP1), is defined as MPI=(AR)/(AM).

Similarly, monsoon circulation domain can be demarcated as the AR of the westerly winds or
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poleward winds at 850 hPa exceeds 2.5 m/s. This threshold value is also chosen carefully to be
consistent with the criteria used in Wang and Ding (2008). The monsoon circulation index (MCI), a
measure for monsoon circulation intensity, is defined in the same way that the MPI was defined
except using wind speed to utilize both zonal and meridional winds in an integrated manner. The
use of wind speed, however, makes it difficult to distinguish the tropical MCI with positive zonal
wind AR from the extratropical MCI with negative zonal wind AR. Thus the final MCI is derived
by multiplying the sign of zonal wind AR to AR-to-AM ratio of wind speed. The spatial features of
the observed and simulated monsoon precipitation and circulation domain and index were
discussed in detail in the H21 annual report. Thus in this report, only a summary of multi-model
performance in simulating global monsoon intensity and domain is presented in Figure 2. Here, the
threat score (TS, Wilks 1995) is used to assess the models’ reproducibility on global monsoon
domains. The performance of the CMIP3 models shows a linear relationship between the monsoon
precipitation and circulations with regression coefficient of 0.53 and 0.80 for intensity and domain,
respectively. The linearity of global monsoon intensity becomes stronger (0.71) if the two
exceptions located at middle left were excluded. All of these relations are significant with
confidence level higher than 99%. A comparison among MIROC simulations demonstrates the
importance of the physical parameterization. Though the intensity and domain of global monsoon
precipitation are improved by taking a higher resolution, those of global monsoon circulation are
ameliorated little (MIROC3med versus MIROC3hi). In contrast, the improved physical schemes
lead to better representation not only for the monsoon precipitation but also for the monsoon
circulation (two MIROC3 models versus MIROCS). It is recognized further that the low-level
winds are reproduced better than precipitation both in terms of intensity and domain, which is also
generally valid among the CMIP3 models. One possible explanation is that even though the
modeled precipitation occurs at slightly differing places from the observed, the response of the
geostrophic winds would not deviate substantially from the observations as long as the precipitation

events lie in common within the Rossby radius of deformation.

3. El Nifio Properties: Amplitude, asymmetricity and periodicity

MIROCS is unable to reproduce sufficient amplitude of El Nifio although the zonal
gradient of the mean thermocline is realistic (Guilyardi et al. 2009; Watanabe et al 2010). This is
evident as seen in Figure 3a that compares the observed and modeled El Nifio amplitude measured
by the standard deviation (SD) of the monthly Nifio 3 index, area-averaged (90W-150W, 5S-5N)
monthly SST anomaly that is calculated by removing climatological monthly mean. The El Nifio
amplitude in MIROCS is underestimated by about 35%. In contrast, the SD of MIROCS is nearly

the same as the observed. The amplitude of CMIP3 CGCMs varies widely from one model to
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another. Nevertheless, about one third of the models are able to replicate reasonably realistic El
Nifio amplitude.

Another useful measure for El Nifio reproducibility is the skewness. Several previous
studies (Jin et al. 2003; An and Jin 2004) have measured the observed El Nifio nonlinearity over the
equatorial Pacific through such statistical method. The skewness by definition is a measure of the
asymmetry of a probability distribution function and is zero for a normal distribution (White 1980).
The original definition, however, can cause a large skewness when the standard deviation is less
than a unit. Thus in order to avoid such difficulty, the asymmetricity defined in An et al. (2005) is
used in the present study. Figure 3b shows the asymmetricity of the monthly Nifio 3 index obtained
from the observation and model simulations. The majority of the CMIP3 CGCMs including the two
versions of MIROC3 have a very small asymmetricity, hence similar to the normal distribution.
Several models are negatively skewed, inferring that the cold events are unrealistically stronger
than the warm events. Only three models have a positive asymmetricity as large as that observed.
For the MIROCS simulation, the asymmetricity is positive but its amplitude is about a half of the
observed.

The dominant periods of the monthly Nifio 3 index that pass the red noise test with 95%
confidence level are plotted in Figure 4. The observation exhibits clear separation between the high
and low frequency variability. They represent respectively the annual-to-quasi-biennial mode
(1= period<2.5 years) and EI Nifio mode (3= period<5 years). None of the CMIP3 CGCM:s but for
one model can capture such separation of periodicity. Several models including MIROC3hi are
inept to reproduce both modes. The rest of the models including MIROC3med are only partially
successful in capturing the observed variability. Recently Lin (2007) examined the interdecadal
variability of ENSO in the CMIP3 CGCMs and argued that MIROC3med has substantial variance
distributed at period longer than 6 years without conducting a significant test. Our analysis also
shows a similar periodicity in the MIROC3med outputs. However, the power spectrum for the low
frequency variability does not pass the 95% confidence level (figure not shown). This low
frequency variability becomes significant in MIROCS in which the high frequency variability is

also reproduced to some degree.

4. Interannual variability of ENSO-global monsoon precipitation
a. Observation and multi-model simulations

Conventional efforts devoted to the study of interannual monsoon variability usually have
shed light on the regional aspects of each monsoon system due to its indigenous characteristics. In
contrast, Wang et al. (2011) demonstrated that by means of the global monsoon concept used in the

present study all regional monsoons can be viewed as an integrated system. In this section, their
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methodology is adopted to evaluate the realism of the simulated interannual global monsoon
variability with particular focus on the coherent patterns with low- and mid-latitude SST.

The use of calendar-year average for year-to-year variability is inappropriate at least in
terms of global monsoon precipitation. Figure 5a illustrates the climatological annual cycle of
precipitation over the global monsoon domain. The observation has a primary peak in July-August
and a secondary peak in January-February due respectively to the NH and SH monsoons. Also a
prominent minimum takes place in April. These seasonal variations are robust in other observation
data sets too (e.g., CMAP data). As such, the “monsoon year” spanning from May to subsequent
April is defined to investigate the interannual variability of global monsoon precipitation. Figures
5b-5¢ summarize the month of primary valley and peak obtained from the model simulations. Here,
the GPCP global monsoon domain is used in common for all models. Most of the CMIP3 models
are able to pick up the primary peak in July-August. Meanwhile the April minimum is amiss in a
half of the CGCMs. The two versions of MIROC3 reproduce the April valley with a realistic
magnitude. But MIROC3hi tends to overpredict monsoon precipitation from September to
December (also see Figure 5a) and, as a result, the major peak occurs in October. In MIROCS, this
caveat is remedied. In addition the seasonal evolution of the annual cycle is akin to the observed.
However, the magnitude of the annual cycle is systematically overestimated by about 25%
throughout a year round. The cumulus parameterization in MIROC5 was newly introduced by
Chikira and Sugiyama (2010). The replacement led to a very realistic representation of precipitation
patterns over the tropics and subtropics (Chikira 2010). Nonetheless, shortcomings appeared to be
heavy rainfall over South Africa, Indian subcontinent, southern China, maritime continent and
Brazil (Watanabe et al. 2010), all of which fall into the global monsoon precipitation domains
thereby contributing to the overprdiction.

Figure 6 shows the first leading MCA mode between rainfall within the global monsoon
precipitation domain (PR MCAL, Figure 6a) and SST over the global tropics and extratropics (SST
MCAL, Figure 6b) and corresponding time expansion coefficients (Figure 6d) obtained from the
observations. The MCA1 accounts for about two-thirds of the total covariance and the temporal
correlation between the PR MCA1 and SST MCAL1 is 0.94. Of note is that the spatial patterns of the
SST MCAL exhibit a warm phase of ENSO over the tropical Pacific and its time coefficient is
nearly identical to the timeseries of the monsoon-year mean Nifio 3 SST anomaly. Therefore the
interannual rainfall variability within the global monsoon domain is primarily subject to the El
Nifio variability. A question arises as to whether these precipitation patterns that are concatenated
with El Nifio are visible in the year-to-year global monsoon precipitation variability. To answer this
question, we applied the empirical orthogonal function (EOF) analysis to the global monsoon
precipitation itself and the first leading EOF mode (PR EOFL1) is presented in Figures 6¢-6d.
Interestingly, the spatiotemporal patterns of the PR EOF1 that explains about 24% of the total
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variance agree extremely well with the PR MCAL1 with pattern and temporal correlation
coefficients being 0.96 and 0.99, respectively. Thus it can be suggested that El Nifio plays a pivotal
role in determining the interannual variability of the global monsoon precipitation.

How well does the year-to-year coupling work in the CGCMs? We found out in the
MIROCS simulation that El Nifio also greatly affects global monsoon precipitation. The MCA1
explains about 81% of the total covariance and its temporal correlation between rainfall and SST is
0.90. The SST MCAL exhibits the El Nifio patterns as seen in the observation and its time
coefficients are in tandem with the timeseries of the Nifio 3 index. The PR EOF1 accounts for about
21% of the total variance and its spatiotemporal patterns are almost identical to the PR MCAL with
correlation coefficients over 0.98 for both in time and space. The impacts of El Nifio are also of
vital importance across the CMIP3 models; nineteen (twelve) models out of twenty two models that
have EIl Nifio amplitude greater than 50 (80) % of the observed show a PR EOF1-PR MCA1 PCC
higher than 0.66 (0.80) (figure not shown).

The above results suggest a clear link between the SST anomalies in the equatorial Pacific
with the rainfall anomalies over the global monsoon domain. Thus, one may plausibly assume that
improved El Nifio simulation entails more realistic monsoon precipitation in a model. To test this
hypothesis, a scatter diagram of spatial similarity between the observation and model simulations is
presented (Figure 7). The skill of global monsoon variability (PCC for PR EOF1, ordinate) is
linearly related with that of tropical SST variability (PCC for SST MCAL, abscissa) with a
regression coefficient of 0.51 (0.69 without one outlier at middle left) that is statistically significant
with 99% confidence level. Thus the fidelity of the global monsoon rainfall indeed depends upon
the reality of the tropical SST. For the MIROC simulations, for instance, the PCCs between the
simulated and observed SST MCAL1 are increased from MIROC3 (0.68 for MIROC3hi and 0.70 for
MIROC3med, respectively) to MIROC5 (0.84). As a consequence, the PR EOF1 simulation of
MIROCS is improved remarkably to a PCC of 0.56 compared with that of the two MIROC3
versions, of which PCCs are below 0.25. Note also that applying an enhanced resolution results in
an inappreciable difference between MIROC3med and MIROC3hi. These results once again reflect

the importance of the advanced physical parameterization in a model.

b. Possible mechanism for the improved simulation of ENSO in MIROC5

On interannual timescale, the classical feedback described by Bjerknes is generally
believed to regulate the state of the tropical Pacific and amplify incipient El Nifio events (e.g.
Collins et al. 2010). Thus in search of the underlying mechanism that is possibly responsible for the
MIROCS5’s improvement in El Nifio simulation, further analyses are made with particular focus on
the Pacific Walker circulation as this zonally aligned overturning circulation is a key player not

only for the initiation but also for the intensification of the positive feedback loop. Climatologically,
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the upward motion of the Pacific Walker circulation along the equatorial plane is placed over the
western Pacific and maritime continents, with a maximum over Indonesia (115°~120°E) (Lau and
Yang 2003). During EI Nifio, on the other hand, strong updraft prevails over the equatorial central
Pacific, which induces a less-vigorous Walker circulation and hence intensifies the Bjerknes
feedback. Here, we use precipitation averaged over 115°~120°E (160°E-200°E) and 5°S-5°N as a
proxy for the rising limb of the Pacific Walker circulation (ascending motion due to El Nifio). This
is because only divergent component of the tropical winds, which is basically driven by diabatic
heating processes via the release of the latent heat to the atmosphere, is related to the overturning
circulation.

Figure 8a shows lead-lag correlation coefficients of the monthly precipitation anomalies
averaged over the maximum upward branch of the climatological Walker circulation with respect
to the monthly Nifio 3 index. Note that 3-month running average was applied prior to calculation.
The de-correlation time for such smoothed timeseries is 9-10 month (figure not shown). Thus the
effective degree of freedom is estimated as 360/9.5 and a correlation of + 0.31 reaches the 95%
significance level based on t-test. In observation, the rising motion of the Walker circulation is
generally negatively correlated with the Nifio 3 index over a wide range of lead-lag times, with
maximum correlation being appeared when the former leads by 1-2 months. The observed
convective activity in response to anomalous SST warming is displayed in Figure 8b. Large
positive rainfall anomalies are accompanied mostly by positive SST anomalies, indicating that the
warmth of SST is of importance for the deep convection to occur. The implication of these results
is that EI Nifio events are often triggered by the slowing down of the Walker circulation at rising
branch and, once established, the convective activity over the central Pacific is a key to the
amplification of the Bjerknes feedback. Obviously, the two versions of MIROC3 are skilless to
mimic the initiation and intensification of the feedback loop; the correlation coefficients are
insignificant at all lead-lag ranges (Figure 8a) and there is no sign of strong convection albeit the
SST anomalies often reach up to 2 °C (Figures 8d, 8e). In MIROCS, in comparison, the Bjerknes
feedback appears to play a non-trivial role. The suppressed Walker circulation in association with
the reduction of precipitation seems to be able to excite El Nifio events with a reasonable realistic
lead time (Figure 8a). Furthermore, enhanced deep convections tend to occur more frequently
around 2 °C warmth of SST (Figure 8c).

5. Concluding remarks
By using process- and feedback-based metrics, the present study casts light on the fidelity
of the prime examples of the forced response (global monsoon), internal feedback process (El

Nifio), and their year-to-year coupling simulated by MIROCS5 in comparison with its predecessor
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having coarser and finer resolutions (MIROC3med and MIROC3hi, respectively) and the CMIP3
CGCMs.

MIROC3hi, the model with the highest resolution, reproduces better the domain and
intensity of global monsoon precipitation when compared with MIROC3med, the model with the
lowest resolution and sharing the same physical schemes with MIROC3hi. On the other hand,
MIROCS, the model with moderate resolution but improved parameterizations, considerably
outperforms the two versions of MIROC3 and is generally superior to the CMIP3 models in
simulating global monsoon precipitation as well as circulations. This is the result of the overall
improvement in the climatology of annual mean and the two components of annual cycle.
Furthermore, the simulation of the year-to-year variability of global monsoon precipitation is
improved substantially from MIROC3 to MIROCS. These are suggestive of the importance of
continuously developing physical processes in a model.

Unlike observations, most CMIP3 CGCMs exhibit normally distributed EI Nifio, with SST
asymmetricity near zero in the tropical Pacific. The reality of the EIl Nifio nonlinearity also remains
unsatisfactory from MIROC3 to MIROCS. In the latter, however, the amplitude and periodicity of
El Nifio are improved to some degree.

The MCA reveals observational evidence of the salient interplay between EI Nifio and
global monsoon precipitation on interannual time scale. Multi-model results indicate that such
linkage is robust across the contemporary CGCMs and the reality of the spatial patterns of global
monsoon rainfall significantly depends upon the reproducibility of the tropical SST distributions. In
particular, MIROCS simulates the spatial patterns of the interannual tropical SST swing quite
realistically as compared with the old versions, which entails an improved simulation of year-to-
year global monsoon precipitation. Better representation of El Nifio and its teleconnection with
global monsoon precipitation is likely ascribable to the newly incorporated cumulus convection
scheme which enables MIROC5 to mimic the Bjerknes feedback loop to some extent through the
strengthening of the convective activity over the equatorial central Pacific. The intensified
convection is able to provide additional room to improve further the positive feedback process.

The better reproducibility of MIROCS5 bodes well for its use of future climate projection.
Though CGCMs have been extensively used to predict future climate changes, assessing the
accuracy of the models’ projection is hampered due to the limited knowledge of the highly complex
climate system. Thus the fidelity of a CGCM'’s performance for current climate variations is
alternatively considered a measure of its capability to project the future. In this context, near-term
to century-long predictions of MIROCS, which are currently being undertaken, would be more
reliable. Especially, the forthcoming international collaboration, such as CMIP5, calls for
intergraded efforts from around the world to meet the need of both the scientific community and the
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public. The results suggest that MIROCS will be able to contribute to such efforts as a credible

member.
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Figure 1. CGCMs’ performances on the annual climatology of precipitation (left), zonal wind (middle), and

meridional wind (right). The abscissa and ordinates are square of pattern correlation coefficient and domain-

averaged RMSE, respectively, normalized by the observed spatial standard deviation. The numbers in parenthesis

indicate linear regression coefficients.
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Figure 2. CGCMs’ performance on the climatological global monsoon index (a) and domain (b). (a) Square of PCCs
of global monsoon precipitation index (abscissa) versus global monsoon circulation index (ordinate). (b) Threat
scores of global monsoon precipitation domain (abscissa) versus global monsoon circulation domain (ordinate). The

regression coefficient is shown in lower-right corner of each panel.
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Figure 3. (a) Standard deviation and (b) asymmetricity (°C2) of the monthly Nifio 3 index. The +20 % limits of the

observed value are denoted by dashed lines.
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Figure 5. (a) Climatological annual cycle of precipitation averaged over the observed global monsoon domain. (b)-

(c) Scatter diagrams for the month of the minimum and maximum precipitation.
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Figure 6. The leading mode of monsoon precipitation and SST obtained from the MCA and EOF analyses. Shown

are the spatial patterns of (a) global monsoon precipitation and (b) SST obtained from the MCA, (c) global monsoon

precipitation obtained from the EOF, and (d) corresponding time expansion coefficients. For comparison, the Nifio 3

SST anomaly averaged over the monsoon year is shown in panel (d). The data period is 1979-2008.
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Figure 7. Spatial similarity of tropical SST and global monsoon precipitation.
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Figure 8. (a) Lead-lag correlation coefficients of the monthly precipitation anomalies averaged over the maximum

upward branch of the climatological Walker circulation (115°-120°E, 5°S-5°N) with respect to the monthly Nifio 3

index obtained from the observations (scale on the left) and MIROC simulations (scale on the right). Note that 3-

month running average is applied prior to calculation. Horizontal gray line denotes the 95% confidence level with

scale on the right. (b)-(e) Scatter plots of monthly SST and precipitation averaged over the equatorial central Pacific

(160°E-200°E, 5°S-5°N) for (b) observation, (c) MIROCS, (d) MIROC3hi, and (e) MIROC3med, respectively.

Numbers in parenthesis indicate climatological mean SST averaged over the analysis domain.
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Parameterization for tropical instability waves and its impact on ENSO characteristics

Yukiko Imada and Masahide Kimoto

1. Introduction

Tropical instability waves (TIWs) are observed in both the tropical Atlantic (Diieing et al. 1975)
and Pacific (Legeckis 1977) Oceans as cusp-shaped frontal waves just north of the equator. In the
Pacific Ocean, they develop from July to the end of the year and propagate westward with a
wavelength of 1000-2000 km and a periodicity of 20-40 days (Qiao and Weisberg 1995). A
generation mechanism of TIWs is known as mixed barotropic-baroclinic instability. Some studies
have discussed the origin of TIWs by analyzing their energetics based on observational data.
Instability of intense latitudinal barotropic shears is associated with the shear between the
Equatorial Under Current (EUC) and the South Equatorial Current (SEC) north of the equator
(Qiao and Weisberg 1995), and between the SEC and the North Equatorial Countercurrent (NECC)
(Flament et al. 1996). Baloclinic instability of mean potential energy to eddy kinetic energy is
imposed at the equatorial front between 3°N and 6°N composed by the cold tongue and the
intertropical convergence zone (ITCZ) (Hansen and Paul 1984; Wilson and Leetmaa 1988).
Numerical models have also supported these generation hypotheses (Philander 1976, 1978; Cox
1980; Semtner and Holland 1980).

A detailed understanding of the TIWs is necessary because of their potential importance in the
climatological equatorial ocean heat budget (Hansen and Paul 1984; Bryden and Brady 1989;
Bauturin and Niiler 1997; Jochum and Murtugudde 2006). The equatorward heat flux of TIWs is
comparable to the atmospheric heat flux, and offsets a considerable fraction of heat transport by the
mean advection. Weisberg (1984) also pointed out that TIWSs act to reduce the shears of mean
oceanic currents.

Recently, several studies have focused on the relationship between TIWs and El Niflo/Southern
Oscillation (ENSO). Yu and Liu (2003) found a linear relationship between the ENSO variability
and the interannual variation of TIW intensity by using an atmosphere and ocean general
circulation model (AOGCM) simulation. They showed that the TIW intensity increases during La
Nifia years and are reduced during El Nifio years, in proportional to the Nifio3 (150°W-90"W, 5°S-
5°N) SST anomalies. Their correlation analysis suggested that TIWs are modulated by ENSO
through the SST gradient north of the equator which is related to the generation mechanism of
baroclinic instability. These works raise questions as to how the subsequent changes in TIW-
induced heat transports affect the thermodynamic structure of the ITCZ-cold tongue complex and

feedback to the ENSO cycle.
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Vialard et al (2001) showed the importance of TIW contribution to the surface-layer heat budget at
an ENSO timescale. They conducted a close examination of mixed layer heat balance for the 1997-
98 El Nifo by forcing their tropical Pacific Ocean GCM with a combination of weekly ERS1-2 (the
European Remote Sensing satellite) and TOGA-TAO (Tropical Ocean Global Atmosphere-
Tropical Atmosphere Ocean project) wind stress. They concluded that the interannual anomaly of
the eddy contribution appears as a significant negative feedback to the growth of the El Nifio events
because an interannual component of TIW-induced heat transport always works as a damping
process for the ENSO growth. In other words, during an El Nifio, TIW-induced equatorward heat
transport is weaker than usual and slows down the El Nifio growth because TIWs are much weaker
due to diminished shear between the SEC and NECC and diminished meridional
temperaturegradient, TIW-induced equatorward heat transport is also weaker than usual and slows
down the El Niflo growth.

An (2008) provided a new perspective to a feedback of TIWs to ENSO. He suggested that TIWs
could play an important role in producing the asymmetry between the warm and cold events of
ENSO. As shown by Vialard et al. (2001), TIW variability acts as a negative feedback to ENSO.
However, this feedback is stronger during La Nifia than El Nifio because temperature gradient at
the north of the cold tongue is larger and TIWs are more active during La Nifia. Such
negative/asymmetric feedback results in the El Nifio-La Nifia asymmetry with larger amplitude of
El Nifio than La Nifia. This nonlinear process is identified in An (2008) by incorporating a simple
statistical parameterization for the horizontal HFC due to TIWs into a simple scalar ENSO model
which consists of the two equations representing the tendencies of western thermocline depth
changes and eastern SST anomalies in the equatorial Pacific. The numerical results of Sakamoto et
al. (to be submitted) also support this hypothesis. By comparing the performances of three
AOGCMs with different resolution of atmosphere and ocean, they found that the high-resolution
ocean model which can reproduce TIWs has stronger asymmetry of Nifio3 indices than the low-
resolution model.

Observed El Nifio events are often stronger than La Nifia events. In particular, strong El Nifio
occurred during recent decades. In addition to TIWs in the equatorial eastern Pacific, there are
several nonlinear processes in the tropical air-sea coupled system that may cause the asymmetric
behavior of ENSO, such as the nonlinear dynamical heationg of ENSO (An and Jin 2004), the
vertical mixing process in the ocean mixed layer, the asymmetric response of the atmosphere to
SST anomalies (Kang and Kug 2002), and thermodynamic control on deep convection (Hoerling et
al. 1997). Those coexistent issues remain unresolved. The ENSO model by An (2008) is too simple
to confirm the TIW contribution in the presence of the other potential processes causing asymmetry

of ENSO.
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The purpose of this study is to investigate how TIW-induced heat transports feedback to the ENSO
cycle, including the other several nonlinear effects on El Nifio/La Nifia asymmetry. Because ENSO
is developed involving global atmosphere and ocean climate systems, the long-term integration of
an AOGCM is necessary to discuss the impact of TIWs on ENSO characteristics. However, a high-
resolution AOGCM is not necessarily appropriate for the purpose of investigating how significant
TIWs affect ENSO characteristics, because it is difficult to identify the causality from reproduced
ENSO which is affected not only by TIWs but also by the other climate components. In this study,
a new TIW parameterization is introduced into the medium-resolution AOGCM which cannot
resolve TIWs by itself. This approach enables to detect a pure impact of TIWs on ENSO
characteristics. The detailed model description and parameterization method is described in Section
2. The impact of TIWs on ENSO which is the main topic of this study is investigated using the
parameterized AOGCM in Section 3. Additionally, the impact of TIWs on oceanic mean fields is

presented in Section 4. Discussions and summary are given in Section 5.

2. Methodology

a. Model

The coupled AOGCM used in this study is the Model for Interdisciplinary Research on Climate
(MIROC) version 5.01 which is developed based on MIROC3 (K-1 model developers 2004). The
model includes the atmosphere, land, river, sea ice, and oceans. The ocean and atmosphere are
coupled at 3-hour intervals without application of any flux adjustment.

The atmospheric part is based on the primitive equations on a sphere, using a spectral transform
method for horizontal discretization. Vertical sigma coordinates are used. The horizontal resolution
is horizontal triangular spectral truncation at total wave number 42 (T42) with 40 vertical layers.
The physical parameterizations incorporates a higher-order turbulence closure, prognostic cloud
scheme, cloud microphysics, and a prognostic scheme for number concentrations of the cloud
droplet and ice crystal (see Watanabe et al. 2010a for the individual schemes). The convection
scheme is a newly developed scheme of Chikira and Sugiyama (2010) which can control the
simulated ENSO amplitude by changing efficiency of entrainment rate in cumuli (Watanabe et al.
2010b).

The ocean part is the Center for Climate System Research (CCSR, current Atmosphere and Ocean
Research Institute, AORI) ocean component model (COCO, Hasumi 2006). The model is based on
the primitive equations with the Boussinesq approximation. The horizontal resolution is 1.4°
longitude and 0.9° latitude (0.5° near the equator). There are 44 vertical levels with 5 m in the top
level and 250 m in the bottom level. The turbulence closure scheme of Noh and Kim (1999) is used
to calculate vertical viscosity and diffusion coefficients. The model also incorporates the uniformly

third-order polynominal interpolation algorithm (UTOPIA, Leonard et al. 1994) for tracer
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advection and the isopycnal diffusion (Cox 1987). Eddy-induced transport of tracers is
parameterized by the isopycnal layer thickness diffusion of Gent and McWilliams (1990).

In this study, the model is integrated for 85 years under pre-industrial climate forcing of solar
radiation, volcanism, greenhouse gases, ozone, aerosol, and land-use change, which were set to
values corresponding to the year 1850 (hereafter referred as CTL-run). As a comparison run, the
same integration is conducted except introducing the baroclinic eddy parameterization (hereafter
referred as TIW-run). In the following sections, monthly outputs are analyzed and compared

between CTL- and TIW-runs.

b. Tropical instability wave parameterization

To consider the impact of eddy heat budget by TIWs, mesoscale eddy parameterization of
isopycnal layer thickness diffusion is adopted to the medium-resolution MIROC. This
parameterization is originally developed for a baroclinic front in mid- or high-latitudes f plane such
as Ekman convergence zone of the subtropical North Atlantic and North Pacific, and the Antarctic
Circumpolar Current. This is the first attempt to adopt it to TIWs.

The effect of mesoscale eddies on tracer transport is often parameterized by eddy induced transport
velocity associated with isopycnal layer thickness diffusion (Gent and McWilliams 1990; Gent et al.
1995) which is incorporated by the ocean model of MIROC. The original scheme employs a
constant coefficient for the isopycnal layer thickness diffusion, while actual mesoscale eddy
activities are inhomogeneous temporarily and spatially. Visbeck et al. (1997) propose a modified
thickness diffusion scheme with a variable coefficient KG depending on local baroclinicity. They

introduced a definition of KG by multiplying eddy length scale and eddy growth rate:

2
KG :aL? ) (1)

where a is a constant of proportionality, L is the length scale of eddy transfer, and T is time scale of
eddy growth, respectively. The constant parameter o. depends on each model,. Here, we set a to
0.075.

The eddy growth rate, T-1 is given by the Eady growth rate (Eady 1949) based on a geostrophic

mean flow as follows:

Tl - % =s,N @
where f is the Coriolis parameter, Ri is the Richardson number of a large scale field defined as , N
is density stratification, means vertical shear of zonal velocity, and sp is the slope of an isopycnal
surface. This growth rate given by Eq. (2) has a large value where an intense horizontal density

gradient exists such as in the northern front of the cold tongue where TIWs are active.
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Length scale of eddy transfer, L, is also an important factor. Generally, the internal Rossby radius
of deformation, AR, is adopted for L in mid- or high-latitudes f-plane. However, AR overestimates
the length scale of eddy transport in the equatorial B-plane. Therefore, in this study, the Rhines
scale proposed by Held and Larichev (1996) is adopted where the scaling argument on a f-plane is
extended to a f—plane, and the barotropic inverse energy cascade can be considered. The Rhines

scale is given as

[T, 3)
B

Where U is horizontal velocity of mean flow and B is planetary beta. The order of the Rhines scale
in active TIW region is 1000 km and reasonable for a TIW scale. The parameterized thickness
diffusion coefficient is applied in the tropical regions between 15°S and 15°N down to the 200 m
depth, and linearly decays outside the latitudes toward the original constant value.

c. Performance verification of mesoscale eddy parameterization

Figure 1 shows the distribution of isopycnal layer thickness diffusion coefficient, KG, calculated by
the new parameterization. Large values are distributed over the region of TIWs, whereas the
coefficient is set to a constant value in the original MIROC CTL-run. To verify whether these
values are reasonable, a meridional eddy heat flux convergence (HFC) is estimated from KG, and
compared with HFC from high-resolution ocean model (Fig. 2, details of the TIW simulation by the
high-resolution ocean GCM are shown in Imada et al. (submitted)). In the medium-resolution

MIROC, the HFC by eddies is calculated depending on KG and isopycnal diffusion, KI, as follows:

ar

K, 0 (K, —Kg)s, | o |, (4)
\Y 0 K, (K, —Kg)s, a
(K, +Kg)s, (K, +Kg)s, K,ls;+s:k, g
0z

where and . In the high-resolution COCO which has resolution of 0.28° in longitude and 0.18° in
latitude, is directly estimated. The horizontal distribution and values simulated by both models are
comparable as HFC is positive around the equator and negative at the northern off-equator, except
the large values are located too east in the TIW-run because the mean thermocline is too tight due
to the lack of resolution. In the vertical section, the large positive and negative values exist across
the steep slope of the mean thermocline and those values are in the same order between the both

models. Therefore, our new scheme for TIWs operates appropriately.

3. Impact of tropical instability waves on ENSO
a. Impact on ENSO skewness
Figure 3 shows the time series of SST anomalies in the Nifio3 region (150°W-90°W, 5°S-5°N)

calculated from CTL- and TIW-runs. In TIW-run, large El Nifio events are noticeable while La
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Nifia events are not so large and terminate slowly. Such tendency is not clearly appeared in CTL-
run. The histograms of their probability density distributions are shown in Fig. 4. The index of
CTL-run is distributed almost symmetrically, while the distribution of TIW-run deviate from
normal distribution with its index skewed to warm values.
To quantify deviations from normality the skewness is examined with following equation,
o= (5)
m?
where is the k-th moment about the mean (Mardia 1980; Burgers and Stephenson 1999).
Skewness towards high values means that high extremes are more probable than low extremes, and
for a large enough sample from a normal distribution. Nifio3 SST anomalies from 1950 to 1997 by
Ishii and Kimoto 2009°s ocean reanalysis dataset show which means large El Nifio events are
more frequent than La Nifia events. The Nifio3 index from TIW-run has large positive skewness
of . On the other hand, the Nifno3 index from CTL-run shows more normal distribution of . This
comparison also confirms the role of baroclinic eddy heat flux in El Nifio/La Nifia asymmetry.
Figure 5 (a) shows the spatial distribution of skewness for observed SST anomalies in the Pacific
Ocean. Skewness decreases from east to west across the tropical Pacific. Large SST skewness
occurs in the eastern equatorial Pacific where the thermocline is close to the surface and therefore
resembles to the distribution of ENSO anomalies. Figure 5 (b) and (c) show skewness from CTL-
and TIW-runs, respectively, and their difference is displayed in Fig. 5 (d). Interannual SST
variability in MIROC originally has asymmetry in the central tropical Pacific rather than the ENSO
occurrence region. One of the possible reasons seems to be the asymmetric physical process of
cumulus convection. As pointed out by Hoerling et al. (1997), the center of convection anomalies
during La Nifia is shifted to the west compared to that of El Nifio because a strongly nonlinear
relationship exists in the convective activities for different phases of the SST anomaly since a
negative SST anomaly has no further effect on the relatively cold eastern Pacific in the eastern
Pacific.
On the other hand, the distribution from TIW-run is obviously changed from that of CTL-run as
skewness increases in eastern tropical Pacific by considering the effect of mesoscale eddy heat flux
associated with TIWs. The subtraction of the skewness of CTL-run from that of TIW-run as shown
in Fig. 5 (d) gives the same aspect as the observed skewness and their maximum values are
comparable, indicating the TIW-induced asymmetric SST fluctuation contributes significantly to
the observed ENSO asymmetry.
To investigate the feedback mechanism of TIWs on ENSO, meridional HFC due to TIWs into the
eastern tropical Pacific upper 50-m depth is calculated from the parameterized coefficient KG (see
Eq. 4). To compute the interannual effect of TIWs, the seasonal cycle of HFC, which modifies the
seasonal SST budget, is removed from the original HFC. A scatter plot for the Nifio3 SST
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anomalies versus the HFC anomalies is shown in Fig. 6. A linear regression between Nifio3 index
and HFC anomalies was calculated separately for the positive and negative Nifio3 indices. For
comparison, it was also calculated for all the data. In TIW-run, the slope of the regression line
associated with the negative Nifio3 index (La Nifia years) is steeper than that associated with the
positive Nifio3 index (El Nifio years). That is, the warming tendency by HFC anomalies during La
Nina is greater than the cooling tendency by HFC anomalies during El Nifio. This tendency is the
same as An (2008, see his Fig. 3) which used TOGA-TAO data and SODA (Simple Ocean Data
Assimilation). On the other hand, CTL-run shows unrealistic relationship as the slope is rather
steeper during El Nifio years than La Nifia years. This also supports the effectiveness of the

introduction of the baroclinic eddy parameterization for TIWs.

b. Impact on an ENSO mode

Figure 7 shows the standard deviation (SD) of interannual ocean temperature anomalies averaged at
along the equator calculated from an ocean reanalysis data set by Ishii and Kimoto (2009) (a) and
CTL (b), and the difference of SD between CTL and TIW-runs (c). An observed interannual
variability distributes along the thermocline and expand westward at the surface. Previous works
described two types of modes that can give rise to ENSO (Neelin et al. 1998; Fedorov and
Philander 2000; Burgers and Oldenborgh 2003; Wang and Picaut 2004): a SST mode resulting
from local SST-wind interactions in the central-eastern Pacific, and a thermocline mode resulting
from remote winds-thermocline feedbacks involving the western Pacific. It is known that a SST
mode accompanies east to west propagation of SST anomalies and low amplitude ENSO events
with a 2-3 year frequency, while a thermocline mode has west to east propagation of subsurface
temperature anomalies and large events with a 4-5 year frequency (Guilyardi 2006). The variability
along the thermocline indicates the dominance of a thermocline mode of ENSO, while the surface
variability which expands westward corresponds to the variability from a SST mode.

The ENSO variability in CTL-run is concentrated along the thermocline and expand into the
surface as same as the observation, while the surface variability in the central Pacific is
overestimated in CTL-run, which indicates that a SST mode is more effective in the CTL-run than
in the observation. Such feature is one of the characteristic of MIROC’s ENSO because the
simulated equatorial thermocline is too broad and deeper (Imada and Kimoto 2006). Figure 7 (c)
shows the difference of the SD of TIW-run from that of CTL-run, which means the changes in
interannual temperature variability by including baroclinic eddy effect. It shows enhanced
variability just above the equatorial thermocline which comes from the changes in a mean
stratification due to an existence of TIWs (details are discussed in section 4). The variability is also
increased near the surface, while its increment is not so evident in the eastern Pacific as around the

thermocline because isopycnal layer thickness diffusion represented by KG has a local maximum
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near the surface (Fig. 1), and damps ENSO amplitude. As a result, it is likely that the temperature
variability induced by a thermocline mode is relatively enhanced in the TIW experiment.

To diagnose ENSO modes, Trenberth and Stepaniak (2001) proposed the analysis technique by the
lag-correlationg Trans Nifio Index (TNI, which measures the east-west zonal gradient of SST by
taking the difference between the SST anomalies in the Nifiol+2 region (90°-80°W, 0°-10°S) in the
eastern Pacific and the SST anomalies in the Nifio4 region (160°E-150°W, 5°S-5°N) in the central
western Pacific) onto the Nifio3 index. This technique takes advantage of the characteristic of a
westward SST mode. A negative correlation for positive lags and positive correlation for negative
lags mean that a SST mode gives rise to ENSO. Figure 8 displays this lag-correlation (=20 month
lags) for both CTL- and TIW-runs. The correlation from CTL indicates clearly a tendency of a SST
mode, while the tendency is much reduced in TIW-run. This result also supports the hypothesis that
SST mode-induced surface SST anomalies are suppressed and the efficiency of a thermocline mode

is enhanced by considering TIW-induced heat transport.

c. Impact on ENSO frequency

Figure 9 shows the power spectra of Nifio3 indices from CTL- and TIW-runs. The spectra clearly
show that the period of ENSO simulated by TIW-run is longer than that of CTL-run. There are two
possible reasons why baroclinic-eddy parameterization affects ENSO frequency. One is due to the
strengthened thermocline mode in TIW-run described in previous section, because a thermocline
mode has a relatively longer period of ENSO.

The other possible reason comes from the change in a depth of wave propagation at the off-equator.
Figure 7(d) shows the SD difference of temperature variability as same as Fig. 7 (c) but averaged
between 5°N and 6°N. At these latitudes, the simulated thermocline is as sharp as the observed one,
therefore the large SD distributes along the thermocline in CTL-run (not shown). These depths are
the pathway where the off-equatorial Rossby wave propagates. After introducing the TIW scheme,
the temperature variability is largely reduced around the thermocline and increased just above the
depth. These results mean that the depth of the propagating equatorial Rossby wave shallows. The
depth of propagation influences phase speed of equatorial waves. The Rossby wave dispersion
relationship gives that the Rossby wave phase speed is proportional to a square of a layer thickness.
Therefore, the shallower the depth of a Rossby wave propagation is, the slower its phase speed
becomes. The distance between the positive and negative extrema of SD changes is about 40 m and
the rate of the reduced depth is about 40 % of the original depth in Fig. 7 (d). This surfacing makes
about the 23 % reduction of Rossby wave phase speed, and the total traveling time of Rossby and
equatorial Kelvin waves increases to about 1.2 times the period. This estimation is reasonable to

explain much of the changes in ENSO frequency shown in Fig. 9.
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Here, the ENSO period simulated by TIW-run is too long compared to an observed period.
Generally, several low-resolution coupled GCMs have a bias of longer period of an ENSO cycle
compared to an observed period. One of the reasons is that the model fails to reproduce the wind
curl anomaly pattern in the off-equatorial northwestern Pacific which makes a subsurface cold
(warm) anomaly and triggers the termination of El Nifio (La Nifia), because the SST anomalies
associated with ENSO expand too westward in the model (Robert et al. 2009).

So far, there is no explanation given as to how the TIW scheme contributes to the SD change. It
seems that the changes in background oceanic stratification associated with the baroclinic eddy

parameterization affect temperature variability. This point is considered in the next section.

4. Impact on a mean climatology

The mesoscale eddy parameterization introduced in this study has potential not only to affect
ENSO characteristics but also to improve mean fields. For example, it is commonly known that the
tropical SST cold biases which are the problem of many AOGCMs are reduced in the model with
higher-resolution oceanic model, because the equatorward heat transport associated with TIWs is
realistically simulated (Shaffrey et al. 2009; Roberts et al. 2009). This tendency of diminished SST
biases is also represented in the high-resolution version of MIROC compared with the low-
resolution version (Sakamoto et al. to be submitted).

The changes in mean SST by introducing the TIW parameterization are shown in Fig. 10 (a). The
original MIROC (CTL-run) has cold SST biases at the equatorial Pacific Ocean. However, the
biases are reduced over a wide area in TIW-run, which is consistent with the conclusion of Roberts
et al. (2009). Figure 10 (b) shows the longitude-depth section of ocean temperature changes in
eastern Pacific associated with the introduction of the parameterization, along with the contour
lines of mean temperature simulated by CTL-run. There is a strong meridional gradient of mean
temperature both sides of the equator from the surface to 50 m depth. Near the surface, a warming
tendency is more dominant in the equator side of this temperature front than the outside because
equatorward heat transport is induced by the effect of prameterized mesoscale eddies. On the other
hand, a cooling tendency exists in the equator side below the 100 m depth. Around this depth, the
inverse mean temperature front with warmer temperature in the equator side and cooler temperature
in the northern side.

Finally, the resultant changes in the stratification show the cooling trend along the thermocline and
the warming trend near the surface. As a result, the gradient of vertical temperature is intensified
above the thermocline, that is, the thermocline shifts upward, which explains the SD changes

shown in Fig. 7.
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5. Discussion and Summary

In this paper, the impact of TIWs on ENSO is explored by introducing a new parameterization of
the TIW-induced heat flux. An (2008) suggested that asymmetric thermal heating associated with
TIWs induces negative/asymmetric feedback to ENSO, and can explain the El Nifio-La Nifia
asymmetry with larger-amplitude El Nifio and smaller-amplitude La Nifia. However, previous
studies have proposed several nonlinier processes in the tropical air-sea coupled system that may
cause the asymmetric behavior of ENSO. So far, the question as to which processes are more
important in driving the asymmetry of ENSO has not been addressed yet.

The use of a coupled AOGCM with the TIW parameteriation enables us to estimate the
significance of TIWs in the mixture of the other possible processes causing ENSO asymmetry.
After incorporating the TIW parameterization under these circumstances, our model results show
the increase of ENSO skewness in the eastern Pacific, and support the significant impact of TIW-
induced heat transport on asymmetry of ENSO even though there are other effective factors.
Furthermore, this numerical study gives a new finding of the impact of baroclinic eddies on ENSO
frequency and ENSO modes. TIW-induced heat convergence tends to modify the stratification
around the tropical thermocline; thermocline becomes shallower and steeper. As a result, the
contribution of a thermocline mode to ENSO development is enhanced. Furthermore, shallower
off-equatorial thermocline slows down the propagating equatorial Rossby wave and lengthens an
ENSO cycle.

All of our results indicate that the effect of TIWs makes an important contribution to ENSO
characteristics. At present, most of AOGCMs used for seasonal-to-interannual prediction do not
reproduce TIWs because of a lack of oceanic resolution. Therefore, the TIW parameterization
developed in this study has a potential to improve the skill to forecast ENSO events.

In the observation, it is known that asymmetry of ENSO increased concurrent with the 1970’s
climate shift (Wu and Hsieh 2003; An 2004; An and Jin 2004; An et al. 2005). An and Jin (2004)
pointed out that the interdecadal changes of ENSO nonlinearity were related to the climate state
change of SST and subsurface temperature. Many studies showed that the SST change pattern in
the 1970s has local maximum values in the off-equatorial eastern Pacific in both northern and
southern hemisphere (for example, Imada and Kimoto 2009), that is, the increasing meridional SST
gradient at the north of the cold tongue is favorable for the activation of TIWs. Considering all
factors together, the new viewpoint of TIW activity may become one of the clues to investigating
the relationship between the shift of a mean climate and the modulation of ENSO asymmetry.
Fortunately, the medium-resolution MIROC used in this study can reasonably reproduce
interdecadal ENSO-like variations and the related decadal modulation of ENSO (Imada and
Kimoto 2009). Therefore, the MIROC incorporated TIW parameterization has potential to research

the new mechanism of the impact of interdecadal variability on ENSO characteristics through the
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A

effect of TIWs. However, a long-term integration is required to discuss this topic, which is beyond

the scope of the present study.
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Fig. 1. Horizontal (upper, averaged from the surface
to 100 m depth) and a latitude-depth section (below,
120°W) of isopycnal layer thickness diffusion
coefficient calculated by the baroclinic eddy scheme
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Fig. 2. Horizontal (upper, averaged from the surface to 100 m depth) and a latitude-depth secton (below,
120°W) of meridional eddy heat flux convergence [1e-6 K/s]. High-resolution ocean (left) and medium-
resolution ocean with TIW parameterization (right). Contures of sea temperature are over-displayed [K].
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FEAE G £ 7 /L MIROC4h (T213L56) (Sakamoto et al. 2012) <> MIROC5 (T85L40)
(Watanabe et al. 2010) Z W\ T, IARK THPAEF"FZHR%Z I L 7=, MIROC4h X,
A ¥ — AFEAMICEF SN TRV, BEffMgETT LV ThDH, —J7, MIROC5 Tk
K& - WEEHEK - i OMERRERIZ SN T, 2L OFHEAF—ABMEED L < (THHERH
ENndz, fERSNT"ARFERT — X ITE —RICAINS TETHY, ZZTHEZED
HARR 2 E (PRIATREN:) 12>\ TEEiR4%  (Mochizuki et al. 2012)

(2) Wi e (77— k) 2Bk & T 5

MWIMEL & L TR 225 7 — # R EBRO AR 23 E 1L, LARTOMIROC3mZ v 72
AT EREEF LRI U CTH DD, T SN BBENTIEE T — 4 (Ishii and Kimoto 2009) % H
W TTHEE B JE 03000mE CTOKIRME S Z FfLT 272 &8, W OO/ REES ML b
Tu\% (Tatebeetal. 2012) .

MIROC3mIZ b~ TMIROC4h<°MIROCS IIHTEWIC K & R FH A E R A2 LB L T 5D T,
BRERTIE, EOLTHT7 7 VEAROI, BB OERFIE L HEICR D
D&MV, T TIERET, IAUFIETCREERZ I 2720, 34 23— (MIROC4h%
FAWTLA 23—, MIROCSA VT2 A L 3—) Db 72 5 RMbG A ERR LTz, & Dk, 34
ARIFROLAFEZ - T, RSB OE A v =0 B3EOMMIEZER L=, Bl2E, 5
FEOLALE NS TRIZ B 272 558121, YHFLALRICIZ TZED3, HROFIHFEI0H 1H
L6 ARTOBMEIALADOMEADFEL AT v T a v MEPIHSHtE Lz, FYE1A 3 —
B2 3T Y T IOVTFREAATREIR DT, #imIA 73— (MIROCAhZ JHUN T3 A /38—,
MIROC5% VN TBA v /3—) ML 5 T v U 7Pl REEZB Z o7,

CMIP5 O FEBRFEEIZHE, 19614 1 H 1 B0 5 HMICHIMEZHEL T, WIihb
10 R E TORMETREREL IS Z oo, SEREIN E L THE X DBARET—2 %

(REZNR A ARERLKINESR), KEHEEAET L) b ARS [MITICEHINTEY, =
ZCIEHR T — X2z, RCPAS U A% iz,
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(3) THIATREME S WIRE & 4L 2 BT 2>

RSB R (SVD) FRATIZ > DORFZERIEE S O FIRFICA® LTV 5 K 5 22l &
VI FIETH LI NG, BUNS & FIEL TR 25k LTl 300, %MT%&E@
(B & TS TR & 5 e s oRpZEMEEs Mt cx 239 cbhsd, £2C, 5
FROYIMEL TRIOT % T EEE (FRI2-54FE B O4FFEE) &, ks 2 8LE
fiEi(Ishii and Kimoto 2009)IZSVDf#ENT A fifi L7z, 7235, 104 A7 — /LTIl gett: 2 3#im o
D% AL, T2-54FEH OAFEEEGIZER T 5 2 £ 3% (eg., van Oldenborgh et al.
2012) , VERHIT= NV =—=aBlGD X 5 RFE 2 BB O THIA TV OREZ R T
L, THWIRO®ZFIZZ2NITRD1E EMIELD A 37 ERER TV ZERRFHIC
BB IND-HTh D,

SWD%W%@E*E(%Uiﬁ Mi L=, %5 1 E— FiE (MIROC4h % 7= T
i L BAME OGS, MIROCS Z W= FHIE L BHEOCYE S, WIhd) Whwdi
ﬁﬁ%kvﬁf»%%%b#(xlmﬂ 7% 5% SCF I MIROC5 T i9%@
MIROC4h T-HITIL 88% T D Z L2, SST HICHIT 5 FHITTREAREE K7L, 13 A
ERMIEKIRELY 7T Th D EE XD, H 2 E— FELTOEBIR Y @%i##SCFﬁb\
THHIEFIT/NE L, RSP ONEHEENC LD SST £A#) 2 REKAYIC K X 72 4R0E T T3
THZEEHEVHIFFTER,

(a)svm (ssT) MIROCS & 0BS SCF:0.90 (d)S\-‘N (VAT400) MIROCS & OBS _SCF0.57 (Q)SVD2 (VAT‘»DO) MIROC5 & 0BS _ SCF:0.20

& - :r . I
BOE  120E 180 120W  BOW [i 60E  120E 180 120w 6OW 0 60E 120E 180 120W 6OW O
(b)svD1 (SST) Mmomh & OB! SCF:0.88 (e)SvD1 (VAT400) MIROC4h & 0BS B (h)SvD2 (VAT400) MIROC4h & 0BS SCF:0.20
R o e e W e ¥ = R Tk e

BOE 120E 180 120 80W 0 60E 120E 180 120 6OW B0E 120E 180 120w 60W 0

18 (c) SVD1 (SST) MIROCx & OBS (f) SVD1 (VAT400) MIROCx & OBS (i) SVD2 (VAT400) MIROCx & OBS

15 {MIROC models . 8 {MIROC models MIROC models
8 12 {ooservation £ 61Observation Observation
39 g 4
° & 2
E 3 [ (2)
& a 8
g3 g2
E-8 E4

L= -6

1960 1965 1970 1975 1980 1885 1990 1995 2000 2005 1960 1965 1970 1975 1980 1985 1990 1955 20002005 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
Year Year Year

X1 (a-c) MIHMEALFHIEE (FHI2-545 B P) & xhisd 2815 OSVDENT (SSTH) OfE%. (a)
MIROCS Tl DAF R~ ~ v (FHl: shade, LM hatch) , 7~ F130.0200 E () 7-0.02LLF (F) @&
A EH OO, (b)) MIROCAh TFRIBEDFER~Y tov, (o) THIfE (5) S8R (F) ORHMRE, %
MR RRIT T, SYDFENTIZMIROCS / MIROCAh Tl & FAWZ A DR 2 H D9, R LT

SVDFiEHT 2 SSTH; CTld7e < VATA005IHE L7 L 2 D 1 E— K (d-f) &FE2E—F (g-i) .
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—J5, SVDfEMT Z ¥ g (100-400m) “EXJKIE (VAT400) 5I2hE L7356 13703
B s (Kid-) . #1E— Rk v ERERILY 7 v 2 KRBT 5 L 00, % 53SCF
I£50-60%FLE T L7V, £ L THE2E— ROAFE5HRSCFH20% E /NS 720, F2E— K
DOFFZERMEIE X, PDO & KEVEEHFERAIRE) (AMO) DOMAGOED LS REHEH 5
HbLTW5, £o7T, PDOSLAMO & BIFRMAEWIEEE EREKIREEN T H 2 FEE K X 72 4RE T
THFHFETH Y, F2WANARNEEED 22> CPDOSLAMOD I AIHEME D i b v &

Wrrsin s,

(4) TR RTREMEDSHIFF S LD ARBTG5 P A F L

(a) Global-mean SAT yr2-5 [degC]

> OB TiRGCs Ro.97, RMSED 058degC]
E 0.6 {MIROC4h R:0.99, RMSE;0.046[degC]
’ =l
2 0.4
<L
o 0.2
2
g 0
a —0.2 1
£
@ -0.41 Obsgrved SD: 0:204[deqC]
1950 1955 1970 1975 1980 1985 1890 1995 2000 2005 2010 2015
Year
. (0) AMO yr2-5 [degC]
8 MIROC5 R:0.81, RMSE:0.179]degC]
§ 0.8 {MIROC4h R:0.81, RMSE:0.192[degC]
| .
O 0.6
=
O 0.4
g 0.2 1
g 9
© -0.2 1
(o}
E -0.41
}CI_J 06 Observed:SD: 0.306[degC]
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year
(c) PDO yr2-5
6
<] MIROC5 . R: 0.51, RMSE:2.01
@ 4] -\ MIROC4h R:-0,13, RMSE:2.89
& 2 WL 2
o 11 t‘k\ i . q
E 01
= 1
_2,
g
o -4 |
‘2 1 Observed SD: 2.34

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

20 A4S (P 2-5 42 F) D (a)REREEH
LRUREZE, (D)AMO $834, (c)PDO #5% (W
NHERIIAISR) ORI, & IR
HRORHIT MIROCS T IfE, MIROC4h T,
KIS T HBHEEZ ZhEihd b T,

SVDEHTIZ & AU i O T AT BE M 28 1143
INHEEL, HEKIRE{LT 27T L, AMO,
PDOD3 D> ThH o7z, FEEE, REFEHH |
SRR 72 D T-12-54F B SR R 41 28R
B E<AHEH (K2a) ., AMODIFIZEShIL,
KV PE D FEIS V- SSTHE R4 %2 W CTiEF%
THZENE, ZZTIRAE R ETE SR
(60-10W, 40-60N) & B K 74 7 H fd &
(30W-10E, 10-40S) D /KiEZETEFR L7=
(Murphy et al. 2010) , MIROCS5, MIROC4h
WO — 2 $1970-804E X D AR & Ik
TDOEMRAZ LSRKRBLTWS (K2b) .
PDO @ If % FI X 8Ll = 1 2 db K
VAT400% (20-70N) ODEOFLIZHT 8 L 7~
%% TEFK L7z (cf, Mochizuki et al.
2010) , MIROCS5IC & % THlIZ R f g e DS
RKEWHDD, 1970FRBEFDEN B IE~
DEE IRV EPRBLL TS (K20) ,
— J7, MIROC4h 7 | I% %F (2 1 [ Aff
(1960-19804FtH) DfE RN, BARAYIZ
BRI EHEY —H Ly (K2) . £V
MEH @b & LT, Pl (—EREMbAE R
oty LBIOAFEEEEOT /2~ ) AR
ZTHY — RIEf () ZEicHiviz (K
3) &I A, HIERKERE(LS 7T A KED %
8 D A BRI B AGRI R IS & D TR
FNER LT,
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AMO & PDOIZ DWW TIEW T 4L H MIROCS Il 1% 9 AAMIROCAh FHII L V) & A F L3 @

(¥3) . MIROCS Tl D4, AMOTIX THI7-104FEH Tl > T H95%F E e PRI TE T
BV, PDOH TI3-64 H £ TIX90%HE A THIATE TWDH, Z4HiEMochizuki et al.
(2010) A3/ L7z, HAEHBLOPDO T ATREMESC, AR HUBL oD Al 78 14 ) e P Sl /K T 7 3 ]
REMEL BB TH 5, od, EFH DAMOKT RS & PDORERAIIIHIERIEBE LA 79 2 3 AT
WBHR, ZZTORENRTRFAIREMEORGEFITICB N TIIRE MEEs 2l F 2 &
1372, MIROCAhTHIDSE, AMOIFEAFEREE D A F /L& 7473, PDOIZE L CixPiflll-
AEHVEHETEIZLAERTHNRTE TV R, ZORKRAFILVOEBOO L DX
MIROCAhD 7 v B v TAEMBA L R —= L/ L TH A H, EBE, Mochizuki et al.
(2010) DFERZLE > TT o TN E THIAXF LV OBMREZR X THL L, 107 7
S CEAEFRE 72 > 72PDO A KL%, 37 ¥ v 7V EHE CIE2-34EREICE L D

(e.g., Chikamoto et al. 2012) , F7=, #H =4 25AMOSPDODIRNE & THIfEDRMSE % k.
LS, 7/~ VBN RT O LRBEORAF VA RS (K4)

{(a) Anomaly Correlation Coefficients

31 4 RO (R) EERCE S H_E KRR 7,
e (F)AMO 55, (§9)PDO H5HDT /< U A

—— AMO(MIROC 5)

08

07 -

06 -==-AMD(MIROC 4h) B, SEALERIL MIROCS TFill/MIROC4h ¥
——FDOMIROC 5)
05 == ="FDO[MIROC_4h) MoFEREZENEND BT, BT
.......... 9% level
ey DU — FEE () #H5HLTNT, Y3
1 1 0% level
02 D3 2-5 4 B MBI ST 5,
Yro ¥ri ¥r2 ¥rd  ¥Yrd ¥rs ¥ ¥r7 Yr8
(a) RMSE & Observed SD (MOC) (b) RMSE & Observed SD (PDQ)
0.35 35
03 3
035 —RMSE (mire_5) 25 = RNSE (miroc_5)
02 - ==="RMSE (mirec 4} 2 ==="HNSE Imirec 4h)
5D {HadCRUTSV) S0 (Obs. verd)
015 99% (miroc. 5) 1 9% (miro 5)
01 - - e 5% (miros_3) 1 =007 (miroc_3)
L 20% {miroc,_5)

0.05

Yrd Yr Yiz i 4 Al

Yo i r2 Y3 frd Y5

4: 4 )0 (a)AMO $541 & (b)PDO 55> RMSE i, 7 F#8/ 5 # 1% MIROCS F#|I/IMIROC4h T#I o
WERAZINEND DT, RIS T D EHMEIC R SN D EERFEE, BT TR0 U — FER (4)
EHHHOLTWT, Y3 THl 2-5 4 B SEHEICH Y T 5,
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(B) &8

THRC D KRMETERE 6 E 7 /VMIROC4h & MIROC5 % F{ VT, IPCC-ARS/CMIP5IZ ]} T
VERL LTo bR REEE TR T — % (R E TR 20T L C PRI ATREME 2 BT L2,
MHMEL &6 L7255, HiBREBE L > 7 cinx2 <, (FRIZMIROCS % W =855
(Z1%) AMOIEHHFEEE, PDOIXEUFRRE O PRIV ReME N EIES 7z, ZAUCBEL T, Jb
REPERFEECIEREEOUEPE Y v v MRICB W T, B2 KIREEIC k9 5 T HIPERE
23 (Mochizuki et al. 2012) . 24U 517 IHR”OMIROC3mZ W 723 R K KA B T
B FRAT EBRAE B (Mochizuki et al. 2010) & HIEARITH 5,

MIROC4h% W= G5E 21X T o o T ARl no T, FEMORE@mA#EL <, £z
TFHEEMES RELONTLE- TS, ZNHLORMEEML TS50V >0 Ik
IXIPCC-ARS/CMIPSIZ 51T % (AR OB X DRk TRFER b E D7) v~ v FET
IVENTCTH A 5, FEEE, MIROCIMANSD ZNZE & Hls AT A& Fde LTI » Hhl
MIROC~ VFET NN 2R o &, ToHhr7ABbifz, T AEEOT T —1
MHE, WINPHEO AT A5 HWEHE K0 b PHIYERRAHIZM BT 25 & Ok
FERNE STV (Chikamoto et al. 2012)

51 FH STk
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1-2-3 MIROC ~D7 YT )b« )b~ T )L HF DIE A
AN TEE] QEPENFITEE R RS IPCC HRRHIERERB: T 7' o = 7 MMFZER)

Q) LBz

INETTF—2IEARKTIE, WIIMEDR R EDHER 7 — /L ONEREE O TR LT
HEhTdhDHZ & &m LT 7= (Motizuki etal. 2010 72 &), ZD7=, L0 @E 2T — % F1L
FEEZEATLZ LICLVERKRTROREOR ER#ifEInd, SEEALET —4[H
{bOFHEF, 7o 7 B~ 7 4 v H (Ensemble Kalman Filter: EnKF; Evensen
1994) LI D FIETH D, ZOFEX, T—FRbET o7 TRIZREG LTI-F
BT, T 7O RE AN Lic@mEE T — & Rk & R 22 % Rk U 7= 9118 E o
AR A RIRFICAT 9. 2 2 Clt EnKF & MIROC ~¥ A L7= MIROC 7 > > 7 V7 — 4 [l
b 27 AOBAFIRDUZ DWW TR T 5, EnKF 28 AT 51256, iEkoyIHEib
AT LEMALT, 7AREMEER E KRR T —# R ERZ Ehi L, Ak FHl~Dr2 %
AT,

(2) MIROC 7 > v 7T — 4 Gy AT I

a. W=

11X MIROC 7 > %o 7T —Z [ AT LAOMISX T 5, FBEEOFEMIZ OV
TR+ 5, kD FiE(Tatebe et al. 2011) & D E72E W E, KRADRUESHIZITEA S
N7 Z Lz THEEDREAEIZ I T ishii et al. (2003, 2006, 2009) DffE R BIfENT TRV
ONTMBEOMEERTRENEASNIZZ ETH D, £, FMETE L R EkE
2% 1AU(Incremental Analysis Update) 1535 X OV A AT 7 (LAF)IED & EnKF IZA T T
W5, EnKF Z W2 FHRIZEL FOFIETITho D, & D EEOYIHIEN S MIROC D7
YT NANTREIT D, FUEDORFAIC 25T b & ZOT7 o U7 A TRNEE AV TR
B L OVEEOBIHMEA EnKF I X > CTRMEE LD, R DT fENTIE & YIEE 2 v
WOT T NATRBTOND, BORILORFZINC/2 5 & 7 o 7 TRIlfEE v
THIERFREENS, 29 LERHL s 7o ITATRIOY A 7L 240K+ 2 L2k
o T Heil 72 AT & FIEHBE A AR S LD,

b. MIROC ®D/X— 3

Al £ 472 MIROC D3 —30 5 13 MIROC3mM Th 5, KEUIAKFEfRGRE T42 - &)
B 44 J8 T, LRIV RE 1.4° X (05° —14° )-$E4M4ETH D,
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MIROC MIROC BooE . . GoeE o
member:1 member:M ) B
EA .o A. o i A o A a
ensemble analysis and f_; palirelir ’g = ’E
forecasts Initial perturbations il e S
Interface

OceanQC & Assimilation Atmosphere

data reduction 03 (EnKF) Qc

(02) (on)

for gridded
Ocean ybservations Atmosphere
observations observations

1: MIROC 7 > %> 7 NVEHE Y AT A OB

c. INT—HELERR, KKRT —ZFfbA v 37 FEER

TRIBAMALEO RV 7 M &K ST 572012, 2k TFEM Lf%f:%}]ﬂ;ﬁfﬁfth%Aci\
7/~ VEHETh oo, mEREILY AT LEEATLH2OIZIE, 7/~ V2T TIER<
ETOBMOEREET VLT D 7 VvT — 4 IEHMUAET“Z% %, bebEETNT
BEORGWEIEICA 9 L IR T A —Z OREMTORTNWDHDT, 7T —HH
IEDTFH, ARDFE A2 DT AEEZFELLTVWELEX NS0, THIBHEZO R
U7 MIfeihzom, FRICHIEDOA X7 "3k b 2 L 2HFF L0,

INFETEBOKFAEIESNBNT -2 2T 7T —Z UL ERETTH, KK
T — X [F{LFER I, EEORIBIZIZ T, ECMWEF (2 X % FHfigirT — % (ERA-40) % {#
M LT, 850hPa L F OB E DRI & B A KKET MICHEIL LT, RKET VORI
IAU iE% VT, 6 RERR IS BLIN T — 2 2 B A AT,

d. EnKF 2o\ T OFEEA

M L7z EnKF O FETRFTT % 7 VER v~ 7 1 L H (Local Ensemble
Transform Kalman Filter: LETKF; Hunt et al. 2007, Miyoshi et al. 2007) CT& %, a7/ #dT
FIO RO FiE L LT, BllRREZ /LT 5 FEEZEAL, )%FJT{I:ODF%EJ%CJ: LCix
Gaspari and Cohn (1999) THW B 72 5 IROBEEE W o, F7-, B Boly
multiplicative inflation & PRI D FIEZEA LT, BITED & Z ARK EMHEIZK L TEN
ZIMNLO EnKF 23 S Tun b

MR B LT, b S i e @il e o B8 22 Mk (K10 01) 1IThnx Tifg
FEDERE T 1 7 7 A N7 — 2 72 EOBEDOBIEOFUL (K1 D 02) IZHIELTWD,
BEOBIME O [T Ishii et al. (2003, 2006, 2009) T A & i 7= HEEE 50 E & B (Quality
Control;QC) Fht X 2NEA I TV D, £/, EnKF TR HAVZHIHME (FEATIE & 118
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) 12 IAUBEZ VTR A ICEFTLICAN S NS, ZHUIB0&aMART s LTS
DI AN B DB < T h T B

KRB LTI, BUED & 2 A7 AL S iz KEBIEO R IcHE LTnd (11
DAL . FOFDFA—FFADOE—F 2 bR S L7 R ARR 22 B E oK S 00 R EfE
VT — 2 OEHA R UL FIRE L 72> TN B, Eo. QBT & 0 HME L CIHV - K E
FEFHS OBAZED THY | TR WVEREO RGOBMIEZ LS5 = 2 48
AfEL 2% (K10 A2)

K AT LAOREIZ, MIROC O >4 > 7L TIlfE 2 EnKF (25 1 4 BRI fEi oo 75
SSEITFOIN S B THh D, BRI 3 A2 "—D—fl) . MIROC TO T4 DEFEHE
W (L 2 25%) A RATIC Rl 2 AR (L 6 0B ICEEAEIT B, FEAYEl S Nt
I %42 CPU ~ MPI @512 L W Bl & W 5, 4 CPU T EnKF OFFHEEZWS| L CTIT9H, 7tH
% 4 CPU 7B F— 2 24 A E S pL7-4E1E A MIROC DIt & O B IC 3, =
5 LI L0 EnKF 28 2 IR O Z HD T 5,

(3) BRI 72 T » DRfER
K AT DOMEHERDTZDITN L DO T &2 T o7, Z 2 TIEZEORRD
—EBEARITT D,

a. N7 —HEk, KRT — X ELER

TRk E T = U EHRIZ £ 2 TRIEBR O OFE 2 72 ERIERW T —< 230 < O
HHN, T, BIRRE TICHDBREMT TE TV L RAT — RO A /37 M
DN B,

KET =2 &b+ 5 2 & T, M EDKIED RMSE OV NBEFIC R 55 (K 2), Fr
2, IR TRNRY UBENTREREGEELRE TS, —DOHEKB L LTUL, K&T
— 2% LT=Z & T, WKOBBMERR o 2 ENETHND, b e b LB
T THRLTND DD, ZEHEOHIEIZ RMSE 2ME T LTV 2 HEIR2MF/E L T
W5, YEREKIRIZ S [FERIZ RMSE OB BTV D, FEMZR T 42 L TS B
g DR AEBHINES T2 LICXARENRRENEEZEZTND,

ZNENAELZ LT R DYIHMEZ 1960 4005 2 -EIZiRA T, 10607 4
YTNTFHE L, BUR LRV, ZVEHEOFEICIE, TRIBIMGHRICET VRS RV
TR 570, EORMSEIXZY /< U REHRIZ K 2 PHIO b DIZHA_RTRELS 8D, K
IR LT 2~BAESEDOKIR D 4 4E T O RMSE OZERI5 AT TIE R 7 b &2BRELZ ET
finTng, K7 —2%Ekd252 LT, PHlo RMSE X, HIREER TR TLT
WD DIINGTIND
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mprovaman Aote(stm.TT]___predd - Ser
= e mwEe. 7
Lol 6(’_9’ PR 'f'a"\""‘“} &
pes” d A
kY .'If e, L
B PN ]/
-3
AV R N
¥ ?f__,—v_,__af‘_':__.
e L T em—

2. RAT—Z DA > %7 v, ERIZ, KET—ZEbE N7z 2 A— R VRIRD RMSE O,
KET — X HZFIE L TR WA DO RMSEIZHTT D (%), L, BiEICO W TOFHID
RMSE (C). A%, XK EFER, THIZT2WTO RMSE b,

b. RARA 722 KRKUBEBIHIELC £ 2 EnKF 28R

H5MIROC DH—F > (BfEETD) [CHTYT v /) A4 REMZTERLEZRKE
HEE OBUNE Z (AR 20BN & L ClaMb 24T 72 (M1 AL & O1 #fEH) . #BllfE
ERMEA IR T, RAORIEE R, BEOKREESTHD, KR TIEAY 3K T4
T, WE TR 94148 T 0~3000m OEIHME A Ak L=, FEMEMFEIX 1 B, 7
VY UTNANR=HIT10 THDH, oW1 AL BEYHEE 58 AMTH D,
X 3 1T EAE ) B DOEERD " F R RFRZE(RMSE) ORRYITH D, EnKF ClRHE L 72
Bt REM) Tk, Bz @E L CRREMETE bk L (BIER) OFEITHT
RTHHIZ RMSE 2380 LT T, B2 8RR 2 (HER) oL b/hE< ks
TV, 29 LML, RRFEORE CHEkCh 72 (RREd) . A7y ROE
X RMSE IZHERTRA TN E SETIIREZ W & 7o o TV DA, ZHUTiRzZEEsy
B8R T 5 2 2R DIEIAF T 5,

{a) RMSE & Spread ATM:T (sigma=0.55) [K]

(b) RMSE & Spread OCN:SST [K]
— RMSE CTL — RMSE CTl
7ir A g RMSE EnkF pod — RMSE EnKF
b Spread CTL ] Spread CIL
----- Spread EnKF ===+ Spread EnkF
41 = Obs.Error 0.8 = Obs.Error

0.2

VT, e s R e R epec i beotomser el e o R Lo R et B Ay W e

0 5 5 5 — 0 .

JAN  FEB  MAR  APR  MAY  JUN  JOL  AUG JAN  FEB  MAR  APR  MAY  JUN  JOL  AUG
1991

1451
3 (a) REKFHEE HE (0 =0.55) DRI L UN(b) MHFEREAKIRIZKT$ 5 7 v 7 LEE) 0O RMSE &
A7 by RORRSY, Ffk7e L ToORMSE (BEMR) 271y M (BAMK) . EnKF [F{ETO RMSE
(RER) EAT Ly F Rl . BLOBEHREE (FFER .
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c. BLEOUWREBIHIMEIC X 25 EnKF 325k

BSE OWLEOBLANE & L T COBE-SST(IMA) D ZEfif T & GTSPP(NOAA) DERE 7 1
TrANT =2 2R L, MEREEEFRE (K10 02) ##l, EnKF CHEILAZAT
STz, BUME & FYEZERIEZIEC, 0~3000m DK LY Th 5, FEOMIRIL 1991451 A
1AZPHEE 95 L8 H ThDH, X 41X COBE-SST 225 D2 TERR LIl /KD
RMSE ORI TH 5, EnKF [F{ETO RMSE 1&, [F{b7e L TO/A T A ZH\ = RMSE
ICHRTHIMZBE L ThEL Ao TWND 2 ENbNd, — 5T, BNV RVIEET
XA E OFES WM TR L OB A IR CTHRZ2GEOM TR ST, L EM
MO EAT VR T D HEN D D, Fio, EE CIERRELSEIEOREOEA K E W
GEIFZAT Ly RREARLBETCLE SRR H Y A7 Ly ROEOHRENEETH D
EBEZOLND, BEEBEINTWRWET NS T AEHETH LI RTIEOEAL F
HETHAI,

RMSE & Spread OCN:SST [K]

B4 MmEARICKHT 57 Y TV EO
RMSE & 27 Ly ROFERS, [FEt72 L TODRA
T Az RMSE (BE#) A7y B (B
S#) . EnKFREMETO RMSE GRERY) & 27 L
v R REBR) o 73 7 A1 1971~2000 4EDE T
N ({72 L 10 A > 73—) & COBE-SST BLHlfiE
DEIFEDFETEF SN TN D, RMSE OFHHiTHE
1913 60N-60S, 0-360E T 5.

@) £Lw

MIROC ~ EnKF A L7z MIROC 7 > > 77 —Z [y 27 L DOBRE 21T > T &
Too TNETOL IS, TP REENTZRR L IHEOBLIMEOE A2 FEML, 3 L OMEHE
an BUE BRI & 2t L e BLROWHEBIAE O RS FTRE T 5, BBV T » ORIR, K
SUMEPEDRARK 22 BIE O FME D 55 CI 8 2 A MIZE L CHIFFE V ICEIES 5 Z &3
otz £z, BIROUREBLIIIE O RAL CTIREERE ORI 1 4F 8 20 A F%E L CTEfE
T3 nbhotz, BEICOWTIERL Y EMMOEREZITOHRTILERDH D,
iy AT DT LD T NT =2 ELERB L ORKRT — 2 FUEEBROFE R DX, NV
7 MIHT NN OO, RZUEERGET V2T 52 & T FHOSEL
FCE 2 LpvRmEnT,

AT, BlEREE RRUNEEE TR E 218 LI2BRORZBIAEDRLOEAZED 5
TETH D, H7z, 100 FH & FAE 2 72 RIS > TRE L TEIIES 5 KEUET — ¥
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At AT LOMEEE BEE LIz, Wi/ 3— 3 > D MIROC ~OEASLCHK D REIZ B
RO TETHD, IHIT, RAEWENHKRDIZTNT A LT e RiBIZ e 5 &
9 IR REKMBHEAE AR TO LV R FEEFEEZ BT LTV & 72uy, il 21X, Koyama

and Watanabe(2010) TO FHEH & EFN/F A —H % —>D EnKF [ZH Y AL TEF L
NI A =B EWET DFEEICH Lo, KRR EWEOEKM OIS0 EFR L FiEE %

EHThHD,
51 SR
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local ensemble transform Kalman filter. Physica D, 230, 112-123.

4. Ishii, M., M. Kimoto, and M. Kachi, 2003: Historical ocean subsurface temperature analysis with error
estimates. Mon. Wea. Rev., 131, 51-73.

5. Ishii, M., M. Kimoto, K. Sakamoto, and S.I. lwasaki, 2006: Steric sea level changes estimated from
historical subsurface temperature and salinity analyses. J. Oceanogr., 61, 155-170.

6. Ishii, M., and M. Kimoto, 2009: Reevaluation of historical ocean heat content variations with time-varying
XBT and MBT depth bias corrections. J. Oceanogr., 65, 287-299.

7. Koyama, H., and M. Watanabe, 2010: Reducing forecast errors due to model imperfectness using ensemble
Kalman filtering. Mon. Wea. Rev., 138, 3316-3332.

8. Miyoshi, T., S. Yamane, and T. Enomoto, 2007. Localizing the error covariance by physical distances
within a local ensemble transform kalman filter (LETKF). SOLA 2007, Vol. 3, 37-40.

9. Mochizuki, T., and co-authors, 2010: Pacific decadal oscillation hindcasts relevance to near-term climate
prediction. Proc. Natl. Acad. Sci. USA, 107, doi:10.1073/pnas.0906531107.

10. Tatebe, H., and co-authors, 2012: Initialization of the climate model MIROC for decadal predictions by

assimilating ocean hydrography. J. Meteor. Soc. Japan, in press.

165



T T IVTF —Z R TREAY T AN 2 E B L A O BR %S
-2-4 CMIP5 5 — & /ABH

KB ==w] (EEEATFEREJERAs - ARSI )

1) LI

A7z MZEIF %, Coupled Model Intercomparison Project Phase 5 (CMIP5) 25 [1]
DFEfE, BLOLDOERERDOT —Z R’V THET 5, FEERIZIZ. MIROC4h &
MIROC5, 25D/ — 3 U ORMEET VE W,

CMIP LT, fiaRMBEET VAR OEHEFEERZ v | 22/LT, World Climate Research
Programme (WCRP) / Working Group on Cloupled Modelling (WGCM) 7' v =7 K Th 5,
HHBOERT YA SNy 2 2 b— g VORREZ B OT — F RIS THERT 5,
ENHORRIT, 7=/ — FEMFHEN I HRPUCEONRE SN L — @ N, 7
—hT oA IR YN U F =T oA AL LT R —WnoT 7 EAD A
&%, AEO CMIPS T, # 20 DAFZERBIZS 2L T 2,

(2 7—2ABE TOFIA

AT —H & L TEREIN TV DS WHEEOFEMZ2 AR IX, Standard Output [2] (ZFCib
INTEY, T2 ZRET HUIEZOHERICIB DR TUT R bR, K12, 74
VAZER SN TWAYEE () Oz E LD, FEEIK L, 7T7A4F VT 4 »
SEMTERINTEY, s 773V 74 1 2RMETHZEREENS,
MIROC4h TiZFHIE LTFIFA4 AU T 4 1 DI, MIROCS TIEFIA4 4V T 1 1ITMA
THRUETTRE AW EIT TX ARV BT 5 Z LT LT, BT ARNERICHEEEL T 5 Y
HEL, CMIP5 [ZERSNTW OB EDRIZERDENELTNDLZELHDH, D
O GAICE, EROEMRNCET LD Y — 22— RIZIBINET O 0, EBROEHRIC
AT =2 DT — 2 EMOERZITOLEND D,

T VOFEITIIHERS 2 2 L—F TITo7-, MIROCAh L 20 / — RK&EHW, —4FEM DO
MRS (I T 11 FEf 2B L7=, MIROCS (X 3 / — RZ&HW, —EM DRSS
TR TR 6 ~ TR 2 F L7z, £ 212, T2 I L7238 & ERME (b5 v
EH) LTV TR LD,

NI 5T —H 7 7 A4 LOfEEEIX, CMIP5 Model Output Requirements [3] (2708 ST
W5, 77 A N7+ —=<v I netCDF-3, #D a2 g% CF-14 THHR, &6
IZENLL BITHD R AR ED AL T WD, ET2 BB D@, R ICET 2%
BAB L OBEREBRE > TND, ERERITHEN LIZET VORISR —F
N DA, BEEAA TR EMED 7 a— VBN W L ODFEET D, T O X D Il Tatt
a2z T T — 4 2ERT 25 2 L I3EFICTFHMo»NIEETH D, 2771,
PCMDI 7°5 CMOR &EREIND T A4 77 UM RkENTREY | ZhzfMAT52 LT, W
SOMEEDEMS 2R T 22N TELH, 7 —ZRIMIEMANZIZ, CMOR ZFIH LT
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— R — IV EERR L, T A T 7 ANVEERT A ER RIS, Frx b EN
IZHEVy, CMOR R LT=T =4 BT 0 7T AEER LTZ, 2O a7 T A&,
MIROC4h 1 LY MIROC5 726D H 15— % % CMIPS DA ZT7-3 7T — X IIEH#T 5

ERZAT o7k, ABTFRiE 27T 5,

T FVT 41 TIAFVT 42 TIAFVT 43
Fx 11 0
Oclim 2 32
Oyr 11 10 52
Amon 76 0 4
Omon 34 56 58
Lmon 35 24 0
Limon 8 2 2
Olmon 21 17 2
Areo 50 5 26
Day 41 1 0
6hrLev 5 0 0
6hrPlev 4 0 0
3hr 23 0 0
cfMon 47 50 0
cfDay 46 0 0
cf3hr 14 30 0
Al 428 197 176

Fz1 EBONT IV ERTTH VT 0 OEEOE (2011-07-11 Ji) Standard Output) .

FEER 4 MIROC4h MIROC5 FEpA4 MIRC5
piControl 100 4E[ (1) 700 R (1) 1pctCO2 140 A5f (1)
historical 1950-2005 (3) | 1850-2012 (4) 151 £/ (1)
abrupt4xCO2
rcp4s 2006-2035 (3) | 2006-2100 (3) 6 £€ER (11)
rcp85 2006-2100 (3) amip 1979-2008 (2)
rcp26 2006-2100 (3) amip4K 1979-2008 (1)
rcp60 2006-2100 (3) amip4xCO4 1979-2008 (1)
decadal1960 1961-1990 (3) | 1961-1990 (6) amipFuture 1979-2008 (1)
decadal1965 1966-1975 (3) 1966-1975 (6) aquadK 54 (1)
decadal1970 1971-1980 (3) 1971-1980 (6) aqua4xC02 54 (1)
decadal1975 1976-1985 (3) | 1976-1985 (6) aquaControl 5 A (1)
decadal1980 1981-2010 (3) | 1981-2010 (6) sstClim 30 £ (1)
decadal1985 1986-1995 (3) 1986-1995 (6) sstClim4xCO2 30 [ (1)
decadal1990 1991-2000 (3) | 1991-2000 (6) sstClimAerosol 30 4B (1)
decadal1995 1996-2005 (3) 1996-2005 (6) sstClimSulfate 30 [ (1)
decadal2000 2001-2010 (3) 2001-2010 (6) decadal etc 10 [ x 42 (6)
decadal2005 2006-2035 (3) | 2006-2035 (6)

# 2 BEBRTORIHE L 2V FEK, SO TET ¥ T,
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T2 77 ANVBEKRICS AZT =X IIZEEENTWDR, UL BIZFEIRET LT
Bd 25 A %7 —%% METAFOR &M INDT —H N—ATRMET 52 LR LA T
5, ERIHERALIZETATEHRALTWAEET LD AT —A, FEBROZEIZOVT web
A B =T 2 A ANDATT D, REHBIZIEFIZZ D,

(3) ABAT — & DHLK

THhHYU NERSET DI EI2E Y, PCMDI, BADC, DKRZ D41 kW BABRT— X127
I ARBETH D, 2012 4F 1 H OB AT 21 OFFFEREE. 37 DETIVND DT — X 3R
INTEBY, T—FDOREIT 852 TB Th D, LT XTOT—Z > TTW7Ruiz
W, A% LUEL TN L TWIETFThsd, Zhbd 5B, MIROCAh OF —HH 128
TB, MIROC5 78 111 TBFLE % (56 5, MIROCAh 1T FE L TV TDOT — X [ ZREIZ /AR
HEHTHDHN, MIROCS IZIXE T TEMNEETOT — 205, EHEEIISFERIC
52T T HIAALTH D,

T A WERAEDT= O D7 AV T 42 hr—/ (QC) BMMTbhbdZ Lil/kh-TEY,
Fx DT =227 5 QC 1L DKRZ BWEMH THDH, ZNDLDORREZIT T, HAICK
STET =X OWFTRMEITR D,

METAFOR OABITEN TR Y, FOKEDOA X T —2 by Ra—FRSRT5HZ &
ITTERY, AT HIEETHDLT —FDANTHONTIL, MIROCSh T5TLTEY,
MIROCS [Fir H HICFE T 2 RIAZTH 5,

51 FH SCHk

1. Karl E. Taylor et al, 2009, A summry of the CMIP5 Experiment Design, http://cmip-
pcmdi.linl.gov/cmip5/docs/Taylor_CMIP5_design.pdf

2. http://cmip-pcmdi.linl.gov/cmip5/docs/standard_output.pdf

3. Karl E. Taylor and Charles Doutriaux, 2010, CMIP5 Model Output Requirements: File Contents and
Format, Data Str
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IM-3 AHEEMEZZBEICANTCIARRTHNI RS SKERF Y 27 Z{LOHEE

AR CEARRS - UK AEPERAN T IEAT
WIFERFEAE - K

a. K

KUY 77—~ THEREEECTICHELLLET AV E, V77—~ (1) TERINIAREK
SARZEE T RFE R 2 W T, REROUIK Y 278K L2 ED X 5 IZB6T 2 0 E fRAT
Lice 797 7700 « A7 =7 TRRARPKDRE ST 523, 3—m v e
T AV A TORE PRI HER 27’k DR G 5T,

b. WFZEHM

EfRBIEET ML DR RARBEEH TR R Z L LI LT, TRKRDOKKEEY 27D
AERHI A ERR L. pEB L OEES OEB b E IC W CEEa A iR 4w
60

c. MFZEEEI. Hik. ATV a—

PR KB PRI R 2 . REREEEKIER T T VT 2, WIS - B3R EAR
EL KRRELEESTIKXELFENT S, &< ITHEHSGOFINEER LICESZB\ T,
KIEBRTT VOB BZIT D, KIS, KLENSWEFE~EHS 572012, @BEOKKEE|C
KT AT —FR— R L AERETADY I 2l —a VAL, MFEroxbhbbys
& CHUEME A Z 8 LT B WA BT 5, Rk 22 B D & O @4 B O KA S BhEH RS
ROFMIZAEDLE, 3HEHETITKERET VONE, 7 —FX—2DHE, EHXOME
FAEITV, 4 HURE, [EEBFHREAERICEA L T, 2EKROIERFAKKEY 27 <y
FERENRT D, BEAEEIZIE, SAVTFETAOREEZRNEG Z &7 EORMEEMIZOWNT
DOfRFHEHED %,

d. Wpk2 34EEHFSEE

ATAEFE & TR LT REROKTEERE T L L KK ET —F N— 2 L OVE#HAE AV, &
B E AR R TR R 2 VTR R ETREZIT 5, Fric, KEEOWEERT —4 %
%2 < AFAREZR HARIZOWT, 20 At DK K FEDORKFFEEZIT o729 2T, EFA—
A TOAEMMKRDOKRKEFY AT 2 EHET D,

e. VK2 3T R

Rk 23 AFREEDRFSERCR 2 LA R ICHI%T 5, M OEE L, 1ZTHD 2 RIZOWNTD A,
FEMN A IR ER AR TR T,

o Y _EFTxET D AREENCRE O Be Lk &2 o s (-3-1 [ZF0E#)

AHARBIRONKGEEFY X7 L EOEFOHETE (M-3-2 |ZFCH)

IR LRFOUIK U R 7 ZAL OMeR IR BRI S W T HEFt
ST TV MEOMIE TVEO el & 2 ORI B3 2 AF%E

KEWET MZHWON DS - S ERICET 5 E L

KREPET ZHW D R KREENRERZIZBE 3 2 &L

REIREE AL % B JE L T KRN AE © SR L O ER 541

f. #5

REHREEL W) Z ETEREO SHEBOFEIZIR -T2 CTHFERREEZ DD L, T4
BRKIEERTET NVOWE EMEE) (BT 208 LT, ANMEEZ2EE LI /KERTT VA
52 L7- (Pokhrel et al., 2012 ; AEAEEICECHE) 1EH, JEER « IHUEE TOKD )21l
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EEEE LB E R ENET T /L OE (Yamazaki et al., 2011 ; H20 = FE &5 E 27D
&) . FBE - mESERE0SEE/l G 2012) | #FKGENEE O EE L (Koirala et
al., 2012) #17-o7, FRZ, EFOWEAE LADORKRDOI v 7Y 7 Thote, &
LW~OITRE (EE K%L FIF 2 EROOE D) LbaKEROFH (MErAHEZ L2
R DOOED) 12OV T, ARFEE#ZEE LKERET VERWD Z &2k BN
WEMEZE LN Z S IIEEIZfET S (Nature Geosciences (2 TR HT) ,  [TEFROAKK
YR HKER) [T DL LT, KRET —FX— 225 L2BkEK Y X7 3
fliZ47v> (Okazawa et al., 2011 ; H20 4FBEA 5 ICFLED | A ARBIZ I 2 /K SCE PR ELE
BLKEREMROBMRIZOWVWTHE L. (SO 2011 ; H21 FFEREEICHE) . £
7oy RIEET VLD TRIT —F O T AFFEFIRIZOWT, FED L O EFIRA Y
FEIZOW TR L E 2 — 21T 572 ECARKER - KU AT ETNA~DFEEET-T- (E
EIiEA 2012) BT, BRI, TERRKKEEFEY R~y TOMEM] ICETDHIHOL LT,
AARL DR M L D mfifGREEE PRI R ZHO, PRS0k Y 27 oI
DOUNTARMEFEM:Z IR U7-f#HT 217\ (Okazaki et al., 2012 ; H22 FEJE G E(CEH) . £
2. BARICBITDNAKEED Y A 7IZOWT, WEREICHRE LI-HEZITo72 (@A -
2012 ; AEEIZREHE) . 2O XD, YEIREIT LY OFEE Y ERICZITT 52 &
NTE, SEROFEIR CEIGIC - BEERRE L ELHTZ LN TE T,

g. SIHZCHER
LUF oFefa s Iz iifd %,

h. pRRDOIEFR (BHFE LR Z )

o FmC(HEL - FIRIGE )
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(2) Introduction

Global sea level change (SLC) is widely debated™™ because it is affected by numerous natural and
anthropogenic factors such as the thermal expansion of the upper ocean, melting of glaciers
associated with global warming, and change in terrestrial water storage (TWS), i.e., soil water,
groundwater, snow, and surface water in natural lakes and artificial reservoirs. Tide-gauge-based
observations indicate that the global sea level rose by ~1.8 mm/yr over the second half of the 20™
centuryl’z. The contribution of thermal expansion of the upper ocean to SLC has been estimated to
be ~0.42 mm/yr (refs. 9,10). Glaciers and ice cap melting accounts for ~0.5 mm/yr of sLC'2.
Studies have shown that the contribution of loss in Greenland and Antarctic ice sheet mass is ~0.19

112 The total contribution of these climate-related

mm/yr during the second half of the last century
factors is ~1.1 mm/yr, leaving ~0.7 mm/yr of unaccounted SLC, which might be attributable to
direct anthropogenic contributions from changes in TWS (e.g., artificial reservoir water
impoundment and groundwater depletion). The Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Climate Change (IPCC) concluded that the budget of the sea level rise
has not yet been closed satisfactorily, primarily due to the large uncertainties in the anthropogenic
contributions of TWS variations®. In fact, the contribution of TWS change to SLC has been rather

difficult to quantify and rarely reported because even the estimation of the total TWS change is
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subject to high uncertainties® as it is profoundly influenced by various factors such as climate,
groundwater use, and storage in artificial reservoirs'>'*.

Globally, more than 45,000 dams have impounded >8000 km® of water, which would have
otherwise been released into the oceans'’. Many of these dams were built during the 20" century,
with a major proliferation in construction from 1950s'>. Water impoundment in artificial reservoirs
has therefore resulted in a drop in sea level. In contrast, unsustainable groundwater use'®"®
(groundwater depletion) which has increased significantly over the last century, has led to a
positive SLC because a large portion of the water removed from groundwater systems ultimately
reaches the oceans'”.

Numerous studies have estimated the individual contributions of reservoir water impoundment

18,2021 . . o .
“7*". These studies estimated the contribution of reservoir water

and groundwater mining to SLC
impoundment based on the maximum storage capacity, under the critical assumption that all
reservoirs considered are 85% filled rather than by simulating the actual storage™, and that of
groundwater depletion by using various region-specific groundwater abstraction datasets without

1821 1n addition, a few studies have

accounting for the changes in TWS due to groundwater use
provided comprehensive estimates of the contributions from various TWS components™'’, but these
estimates were based on the global water balance approach rather than a consistent modeling
framework that accounts for various human factors affecting TWS change. As such, consistent
estimates of the anthropogenic TWS contribution to SLC using an integrated modeling approach,
which can simulate the exchanges of water storage and fluxes among both natural and artificial
reservoirs, have not yet been reported. Therefore, in this study, a previously developed integrated
water resources assessment model'® is used to provide an internally consistent estimate of the
contribution to SLC from TWS variations due to various climate-driven and anthropogenic factors.
We also investigate the critical issue of whether the anthropogenic TWS contribution to SLC can
partially fill the large gap in the sea level budget reported by the AR4. Although the main focus of

this integrated modeling study is on the contributions of artificial reservoirs and unsustainable

groundwater use to SLC, other climate-driven factors causing TWS variation are also considered.

(3) Methods

The model used in this study is the integrated water resources assessment modeling framework'®,
the core of which is a land surface model (LSM), the Minimal Advanced Treatments of Surface
Interaction and Runoff (MATSIRO?!). Human impacts schemes (reservoir operation, irrigation,
withdrawal, and environmental flow requirements) have recently been incorporated'®. MATSIRO
accounts for the majority of hydrologic processes on a physical basis. Subgrid variability of
vegetation is represented by partitioning each grid cell into two tiles: natural vegetation and

irrigated cropland. The soil column consists of five layers with a total thickness of 4 m; a simplified
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version of TOPMODEL is used to represent the surface and subsurface runoff processes. The
runoff generated by the LSM is routed through river networks using the Total Runoff Integrating
Pathways (TRIP) river routing model®’. The reservoir operation® and irrigation®' schemes have
been incorporated within the LSM in a consistent manner.

Six-hourly atmospheric forcing data are obtained from two different sources™>*. Land surface
properties, including land cover, soil type, and associated model parameters, are the same as used
by Pokhrel et al.'® or follow the default values of Takata et al.**. Data for historical land-use change,
cropland areas, and the extent of irrigated areas are compiled from various sources. Data for large
and medium-sized reservoir capacities are taken from the International Commission on Large
Dams"’. The global total reservoir capacity of the data used in this study, including large and
medium-sized reservoirs, is ~8000 km® (~95% of the documented global capacity; ref. 20).
Agricultural water requirement is simulated based on the soil moisture deficit during the cropping
season for 19 different crop types'®, while the data for domestic and industrial water use are
obtained from the AQUASTAT database of the Food and Agricultural Organization (FAO) of the
United Nations. Historical (annual) data for domestic and industrial water use are obtained by
scaling the data for the year 1995 by the rate of increase in population.

Three global simulations, namely GPCC-NAT (1979-2007), GPCC-HI (1979-2007), and NCC-
HI (1950-2000), are conducted at a 1° x 1° resolution. In GPCC-NAT, only the natural (NAT)
water cycle is simulated, whereas in the other two simulations all anthropogenic water regulation
schemes are activated. GPCC* and NCC** denote the precipitation forcing datasets used. Among
multiple precipitation datasets™, we use the Global Precipitation Data Center (GPCC) data for the
main simulations, and the Global Precipitation Climatology Project ver. 2 (GPCP), PRECipitation
REConstruction over Land (PREC/L), and Climate Prediction Center Merged Analysis of
Precipitation (CMAP) datasets to evaluate the uncertainty in TWS simulations. The TWS simulated
in GPCC-NAT consists of soil water, river water, and snow and ice, while the -HI cases also
consider reservoir storage. Therefore, the difference between the TWS in these simulations is the
contribution of water storage variation reflecting reservoir operations. Moreover, in regions with
significant irrigated areas, the soil water in the HI case may also be affected by the increased soil
water content through irrigation. However, such effects are relatively small when averaged over a
large basin. All simulations have a 15-year spin-up period by repeating the forcing of the first year,
but this is discarded in the analysis of the simulations.

Because of the shortage of detailed information at the global scale, we simply estimate the
number of years required to fill reservoirs as NYRg; = S/1, where S [L3 ]and | [L3 ] are the reservoir
capacity and simulated mean annual inflow volume to the reservoir, respectively. Seepage from
reservoirs, which may vary considerably for individual reservoirs depending on the local geology

and climate conditions, potentially leads to a significant amount of water loss to the adjacent

176



A FENE % B IS AT AR TN HES SOKKE U X 7 AL DHEE

aquifers that manifests as water table rise in nearby areas”. Since no detailed information is
available globally, we assume that 5% (ref. 20) of the reservoir storage seeps into the ground in the
initial year of reservoir completion and this rate decreases as 1/sqrt(t) in the succeeding years;
therefore, the total water seepage grows slowly as sqrt(t) , where t is the number of years since the
completion of the reservoir. Thus, the cumulative contribution of seepage to SLC is estimated by
integrating the total seepage over time.

The simulated TWS anomaly (TWSA) is validated against the measurement from the Gravity
Recovery and Climate Experiment (GRACE) satellite mission®’ over selected highly regulated river
basins. The results indicate that accounting for artificial reservoir storage improves the TWS
simulations in the highly regulated river basins. A direct comparison of the simulated reservoir
storage with ground-based observations is not feasible at this stage, since the necessary data with
global coverage have not yet been compiled. The operation schemes of some reservoirs, such as
Lake Powell (USA), Navajo (USA), and Sirikit (Thailand), have been demonstrated to capture the
observed reservoir storage variation well*’. This evaluation is revisited here and we confirmed that
the integrated water resources assessment model simulates the mean annual reservoir storage fairly
well. Pokhrel et al.'® showed that the incorporation of anthropogenic water regulation modules in
the integrated model significantly improves river discharge simulations over the highly regulated
river basins. For less-regulated river basins, the model also simulates the observed TWS anomaly
well (see Fig. 2 of both refs. 16 and 23). Moreover, our investigation shows that the representation
of reservoir storage in the model improves the TWSA simulations in many basins, such as the
Angara, Churchill, and Sao Francisco basins. These evaluations support the use of the integrated
model for estimating the contribution of TWS variation to SLC.

Unsustainable groundwater use is estimated based on the total water demand (domestic,
industrial, and agricultural) and the availability of water from near-surface sources. This approach

829 estimates the unsustainable groundwater use implicitly, since the

proposed by previous studies®
model does not explicitly account for groundwater dynamics. It has been shown that the model-
estimated global-scale groundwater depletion is within the range of the reported statistics for circa

2000 (ref. 16).
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Figure 1: The terrestrial water storage (TWS) contributions to sea level change (SLC). The inset shows the
results based on four different precipitation datasets for the period 1981-2007. Gray shades indicate the uncertainty
in SLC (+ two standard deviations). The uncertainty in the net SLC is shown by error bars for clarity. Note that
TWS contributions (shown as the relative water storage to the initial storage) account for climate-driven TWS

variation and change in soil water due to irrigation, but the contribution of artificial reservoir storage has been

deducted.

(4) Results

Figure 1 plots the cumulative contribution of various TWS components to SLC. The contribution
of reservoir capacity is shown for the period 1900-2000, whereas all other contributions are shown
for 1951-2000 based on the NCC-HI simulation [a simulation using NCC** forcing with all human
impact (HI) schemes turned on; see Methods]. Note that the reported maximum reservoir capacity
and simulated actual storage are termed simply as capacity and storage, respectively. Averaged
over the global ocean area (3.61 x 10® km?), the 1951-2000 cumulative contributions of reservoir
capacity and reservoir storage to SLC are ~22 and ~15 mm, respectively. As the figure shows, the
contribution of reservoir impoundment over the period 1900—1950, not considered in our
simulation, is relatively small. The large difference between the capacity and storage contributions
is reasonable because reservoir storage changes significantly between wet and dry seasons. On an
annual basis, our result indicates that large reservoirs are ~70% filled on average, with significant
interannual variation ranging from 60~90% in some years. When the seepage from reservoirs is
considered (see Methods), the cumulative contributions of reservoir capacity and reservoir storage

are ~31 and ~21 mm, respectively. Again, note the large difference (10 mm) between the
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contribution based on the maximum storage capacity of reservoirs (as considered by ref. 20) and
the simulated actual storage.

The simulated mean annual (1951-2000) unsustainable groundwater use is ~359 km/yr.
Therefore, following the assumption that 97% of unsustainable groundwater use ends up in the
oceans™ , the cumulative sea level rise is ~48 mm. We also find that the net contribution of climate-
driven TWS changes (soil moisture, snow, and river storage; exclusive of Greenland and
Antarctica) to SLC during 1951-2000 is ~8 mm (Fig. 1), which is higher than reported®®. Note that
soil water storage accounts for the increased soil water content due to irrigation. As Figure 1 shows,
the climate-driven TWS variation has significant interannual and decadal fluctuations, but the long-
term effects are rather small compared to those of other TWS components, consistent with the
previous findings™®.

Irrigation also affects SLC due to the net water loss from the irrigated systems through increased
consumptive water use, particularly in endorheic water bodies such as the Aral Sea. We find that
the net decrease in the inflow to the Aral Sea due to water diversion for irrigation from the two
main rivers (Amu Darya and Syr Darya) feeding the Aral Sea is ~500 km® (~1.4 mm of SLC). In
line with the conclusion of the previous study”, our result indicates that the water loss from other
large endorheic water bodies (e.g., the Caspian Sea) is relatively small. Therefore, the net effect of
irrigation-induced water loss from endorheic basins is rather small.

The uncertainty in the estimation of TWS contribution to SLC caused by using different global
precipitation forcing datasets is evaluated. The inset in Figure 1 presents the TWS contribution to
SLC for the period 1981-2007, with the shading indicating the uncertainty quantified as two
standard deviations of the four simulations using different global precipitation datasets (see
Methods for details). As seen in this figure, precipitation forcing causes significant uncertainty in
the simulated TWS and unsustainable groundwater use. Our result indicates that the net
contribution of TWS to SLC for the period 1981-2007 is +20.8 + 6.7 mm (groundwater +26.1 + 4.1,
climate-driven TWS +0.1 £ 3.2, and reservoir storage —5.4 + 0.6 mm). Therefore, the uncertainty in
the net TWS contribution to SLC due to precipitation forcing is as high as 30%. Adding the
cumulative storage from 2001 to 2007 of the GPCC-HI simulation [the simulation using Global
Precipitation Climatology Centre (GPCC) precipitation and other forcing data from Kim et al.>,
with all human impact schemes turned on; see Methods] to the corresponding storage for the year
2000 of the NCC-HI simulation, the net TWS contribution to SLC during 1951-2007 is found to be
+0.51 mm/yr (groundwater +0.98, climate-driven TWS -0.10, reservoir storage -0.40, Aral Sea
+0.03 mm/yr).
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Figure 2: Comparison of the estimated net anthropogenic terrestrial water storage (TWS) contribution to global sea
level change (SLC) with the gap in the sea level budget estimated by the IPCC AR4 for the periods 1961-2003 and
1993-2003. Contributions of the individual TWS components are also shown. For the period 1993-2003, two sets
are shown: ~based on the NCC-HI and GPCC-HI simulations, and ** based on the average of results obtained using
different precipitation datasets (see Fig. 1 inset). Error bars indicate the uncertainty range in the residual of the sea

level budget estimated by the AR4.

The contributions of individual TWS components to SLC and the net effects for two different
time windows are summarized in Figure 2. For the period 1961-2003, the net contribution to SLC
is +0.74 mm/yr, which is of comparable magnitude to the unexplained sea level rise reported by the
IPCC ARA4 (ref. 1). For the period 1993-2003, our estimate of +1.6 mm/yr is higher than the gap in
the reported sea level rise'. However, the mean of the results from simulations using different
precipitation forcing (Fig. 1 inset) indicates a relatively smaller net SLC (+1.2 mm/yr). As seen in
Figure 2, the recent higher TWS contribution to SLC is due mainly to increased groundwater use
and greater climate-induced TWS changes, with the latter being highly forcing-dependent.
Moreover, reservoir water impoundment has leveled off in recent years; therefore, the
compensating effect on sea level rise has decreased. By contrast, the contribution of groundwater
depletion has been increasing monotonously and may continue to increase in the future, which may
heighten concerns regarding potential sea level rise in the 21% century. Compared to groundwater
withdrawal, the climate-driven TWS change makes a relatively smaller contribution to SLC in the
long term; however, this estimation is highly sensitive to the precipitation data used.

Note that our results may contain uncertainties, particularly in the simulated unsustainable
groundwater use, which lies at the upper limit of recent estimates'®. Furthermore, it is not clear

whether all of the mined groundwater (97-100%; refs 18, 21) eventually ends up in the oceans,
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since some of the irrigation groundwater may cause changes in other storage components, such as
soil moisture, at local and regional scales. Such effects have been implicitly accounted in the
present integrated model. Therefore, improving model simulations with an explicit representation
of groundwater dynamics and pumping effects and its interactive coupling with climate model
simulations will help to provide a more accurate estimation of the contribution of unsustainable
groundwater use to SLC. Several other factors that potentially affect SLC (e.g., wetland drainage,
change in the atmospheric water content) are not considered in this study; however, these all make

414 The effects of deforestation and urbanization are

relatively smaller contributions to SLC
partially included by using the time-varying land-use change datasets. Despite these limitations, we
have provided a consistent estimate of the contributions of anthropogenic and climate-driven TWS
variation to SLC using a state-of-the-art integrated modeling framework that accounts for the major
human impacts on the terrestrial water cycle. Our results also partially fill the gap in the sea level

budget that has not yet been closed satisfactorily, as concluded in the IPCC AR4.
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