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Abstract

This study investigates sea level rise based on global warming in the
northwestern Pacific using results of eleven CMIP5 climate models for end of
the 21st century. The regional projections of sea level change are obtained
from the combined global thermal steric expansion plus dynamic topography
(sea surface height). At the end of the 21st century (2081 - 2100 relative to
1986 - 2005), the multimodel ensemble mean results projected the sea level
rise 04 m [0.33-047m], 055m [0.45-0.61m] under RCP 45 and RCP 85
scenarios, respectively, in the northwestern Pacific.

The CMIP5 projections of sea level changes toward the end of the 21st
century reveal more higher over the Kuroshio current region in northwestern
Pacific. CSEOF analysis reveals that sea level rises are caused by the
decreasing sea level pressure over the high latitude as well as variations of
pressure system in the northwestern Pacific and by the resultant change of
water temperature. It also found that the highest sea level rise in the
Kuroshio extension region of the northwestern Pacific was connected with the
large increase of water temperature in this area. Changes in ocean currents,
ocean density and sea level are coupled such that changes at one location
impact local sea level. Although both temperature and salinity changes can

contribute significantly to regional sea level change.
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W dES EFS ofrol doefAe] 1993-2001d ¢ AEES 54
mm/yr, AR 2uol™ 1 F 80%7F ¥& L9lolgt Hisglon 7]% W3}
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2. A5 A O

i)
M

= A CMIPS & A7elMs st 7k Aghe CMIPS Bds AHE
3 A4 W EsEAE (Representative Concentration Pathways, RCPs,
Moss et al., 2010) Alv}ele 2% (RCP 2.6 / 8.5) ¢ A 2 mgddel o
skl 204171 @ (1985-2005) wiv] 21417] & (2080-2100) 2 AxE W4
. A WSle ARATE wek BAEE el 9% 107 -50° N, A%
110" =170° E 2 274830t (87124 et al., 2011).

2.1. CMIP5 models

71% W3l A3 #AS5 AR5 vg o R st A FolRA ) ugr)ite o
& WA 71F 529 (GCM, General Circulation Model) At&&S 83+ v
T Aol o]FojA L e FAlolth & AFrelA = AAF dir]-sf ko] A
sty 7|3 Rgog  PCMDI (Program for Climate Model Diagnosis and
Intercomparison; http://pcmdi9.llnl.gov) oA F718 CMIP5 #olrd 115
AFESEATE (Table. 1). 3% FA24AEL Y ¢F ZdE vtk A= b&
7L 7 Sk Bolgtth CanESM2 RES Aslsta A 107) 29
2 free surface?d} freshwater flux E@o]t}. CanESM2+ rigid lid E 22 A
3zt A8y FFee FAA dAed 1 E AAbsit Fy BREol FAjy|A
3 A} (the volume—conserving Boussinesq scheme) & AFE3E 2dle 9%,
AFRES  HESE ¥ FAUAA ZAR] (the  mass—conserving
non—Boussinesq  scheme)S A&3t=  EHAL 2F (NorESM1-M,

NorESM1—-ME)o]t}, vH] FAJU|A~3 29 (non—Boussinesq scheme)< A

02
M

A3 AL (Boussinesq scheme) & AREshs Edof wlg)] sl : 4
o] Wslel dEE a¥E Eshstch gy vl FAUAZ Bde] F1AQl
= e e w5l A8 FFS vAA etk N ETE w2 7§ RS
off Al FAUI A= ALl &JsfiA T EE oAb Z|FRHEo] TR = EEEA

B3} w-¢- Zro} FA]sk 4= Qlt}t (Losch et al., 2004).
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HA By Ayel v dds feiA RCP 2% (4.5/8.5) Aluele 9l
2d ex BHAS s A3 o] HY AAFEAFAY  (preindustrial
control run) & AR&alqlth. & 11702 AA7- 2o 2o AI}E AMEstivt.
CMIP5 ZZAE A=
g AYe et Fd3 HHE AAE Z7e Wi vlawste] Bt
sH7] §J8lA IPCC 52X 1149} Slangen et al. (2014) 9|49} #o] IAE 1H
AdE AR

A A AWS el CMIPS 2dAd  “zos” , “zostoga” WFE Ab
oAt “zos” & A Leeolt fleAel sl 1% (sea surface height
above geoid)E UYEIL  “zos” WEE= AZb] wWE W 1% (sea

surface height, ©]3} SSH) 9] A2 Ql WistE AHKH =d AFgET. 39
(water mass) ©|f, € 9 33} vl 23t =3}o) 7]A3}= FEut-go] ¥
sty]o] Qlom gyl ¥R ¢b=th T3 CMIPS EEe ®st 4w

o] o= A FHIE AstA = &=tk (Landerer et al., 2014).
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Table 1. Characteristics of CMIP5 models.

National Cent Model name Atmosphere model Ocean model Sea level
atona enter odel na resolution (lon’ Xlat’) resolution (lon’ Xlat®) representation
HadGAM2 NEMO Boussinesq
i - free surface
UK Metoffice HadGEM2-ES 1.875° x 1.95° I x (1-1/3) free surface
ECHAMG6 MPIOM Boussinesq
MPI MPI-ESM-LR . . . . free surface
Germany S 1.87" x1.87 1.5 x 1.5 freshwater flux
MRI-AGCM3.3 MRI.COM3 Boussinesq
- free surface
Japan M MRI-CGCMS3 1.125° x1.121° 1" x 0.5 freshwater flux
ACCESS-OM (MOM4p1 Boussinesq
Australia CSIRO ACCESSS1-0 HadGAM2 CCESS-OM (MOM4p1) fres. Suriace
1.875 x 1.25 1" x1 freshwater flux
. ACCESS-OM (MOM4p1 Boussinesq
Australia CSIRO ACCESSS1-3 UI:,A 1.0 o CCESS O (a OMdp1) free surface
1.875 x 1.25 1" x1 freshwater flux
CAM4-0Oslo NorESM-Ocean non-Boussinesq
- ° ° o o f rf
NOI‘W&Y NCC NorESM1-ME 1.9° X2.5 1.125° x 1.125 fr;e}?wzltlera;ix
CAM4-0Oslo NorESM-Ocean non-Boussinesq
C NorESM1-M o o . . free surface
Norway NC or 1.9 X2.5 1.125 x 1.125 freshwater flux
CAM4 POP2 fBoussir;fesq
ree surface
osA USCA cesma 0.9 x1.25° (1° ~1.125) x (1-0.27) frestmater o
CanCM4 GOLD B(r)‘}lgsiirigc?q
181 1
Canada CCCM CanESM?2 2 813° x2.79° 1.14° x0.94° gl
LMDZ5 ORCA2 fBoussirrlfesq
- - o o R A . ree surface
France IPSL IPSL-CM5A-MR 1.9° X 3.75 2° % (2°-0.57) (ree surface
LMDZ5 ORCA2 fBoussirrtfesq
- - o o R R . ree surface
France IPSL IPSL-CM5A-LR 1.9° x 3.75 2° % (2°-0.57) free surface




2.2. RCP Alvg e

RCP Alute] 2= IPCC 53k H7FR A o AHgE 2A7MAY R R 22 A
IZE &go] 7)ol wA= HAPIAIH O R 2dAEH. o A
8.5 4%Fo°] glom 2100d7kA] 7H7] thE 247] A ¢}
AEe] otk o] AuE e 7] & Als AAY Ao s

AL AAEe weE Fstel wiERFe Welst Co2¥E wss et
(Moss et al., 2010).

RCP 2.6 (van Vuuren et al., 2007), RCP 4.5 (Clarke et al., 2007),
RCP 6.0 (Hijioka et al., 2008), RCP 8.5 (Riahi et al., 2011)2 z7+&k3] 2
HEW st 24 7tavlE Az o] EE RCP 2.6 AluE e Ae &
AEAE o] A1l 3.0W/m? o] Fel 21417] @ 7} ZHAsth RCP 4.5, 6.0
& BAgA ol A 6.0W/m® 4.5W/m”o]n RCP 8.5 EAPZA|Zo] 8.5
W/m*& Agsth RCP 8.5 Alugor & A757Hes v 7jsddow
AU E wWol] Agste] a7ka wiEee] Ba wEF S A%H], Y]
T AV FEVF =2 AldEleolth £ AFelA = ol FAANAAY
(1860—2005) 3} RCP 4.5, 8.5 1212 (2006—2100) w2 Age &85
ct.

2.3. 249 9%} ¥4 (drift removing) W

L

7177E BARIG mebd A A AR RG] vAlE e AleibA eak 9 o=
/g ow e RARRE AAEs V]FRsA Y o] HH AL o] & o

ol EAgth IPCC 5 A A (2013) 1333 AyAFA = s+ A
T Adste], 7|2 dAT yAsta = =l tid B T4

=
7+ %39t} (Landerer et al., 2015; Slangened et al., 2015). ajddH =



ol gk 2ell i 25 BASY] fleto] AAdEW ol V5 AAE Ad
(pre—industrial control run, ©]3} PI AoA3d) A3E AME-sISITE PI Alo] A
A5 APAOoZ AAteto] Z42be] A% mivy 47k melld doq A A st
Atk A = W=l diste]l PI AlAdAAE AET BE T
CMIP5 A& AHE F3 3 7l 222 £ 12 F ogley, 1 5 &

TolME #531 HFAAE EUE 115 RS F4o &835i3lh

2.4 CSEOF #4] #4

)
1
rlo
N

CSEOF (Cyclostationary Empirical Orthogonal Function)
27 7 E o84 AHEES st B A3 Fd 334 v
JES FEst=d o]&¥ k. EOF (Empirical Orthogonal Function)
| CSEOF #4eAM = FEH s 72 W7k AR wet wsh=
FojAH, o= Azl FHol FF9 Mde A&t 7T Al
T ARE T, 0 CSEOF®A oA thg¥ 22 2oz
(Kim and North. 1997).
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= 335,(t)B, (z.t) (1)

2 (1)elA Ba(x, D& n WA CSEOFS] A7 t9h 27k xo] e wWsts 1
Bl Sn(0E n WA CSEOFY F4% A749S vhehilth, CSEOFE AR
9 W% 542 ey, n /)9 CSEOFSS A2 S99 S48 A =
§ EOFSl th27 CSEOFE 771 d 7HA3 w3Hs 542 7 ok, of
542 How mdsd et 2k

B, (rit) = B, (r;t+d) (2)
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2.5 CMIP5 24 AF

CMIPS RHle] 55 fsto] $14d w5 ARQl AVISO #AasE &8skl

AVISO (http://www.aviso.altimetry.fr/en/data.htm)) At 5= AF A=Y A

off

#AA (ground track)= Wl #53F 4H Eo|x5 & &38| 0.25 &

e

A Az 4 Pt Hed a1k BAAARE BAHETE 199395 H 2013971
219l 20 717re] B F3 CMIPS 29 Axte] s Aol et A
L& AAEATE (Table. 2).

11 & 29 gF%8 0.9 o9 £ AHEE dverdlen CMIPS s
H = 0.99 ol ¥ AUEE Bt A¥ErF 0.99 o)l ndEe
CanESM2, ACCESS 1-0, MPI-ESM-LR, MRI-CGCM3, NorESM1-ME,
NorESM1-MOo = F 6 7N EdolA w53 A A& et i
IPSL-CM5A—-LR, IPSL-CM5A-MR Xdo] 0.91, 0.94% Atjgoz e
BHEE BIoY, dFEe REEo] A I =t & 4 ok, ACCESS
1-0, ACCESS 1-3 B&& £ Y 2ds Abgsta gloy, o7l =da
S AMEdoe] gepA] sl st d53e] duErt gE2A YEgs

5 Fopuet, ek EEel A%d or], A"
2] waba FFelA e S8Rl FTFE vA= A HERAT

FAT 12709 29 Fo MIROC—-ESM Rde #3533 4aALr 0972 ¥
XA HE Landerer et al. (2015) % Melet et al. (2015) 94 MIROC—-ESM
°] SSH, @A =4l o3t szl dall ohe 2de njste] & 2AE <l
gto] A elA A9l gt AyATHAAE wet 2 A4 = MIROC-ESM
S BAA ALst. Aegld CMIPS 29 115y 3= A 599 A37A
ALY 0.9 oo A vl CMIPS RS ARE-3E sl Aol tidh
HARZE wfg- et s & 5 vk ek B AT Aieas A

21105 AREske] el sfeudss stk gk

r
kr
N

|

_’IO_



Table 2. The correlation for the sea surface level anomaly
(1993—2013) of the modelled spatial pattern with the observed
spatial pattern.

Ay

1o AraA| 4 (correlation)

r

Model name

CanESM?2 0.99
ACCESS1-0 0.99
ACCESS1-3 0.95

MPI-ESM-LR 0.99
IPSL-CM5A-LR 0.92
IPSL-CM5A-MR 0.95

MRI-CGCM3 0.99

NorESM1-M 0.99

NorESM1-ME 0.99

HadGEM2-ES 0.95

CCSM4 0.99

CMIP5 model mean 0.99

_’I’I_



CMIP5 71§ BEdeoA AFst= sl5H (SSH)AS5A 5= 43 3e 18314
%S Wpolw, 3 o)F, A i =3 9 T £ o3 w4 AFWs
A A thefdE 3 S} (Yin et al, 2010). T8 stzolA 71918 sl4d
of thet mAE sfekellA e Aol Wt A JAow SSHE| & #AT fd
= WA SSH W3tE §3dte] a2 (water mass) ©lF, € 94 <&

o} vhghel] ok 3ol 7]QlEh: AEbSS Ay B 4 glth

Aol CMIPS B9 1152 &-83to] RCP 4.5/8.5014 433 a3
Z AQE BAgFEE A g nx WIS Ajgte] wE obwwE] AAY
= vepideh (Fig.1).

EA g A CMIPS 2d 1152 204171 2 (1986-2005) ©iH] 214
7] &% (2081-2100W1) SSH olwtha] F+ wWslel 22 HA}F (spread) & RCP
4.5, RCP 8.5°14 7tzF 0.04m [—0.2~0.26m], 0.08m [-0.26~0.43m]% =
7vetedtt. CMIPS 11% 59 7k X7 wi-¢- Atk RCP 4.5K.tF RCP 8.5°14
2d 3 W ZFo] o A vepdth T AU ] AHE ©@a wjEEe x|l

4] SSHE] obi@re] Hatwstrt 71tk RCP 8.5 AlUE| s 1% o]
AbsteRa Al e ZA BAPEAIE S et o] 2 AlvE Lot mheka] 71
sho] Zrt B AA xEEo], SSHE| vl ddelA RCP 8.5¢14 RCP 4.5K
o 9 =4 & b ASshE AoRE Ats "k

off

Ayl oA HAEA NorESM1-M, NorESM1-ME % Rdo] 73]
7V 43S vehle 2147 2 RCP 8.5914  ZHzE oF 0.4m o)A S718h
At} WA, IPSL-CM5A—-LR, IPSL-CM5A—-MR, ACCESS1-3 59 =4 Al
2 204171 % w1} ZhzF RCP 8.5°04 -0.26m, —0.12m, —0.01m w]2} SSH7}
Aastdnh S7kske AES UEhde Rdd 2A4AAES 7R Bdo] AAE S
Aarg wp Az gaEolA CMIPS Edg o] 22 w3l dWs Roldhy
2dS o] & MPATFA et FAFStH (Landerer et al., 2014).

off
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Figure. 1. Time series of the CMIP5 models SSH (sea surface height)
anomaly change for RCPs (related to 1986—2005). (a)RCP4.5, (b)RCP8.5

(m).

_‘|3_



NorESM1-ME (m)

120E 140E 160E

CanESM2
50N ‘
40N
30N 4
an
10N

120E 140E 160E

IPSL-CM5A-LR

120E 140E 160E
MRI-CGCM3 (m)

50N
4N
e Y
A /c"j/ﬁv i
3 2}
30N - -
¥ :
/’7
e
2N - L
1
4
10N L= —— . .
1206 140E 160E

0.3 -0.2

Figure. 2. Projected sea surface height from 11 CMIP5 models under RCP 4.5

(m/100yr).

50N

40N —

30N

20N

10N

50N

40N —

30N

20N ,/

10N

ACCESS1-3
I

50N

40N

30N

10N

2N

120E

HadGEM2-ES
[

120E

IPSL-CM5A-MR

120E

NorESM1-M

-0.1 0

50N

40N

30N

20N

50N

40N

30N

2N

10N




NorESM1-ME

(m) ACCESS1-0
L

m) ACCESS1-3

50N -
40N —
30N
an
10N
120E 140E 160E 1208 1408 160E 120E 140E 160E
CanESM2 (m) HadGEM2-ES (m)
50N ‘ : SON I SON L P !
40N — FAN - LA |
30N — 9 = AN - AN L
4 v T
A1 )
an FooaN Toan, F
10N 10N "
1208 ‘ 14‘ 3 1 ‘E 1208 14‘05 16‘0E ™ ‘ o
Y ¢ @ 120E 140E
IPSL-CMBA-LR

IPSL-CM5A-MR
50N — =

2N S =

(m) MPI-ESM-LR
| L

50N
40N |

30N

10N

N

10N
120E 140E 160E 120E 140E
MRI-CGCM3 (m)
50N | L L L | = L 1
) w
40N L
20N - -
N 4 y /“
an -
10N — =
120E 140E 160E 1208 T40E

Figure. 3. Same

-0.3 -02 -0.1 0 0.1

_15_

as Fig.2, but for RCP8.5 (m/100yr).

160E



okl

B A A seE T4 e w3l die FEE wAE
shalth. A1 ARl SSHE AwH7] flste] Fig.2, 3 <A RCP 4.5/8.59] 214
7] % (2081d-2100%D) 9] HtellAl 204171 2 (19861 d-2005') Hte] A}
ol Yehiglth CMIPS @48 Hud FEAL dFsE wehd FEAL 3
7ol #gelX SSH7F S7bshe FdE 7 RCP Alvele vid) AdoA 4
S ekt FEA s FE mel wo] S7hehs A9 2 9 A ] Aol7t
W SR vEbdh Z1eREE o wol Wd | e W@k RCP
DellM= RCP 4.50014 ®op &5l 7k AX7E o A7 vEht SSHe S7F T2
5 t=Al e FRA LT 488 Al SsH St
R 1104, 7 RCP Alue] e B FdshA Agstgleh. S
F AN e Aol FEAL #F7F dFE v F Qv ole] e
A 71E A Aol Bad whelk fARRE & 9 (FHAEY et al,

2013, TPCC AR5. 2013).

ol

o,
o
rlo
=
—o

o,
o
rlo
i)

_’Ié_



(a)
Sea Surface Height rcp45

10N T | 7""’;: T T T T T T
120E 140E 160E

DR

03 -02 -0.1 0 0.1 02 03 04

(b)
Sea Surface Height rcp85

10N T ’B‘ _"ll%j T T T T T T
120E 140E 160E

L DN

03 -02 -0 0 0.1 02 03 04

Figure. 4. The difference of 20—year averaged sea surface height(SSH,
m/100yr) between the period 2081—2099 and 1986—2005 using the
CMIP5 models ensemble mean for (a) RCP 4.5, (b) RCP 8.5.
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NorESM1-ME, NorESM1— M E2& FjRe] gh= o] yeprtrt. o]
Zpol= di7]—dlleko] AdE 71Frd

Jdst=dl AAA EFAAT BAE Fio] EFA AXMY AEo] gtk &
FA Aol EFE A=A, el WetEe] 3k Waksgo] dge
3o Alqksl =2 disiA = A7t g2kttt (Slangen et al., 2012). 71 2]9]
= o= 3 mEo] SAe webA 7] eol2E, RARIAIE S ALk
o] dled A Adrt v2A vebd & 9tk (Huang et

:\_1‘
o
2,
g
kD
>,
=
)
o2

al., 2015).

Table 3. Sea level rises estimated from CMIP5 models over the
northwestern Pacific for RCP 4.5/8.5.

Sea Level Rise (m/100yr)

Model name Scenario
RCP 4.5 RCP 8.5

CanESM?2 0.41 0.55
ACCESS1-0 0.47 0.61
ACCESS1-3 0.38 0.45
MPI-ESM-LR 0.37 0.55
IPSL-CM5A-LR 0.15 0.25
[PSL-CM5A-MR 0.28 0.39
MRI-CGCM3 0.33 0.45
NorESM1-M 0.68 0.98
NorESM1-ME 0.64 0.94
HadGEM2-ES 0.38 0.59
CCsSM4 0.36 0.52
CMIP5 mean 0.40 0.57
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Figure. 7. Projected sea level rising change with steric effect from 11 CMIP5
models under RCP 4.5 (m/100yr).
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Figure. 9. The difference of 20—year averaged sea level rising (m)
between the period 2081—-2099 and 1986—2005 using the CMIP5 models
ensemble mean for (a) RCP 4.5, (b) RCP 8.5.
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Figure. 10. The difference of 20—year averaged sea surface temperature
(SST,°C) between the period 2081—2099 and 1986—2005 using the
CMIP5 models ensemble mean for (a) RCP4.5, (b) RCP 8.5.
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Figure. 11. Same as in Fig.8, but for the sea surface salinity (PSU).
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(a)

Currents CMIP5 changes for rcp45
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Figure. 13. Same as in Fig.8, but for the surface wind (m/s).
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(a)

(b)

Figure. 14. Same as in Fig.8, but for the sea surface pressure
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Figure. 15. The 1% mode of sea level CSEOF anlysis using CMIP5 model
ensemble mean for RCP 4.5(a)time series, (b)spatial distribution.
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Figure. 16. Same as in Fig.13, but for RCP 8.5.
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Figure. 17. Spatial distribution of the regression SST with 1% mode of
sea level CSEOF analysis for (a)RCP 4.5 (b)RCP8.5.
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Figure. 18. Same as in Fig. 17, but for sea surface salinity.
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Figure. 19. Same as in Fig. 17, but for currents.

_42_



(a)

CMIP5 (m/s)

50N

40N

30N

20N

10N
(b)
CMIP5 (m/s)
50N

i ss ((/.—\/‘—;:
40N —
30N —
20N il
I T T |

10N T ’I’ ’}i m‘I ._I—— E T - .—lt- = T = /J/ F T £ ’l, £ ’\ .

120E 140E 160E

Figure. 20. Same as in Fig. 17, but for wind.
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Figure. 21. Same as in Fig. 17, but for pressure.
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