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Abstract Global warming causes various problems such as the increase of the sea surface
temperature, the change of coastlines, ocean acidification and sea level rise. Sea level rise is an
especially critical threat to coastal regions where massive population and infrastructure reside.
Sea level change is affected by thermal expansion and mass increase. This study projected future
sea level changes in the 21st century using the HadGEM2-AO with RCP8.5 scenario. In particu-
lar, sea level change due to water mass input from ice-sheets and glaciers melting is studied. Sea
level based on surface mass balance of Greenland ice-sheet and Antarctica ice-sheet rose
0.045 m and —0.053 m over the period 1986~2005 to 2081~2100. During the same period, sea
level owing to dynamical change on Greenland ice-sheet and Antarctica ice-sheet rose 0.055 m
and 0.03 m, respectively. Additionally, glaciers melting results in 0.145m sea level rise.
Although most of the projected sea level changes from HadGEM2-AO are slightly smaller than
those from 21 ensemble data of CMIPS, both results are significantly consistent each other

within 90% uncertainty range of CMIPS5.
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Fig. 1. The performance index of temperature (tas) and
precipitation (pr) of HadGEM2-AO. The bars indicate spread
of CMIP5 models and the boxes indicate at a 25~75%
performance of CMIPS models.
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Table 1. Characteristics of CMIP5 models.
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Model Institute Atmosphere Ocean Main Reference
ACCESSI1-0 CSIRO & BOM HadGEM2 (r1.1) ACCESS-OM (MoM4pl) Bi et al., 2013b;
Dix et al., 2013
ACCESSI1-3 CSIRO & BOM UK Met office ACCESS-OM (MoM4pl) Bi et al., 2013b;
Dix et al., 2013
CCSM4 NCAR CAM4 POP2 with modifications  Gent et al., 2011
CNRM-CM5 CNRM & CERFACS ARPEGE-Climat NEMO Voldoire et al., 2013
CSIRO-Mk3-6-0 QCCCE & CSIRO Included Modified MOM2.2 Rotstayn et al., 2012
CanESM2 cCcC Included Included Arora et al., 2011;
von Salzen et al., 2013
GFDL-CM3 NOAA GFDL Included MOM4.1 Delworth et al., 2006;
Donner et al., 2011
GFDL-ESM2G NOAA GFDL Included GOLD Dunne et al., 2012;
Dunne et al., 2013
GFDL-ESM2M NOAA GFDL Included MOM4.1 Dunne et al., 2012;
Dunne et al., 2013
HadGEM2-ES MOHC HadGEM2 Included Collins et al., 2011;
Martin et al., 2011
IPSL-CM5A-LR  IPSL LMDZ5 Included Dufresne et al., 2013
IPSL-CM5A-MR  IPSL LMDZ5 Included Dufresne et al., 2013
MIROC-ESM NIES & JAMSTEC MIROC-AGCM COCO34 Watanabe et al., 2011
MIROC-ESM- NIES & JAMSTEC MIROC-AGCM COCO34 Watanabe et al., 2011
CHEM
MIROC5 NIES & JAMSTEC CCSR/NIES/ COCO4.5 Watanabe et al., 2010
FRCGC AGCM6
MPI-ESM-LR MPI-M ECHAM6 MPIOM -
MPI-ESM-MR MPI-M ECHAMG6 MPIOM -
MPI-CGCM3 MRI MRI-AGCM3.3 MPIL.COM3 Yukimoto et al., 2011;
Yukimoto et al., 2012
NorESM1-M NCC CAM4-Oslo NorESM-Ocean Iversen et al., 2013
NorESM1-ME NCC CAM4-Oslo NorESM-Ocean Iversen et al., 2013
INM-CM4 RINM Included Included Volodin et al., 2010
TE Hriek 43}, HadGEM2-A02] 7123 73 & MIROC-ESM, MIROC-ESM-CHEM, MIROCS, MPI-
T 15t ZAgtom CMIP; Rule] =9zt Bl ZHA ESM-LR, MPI-ESM-MR, MRI-CGCM3, NorESM1-M,
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o
TFolMe sl Aol HadGEM2-A02] 7|25 9}

vl 25 2% IPCC 52 H7iHaA 9] vig) sl4H
A5 ArdEAdol] ARE-E TSLR (Total Sea Level Rise)
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CanESM2, GFDL-CM3, GFDL-ES-M2G, GFDL-ESM2M,
HadGEM2-ES, IPSL-CMS5A-LR, IPSL-CM5A-MR,
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Fig. 2. (a) Ensemble mean regional relative sea level change from 21 CMIP5 model for the RCP8.5 scenario between
1986~2005 and 2081~2100. Relative sea level change due to (b) ground water, and (c) glacial isostatic adjustment (GIA) during

the same period.
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Fig. 3. Global distribution of 19 glacier regions. Circle means the area of glacier. Greenland and Antarctica include all mountain
glaciers and ice caps apart from ice sheets. A: Svalbard, B: Scandinavia, C: Central Europe, D: Franz Josef Land, E: Novaya
zemlya, F: Severnaya Zemlya, G: Caucasus, H: North and East Asia, I: High Mountain area, J: Alaska, K: West Canada and
West U.S., L: Arctic Canada, M: Iceland, N: South America I, O: South America II, P: New Zealand, Q: Greenland, R: Sub-
antarctic islands, S: Antarctica.

W sl 38 99 F sl WA Yt
ke ostdel dele ule Bgen ol

Askzd oF=7HA A7} 3
Ao 1wk ARH P ol §3tol

boll ola slem WEhe Ao Ay
AT E ARH PHS 7

)\ )

¥4
A
ol

e

f,:

71'31-

2

}51—

=

AO AEE o]&3tod 20417] & tiH] 214]7] 2ol |
4 g ystel 93t sl e Fs W
£ 50,000 km® Bt} & F2E 717 Wl dolg 2 &
A Aol G 2=l 2} YA 3
o] 7 A5 Soll ¥ o FUt e 7
Agith 9EH WAE HFE SR E WS
Zole d&g sl =, ol e re WY
o] Z= AL 7IEAIZIH Bl GelyA]ol 25l =of o
ge W Aol odl 58 W] dlgez =8
7FAA WZde] Aefo] ghadit) gk WA WA
T shs 583 3l osiM= e 7Zadlit
Wl gl AL WAt R dds S7HA
7150 WS SSHA s oA WAde] AdEiar
A= HHo] 4¥HE olF HHE rudAHAY

¢}
(SMB)°]2t 3tth. SMBE 2z Fd37] 98 %
HEo] Mo slow AR ASAREE °
23 A A WHo| AREE AL AT} Fettweis et al.

Atmosphere, Vol. 29, No. 4. (2019)



372 HadGEM2-AO 7|5t ¥ g5 ®l sl o]t vl sj4~d s} A

2013y AEH 7|29 oh=we| e} AT A+ 7
FeFe] ol st Aoz = YA
st €3k SMB ®¥istE F4 k= WES Al
Fettweis et al. (20132 #9715 2d MAR (Modéle
Atmosphérique Régional)E ARE-sle] 2@ T= wlg9)
Zrae] w2 AR SMBe| H3lE ggHoz 4
stk o] WS HA|F 7] o=l o3 4
ab WA Aol Agsto] AlLg). Meyssignac et al.
(2017)2 AAF A F5rFe] ohwdE| e} A5H
600 hPa 7]-2] of=we]E o]-&ste] HAF SMBE
FA 3= WS AASATE Slangen et al. (2014)2
AR H7] wste] ok dap g AS Abst
Rom E A= olE A8

ASMB tiarciica =

~0.0105 = 0.01759 x ST, —0.0412 (1)

ASMBeeniana = 0.0153 +0.01493 x 6T, — 0.00094(2)

o] 2]& CMIP3 A+ H 7|2 9] e P—‘;—JJr SMB
HZ3E ol &3t FrERer Wi
3HA] °‘°‘DP A7NM T AT Jéﬂ 71%4 H
slo]a2 ASMBO] ©¢]= ‘m’o|t}. o] 2]¢] HadGEM2-
AO 712X EE A8 A3 20471E uiv] 21*1]7]
o] I-H= SMBel| sl HAAF H slgH
0.045m Z7F o™ F=34] SMBol| ¢l xm
Ha e HL 0.053 m A THFig. 4).

el gk sl Wisl= SMB  ofuel X
(ice shelves)e] &3, afj %ol 23t WlAte] Bobygal o
o2 Yol os) Akl @¥o] 7iA @AY} o]
gk g3t wslol] ofst WA FH wAUE
e e A e w}ﬂ} kA zpo] 7} Qltt.
TATE=RGE WA SHER slgrE A skEA W
o] WAo] Frtslar W sHEolA el s W%
o] A3 gkolxith. gkolxl Wgo] I =w Wie] A
2Fo] 7+A~SH(Phillips et al., 2010; Nick et al., 2013;
Goelzer et al., 2013). ‘a";%ﬁ AIALEH= e FAl R 7}
58S ToliA W HHd E3HolE We 9
3ot 8-S Sl wHEo] FAXA St tiE
A2 FYe mEest o] 3ol od WE s

+3o] HPEHAA WHo] HAFY(Cook and
Vaughan, 2010; Pritchard et al., 2012). ©]2A] <&
FFoll o3 TE W] FgeE FYHHA
FHe] #spyt WAt Wade] o3 gl tigh
olg] o= EF3tal o5 BHE P A
AAl 7] dAle] Aok wE 2 A= IPCC 53}
F7HE A oA AREEIE IPCC (2007)9] A
WS o] &ste] 2HESIATh o] W 21417] B
7123 AL EAA7|E] Hit 71 Aol o] &3t
o] AFHo g AT A A AT Hi 8l

|

ol

A

E

ok

1o ofr md

S=H71248s gl 7] A29W 43 (2019)

Fre aRlgims] Wl 9aky ¥3o) S8 0055m
ek, S Aok Balol <JsIME 0.03m

g ok
- ol
T
10 o
=i
o
I
ot flo
0_‘>"_, mlg
dlo
;_gi o
1o 2
N Ach
; il”r
1
211% rlo
2

o

©
rN' roh
n\l
Z Loy
1N
ok 9
o N
T ox
NEN
gt: =2
| Ae
_E‘, HO;‘l
o> 2ot
-|-' o _"i ¢
A,
iy
R o
rlo of
¥ 2

=)

S|
<ol
E}( Radic et al., 2014) . 0}4 7

16 o9 gk Yot A 7] PRE
5

Ly M

fr tlo o
OBL ﬂllﬂl

[e)

Y

A5 T4 % 3 A o

Haflof gt} Wekx| Aol
Z

o me o % o i}ﬁﬁ‘,ﬂoﬂiﬂé
K
RO
[o3
[o}
_E
ok
wa i =
it
=i e o
o W 12 rlo of
o " ek HT o%

0,

o ¢
i rlo

ok o 1L = n
z
-~ i
[N
alil
(i)
=y
=
'y
N,

[0 ro{l )
N
R)
ofz

i)

o

o

& rlo

o2
ol
o
o T
)
o
Qo
0
ey 11F
Ay
il
offi o
=)
N
oL o
ol
o
1o

i)
—d
L)
N
N
.32
i)
o=
ol
ol
=2
o %
=
:0*; e

il

O
rE
AL 010 b 2 i it o o [0 o T 30

>
e mo
4 K
a2
o
id
i)
i) r}‘""
N
)

ok
Ay
ic)

2!
ot
ofd
o

k7] {lsh Meler et al. (2007)3} Bahr et al. (2009)
t A2 Yl PaATE ngow Hd gaue
F743159 2™ Marzeion et al. (2012), Huss and Hock
(2015) & 7123 7o) 71SARERE A
< fredte] Weigkiwg F4HES ARSI Van
de Wal and Wild (2001)%} Slangen and Van de Wal
011 theFst A F7ol A e 7123} 7] I e
g weistel Aol MBS FEsH: WHS AN
At £ A7 E vt A7k 223k Slangen
and Van de Wal (2011)°] "3-& Ajelste] AR8-813ATH

dv _

= =L AU, ks 1)

3)
dB,

{AT(} ) PV D+ AT, (, z)%+AP(j, t)}
< Slangen and van de Wal (2011)°4 A<t
Els ’—‘1011’/]’ dve Wt el Wsto]a T 7]2olH
O]‘:]' s= 48S nsE oE°] ofd AFES
ko] o531 6, 7, 890]3L ENHe]
12, 1, 292 Aot} dB= Wkt ¢
AP =S 9v]gtk(Slangen et al., 2012).
7123 Zyrge] Wste} o] 3le™ Zuo and
Oerlemans (1997)°] % 2|3k %l]i:aAPb HAE o]

sted AL

o] 2] AA|Fol W7k EAshe AGS 1970 =
gz HE3sith 7A n2 197 A Foli, me 4
A3271th, AR Hste] WA ow olg}/\ﬂ_ Eat:1at1R=4

=



373

HadGEM2-AO

02 03 0.2 0.1 0.1 02

03 02 01 00 01 0.0
sea level change (m) sea level change (m)

03 02 01 00 01 02 03 -0.10 -0.05 0.00 0. 0.10
sea lavel change (m) sea lavel change (m)
(HadGEM2-AO - CMIPS) (HadGEM2-AO - CMIP5)

(:—
-0.10 -0.05 0.00 0.05 010 015 010 005 000 005 010 015
sea laval change (m) sea laval change (m)

Fig. 4. Global distribution of relative sea level change from the Greenland ice-sheet surface mass balance (SMB) (left panels)
and the Antarctic ice-sheet SMB (right panels) from HadGEM2-AO (top panels), 21 CMIP5 models (middle panels) and
difference between HadGEM2-AO and 21 CMIPS models over the period 1986~2005 to 2081~2100.
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A= 5 1971 A¥9& WGI (World Glacier Inventory)-
XFo] WM ED] A5E A8t WGIE A
Al 131,00071 9] ®W3te] JERE 7HAAL 9l th(Radic and
Hock, 2010). 197] A3} WsHA -2 Fig. 304 &
1 7Fs3tth. HadGEM2-A09] 7123} S 1 2
o #-&3 A3} RCP8.5 AlvtE] L 3slollA 204171
i) 21417] ol Wake] AR HMAF et s5H
°] 0.145m F=shs AoZ YERGTHFig. 6).

=13
=

4.4 7

Figure 4& HadGEM2-AO RCP8.5 AU Q5 o] &
sho] Ak Wadel o3k 20471 the] 214 7] 2
s Wslolth, ZAT= SMBO 93 AR ¢ B
A2 0.045 m S THFig. 4a). 374 WHelE e
S a¥TE FHe FHY 04m AX gHEe] i
RO TUREE AQg o] AG4] 0.05 m
ol Hxo] s dsol AATHFig. 4a). CMIPS
217 YFES] AAT Hat T HS 0.072 m <SSt
Fom xHHog HH ITAVE FZMe= FHu)
08m BE FHAastlovt thite] A9 °oF 0.1m
ol 2 sre] F71sHAthFig. 4b). HadGEM2-AO
£ Zd#EE FHoA CMIPS 2171 e HaEoh
= 2efstdut 2 9] Aol WA Resisitt
(Fig. 4c). HadGEM2-AO AU Q& o] &3t Hst
F=10742] SMBell ©]§F HAF Het d5HS 0.053 m
st 9= FHE FY 0.lm A= SRS
FHE A giFie] AYeAE 0.06 m
ZAeS BATH(Fig. 4d). AGHo2 B

L
it

l
p
B>
P,L
fr

oy o oo ©

g= FHAME HY 0.06 m A= AASsio
o7 Z4E 9o} Hys Juo R sgHol
23t 39 30% o)A G E 0.04m F

Fth CMIPS 35 A= AR+ H+ 3
037 m A3 thFig. 4e). CMIP5 9A]
oA sFHe] Tha Asatdon EHoR
o] 7+A4sksit. HadGEM2-AOE CMIP5
SFHolA g 5ol A4 YEe
60% H1& A G = @A 25t th(Fig.
f). FF4e] SMBE Zd@=9} g FH &y
Xtk @5 FRe] S S 7Y Sl
A Q9| sFHE FUFsAL L 2]e] A H2

Ay
B
ol

Yo (2
X
gl
ol o

=
)

= N IR
L

AtH(Figs. 5a, b). HIdGEM2-A0%} CMIP5
4o aud=ie] o5y
FH FFEe asly o 9] RS Frlshe
2 Vet HadGEM2-AOE CMIP5 SAHE o
Hlg)] 2= 30 A HoflA T H Ass 2
o] stom 1 & AAqAME =A =23 th(Fig.
5¢). g G SHol 93 dlH M=
G242 SMBe} v e] A3E B HadGEM2-
AO7} At AX T HiF sl HL 0.03 m 533
FHE AW 02m 71 s oy
0.05m oW =2 53t th(Fig. 5d). A
daite e HY 0.5 m 7HF st
Ao} T2 A G E 0.1 m W2 Arssle= Ak
< HAth CMIPS ES AT HE sigHo]
0.071 m ZF7Fehctar Aelth(Fig. Se). HadGEM2-
AOE FFFHA CMIPS Bttt &7 E9kon o
9] tiFEe] X AofA] A A= ATHFig. 5.
HadGEM2-AO RCP8.5 A5 & o]&3to] Awal 1
shzkaol gk HAF Fd FFH deS 0.145m

Atmosphere, Vol. 29, No. 4. (2019)



376 HadGEM2-AO 7|1ke] ¥ Aks 1)

(a ) HiidEEM%l-\O

1.0 05 0.0 05
sea level change (m)

10 10 Q5

I 0.0 05
sea level change (m)

Foll o1 gk mlef sff<r st 2w

(©)

10 0.4 02

. 00 02 04
sea level change (m)

Fig. 7. Same as Fig. 4. But total relative sea level change.

ojth, X F oz Wy AdmlE Ao} olo]ETE,
e 2A e sl hishe S BioH
ol AL ANG AelME sFHe] 0.1m o
=71l th(Fig. 6a). CMIPS g5 HA| G- <+ 3
TRl 0.155m A3 AR At thFig. 6b).
T AR BE ORES] XA FgHoe] g A
o Hls] 2= MEA Y, 2dulE A%, ofo]&T
= 2 AQelA = sFio] sttt 2y i
SR FROA 7 A5 9 Zfo|7t FEsHAl WER
th(Fig. 6¢c). HadGEM2-AOE F=ite F3 9] &4
o] ZkadteE Ao st Ao vl CMIPS= A
e A B 2(3)9 A 2 WeHAARZ
oo ot sl Hwoll= WalH g rot Bas)
ok AR Wske] WA, 3, 9A] 4 ARE
3l T2 e JME A7 Jom o]E ARE-s)
%t CMIP5= Randolph Glacier Inventory (RGI)
(Arendt et al., 2012) AR E A& oY B Ao
M= WGI-XF AH2E ARSI QilE:] B2 W)
ahred 3k et A el 2pol7t SlTt. Ml Ee o] 2}
ol7} FEwtE o] s|4H Wb ] Afolof wk
FE AR AlsHh

W2t Wate] ogt slrre] ®isle} tiy]-s R,
A9A 5ol o3 &2 B AFFe Wsl, X7ty
of o%t g3E Fate] HAl 20471 2 diw] 21417
o] Fl4H MelE WAl th(Fig. 7). HadGEM2-A0
2o As wgE AA T sl 0573 m ket
Rom o] e CMIPS ¥/52] 0.635mel Hlal ot
2= gkt ol B AFrh CMIPSY) Bls) WAt
atof oJgk FA e WA Relg Zlo] wky
Aztoltt, @9 30~60% Alo]e] 1=oF T A
9] 30% F2o] MElHG A FEHES A9,
HEE A A3 HIHE 3 AJolA |+H sl

k=748 7] #1294 43 (2019)

LS[TTTTTITTT IT I T T T T T T O T IO A I A [T T O T A T T O T AT [T T IToT

L[ K NIMS B
o B & CMIP5 (21 ens.) .
g s p
T | 2| -
i) 05 — —
- L _
) L _
T =1 1

J e @mET

-0.5 IIIIIIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

GreenlandGreenland Antarctic Antarctic Glaciers  TSLR
SMB Dyn. SMB Dyn.
Fig. 8. Mean sea level change due to Greenland SMB,
Greenland Dynamic, Antarctic SMB, Antarctic Dynamic,
and Glaciers. TSLR indicates total sea level rise. Symbols of
pink star and blue diamond describe sea level change using
HadGEM2-AO and CMIP5 data, respectively. Light blue
box illustrates a range of 90% uncertainty of CMIP5.

& Aol vls] #=A vEpsten 55 299 vz
7het @, 2ddE T el sl el o
A WA AE A

2 AT A3 S £4387] f18] CMIPS 21
N Az o] B84 W9l v ws) B kt) Figure 8]
A B3 WO HadGEM2-A0®] Aol o nlE
B CMIPS®] H+t 7k, vhae CMIPSS] 344 |
A& omstet. A= Y] A EAFFF O 9 g
a4 3k HadGEM2-AO, CMIPS= ZH} 0.045 m,



0.073 m&Ith. CMIP52] B4 W= 0.030~0.166 m
2 HadGEM2-AO7} CMIP5 y_t} 0.028 m Hgkoe

B W ot xEE Ul agistsHlAte] o
sha oJ 3ol gt s WHelEFe HadGEM2-AO,
CMIP5E Z+2}F 0.055 m, 0.047 m$3th. HadGEM2-AO
CMIP5 Huhe =] ettt BE84de] »9
0.020~0.074 mZ HadGEM2-A02] Azr} &34
4 e QoA gk Aoz eyt E=Ate
AT vt S B e A udE
Z4Zo) 23k s W3S HadGEM2-A02F CMIPS
Z¥z} —0.053 m, —0.037 mPomn EIAA] HY=
-0.071~-037mZ & A9 A B4 ¥

of| A °‘E} w2 95hA wslel ot s W
ke 247} 0.03 m, 0.071 mE A5ttt HadGEM2-
AO7} CMIP5 ®t} 0.041 m ZA 233t CMIP5
o] B34 W= —0.014~0.157 mE HadGEM2-AO
A= E34AA 1) ol RSt W3l gt
afl<FH H3lERS HadGEM2-A0, CMIP5 ZH2} 0.145 m,
0.155 m2 At CMIPse] E3HaA ol Wele
0.089~0.228 m= HadGEM2-AO= CMIP5 ET} 0.010 m
1)—7-” x{ul—;],oﬂoq. %ﬁ/\m tﬂo] 0]-01] E{j—],r;](}\)i]:‘l_
AA seE Al A, CMIPSE B3 1
0.45~0.82 m, H+ 0.635m= AY3FAth. HadGEM2-
AO¥E 0.573 mE CMIP5 Et} 0.062 m @)t B3
A H W= e

fr rr

5 Qo d HE

8ol R7E Aol AL 371 w2l w3l
FH WSS ARslal o] & iRlske Zlo] F sttt
sl ke sekel Al WA Ao wstol
FFE etk )-elg AgRde g €4
ol tall ReE skal ot Wa o] o3t s
Fol A% S7F 5ol et JFE 2ost=tl A7t
Atk ol5 Hete] ffsl ASAFE 7|Hke] Xkl
o o] ALEHI vk 2 Aol e S8
Fatlo A AALEE AR A 2E LEL”Q HadGEM2-AO

H‘I‘UC‘_ Hel= A
6}"13} A OHT
olaf 0.045m, I
stx ol Ftol] o ) “017:;}94 SMB &}
of o8] -0.053m, &< Tl 23 0.030m H
33t Zloz At Watel o3 s HES
0.145m, AA sl HES 0573 mE AgstAch
2 A= AgA 91?‘& oz Wada) o oM k|
g il o3t s % 2 A

AN ARERE WS ABY
FBAA ] o|EdIT= ;74]3 7}X11 E} aﬂ% =
o] B AFox HL3) Slangen et al. 2014)= WA
o eJg s ¥stE ] 9
3PP AS Aeke vbA CMIPSe] A-g&¥ IPCC
2007y AA T Hg 7] o] 9] ojxpbg AL

_|>«
Hﬂ
k)
_\.L
lw
Tm
il

WA Bt 7)1 op

o1 =
ARg-St) o2 st Wil dEAse] H 4, TS
AR29] 931 59| EFAAS 7R 7] wlEel
Y dlgH Hde] B4 el ddo] Hoh. # GRACE
(Gravity Recovery and Climate Experiment) 4,
GPS ¥ X917 #=4& 5 ld A5 FH3 &
EFHe oz Wt 2 Woge] Wl gigh o3
7} FRHI o ol &% ny slE Ae]
EIAAS Sole 9T & Aoz /Ysia Utk

HadGEM2-AO A= CMIPS 217 e =9}
v stk 5 HadGEM2-AO2 ZA#7} CMIP5
e HEoh A Bkl oy CMIPsS] 34
A H9 Yol EZ3FE vt HadGEM2-A0% A7}
CMIP5 217] 9AE 239} thd xjol7h e AL
BAA| o] Bojds E AE5E WH ZoloA o
L Aoz AlgET)

HadGEM2-A09] mlgjalls™ A 2443, W3t
of gt gH HEo| A WE2 25%, WAl 9
3 dlrd HES AAY 13%S AYEr sk
A7 Aol 23 a7} 49%E A on, <194
g5 ot §A & e wHslel GIA T3}
AAY] 12%= A 31T}, o]+ Nicholls and Cazenave
(2010)«1 AR} frAbsiet.

E A& HadGEM2-AO AEE o|&-3le] u)z 3f
A AHE AYsiAer tE 25| HuE F
ste] A Aol el AAEHATE &FF CMIP6
AL AEo] B Ay E-S FE3ta v 92
Uete s Wlsls dysls Aol "esith AE
o] &84S =o|7] flal Six FA4le] g miE
s A g A7) FrHE o z18Eojok
st

R oERe A4 FR89E /1495
NeABAT, 71FME} d=7)ex9 L BEAT
(KMA2018-OO321)”9] A Qho 2 FPE &)

REFERENCES

Arendt, A., and Coauthors, 2012: Randolph glacier inven-
tory [v2.0]: A dataset of global glacier outlines. Global
land Ice Measurements from Space initiative (GLIMS)

Atmosphere, Vol. 29, No. 4. (2019)



378

Tech. Rep., 35 pp.

Arora, V. K., J. F. Scinocca, G. J. Boer, J. R. Christian,
K. L. Denman, G. M. Flato, V. V. Kharin, W. G. Lee,
and W. J. Merryfield, 2011: Carbon emission limits
required to satisfy future representative concentration
pathways of greenhouse gases. Geophys. Res. Lett.,
38, doi:10.1029/2010GL046270.

Baek, H.-J., and Coauthors, 2013: Climate change in the
21* century simulated by HadGEM2-AO under repre-
sentative concentration pathways. Asia-Pac. J. Atmos.
Sci., 49, 603-618, doi:10.1007/s13143-013-0053-7.

Bahr, D. B., M. Dyurgerov, and M. F. Meier, 2009: Sea-
level rise from glaciers and ice caps: A lower bound.
Geophys. Res. Lett., 36, 1L03501, doi:10.1029/2008
GL036309.

Bi, D., and Coauthors, 2013: The ACCESS coupled model:
description, control climate and evaluation. Aust.
Meteor. Oceanogr. J., 63, 41-64.

Church, J. A., and N. J. White, 2011: Sea-Level Rise from
the Late 19th to the Early 21st Century. Surv. Geo-
phy., 32, 585-602, doi:10.1007/s10712-011-9119-1.

Clark, J. A., and C. S. Lingle, 1979: Predicted relative sea-
level changes (18,000 Years B.P. to Present) caused
by late-glacial retreat of the Antarctic ice sheet. Qua.
Res., 11, 279-298.

Collins, W. J., and Coauthors, 2011: Development and evalua-
tion of an Earth-system model-HadFEM2. Geosci.
Model Dev., 4, 1051-1075, doi:10.5194/gmd-4-1051-
2011.

Cook, A. J., and D. G. Vaughan, 2010: Overview of areal
changes of the ice shelves on the Antarctic Peninsula
over the past 50 years. The Cryosphere, 4, 77-98,
doi:10.5194/tc-4-77-2010.

Delworth, T. L., and Coauthors, 2006: GFDL’s CM2

Global coupled climate models. Part I: Formulation

and simulation characteristics. J. Climate, 19, 643-

674.

M., and Coauthors, 2013: The ACCESS coupled

model: documentation of core CMIP5 simulations

Dix,

and initial results. Aust. Meteor. Oceanogr: J., 63, 83-
99.

Donner, L. J., and Coauthors, 2011: The dynamical core,
physical parameterizations, and basic simulation char-
acteristics of the atmospheric component AM3 of the
GFDL global coupled model CM3. J. Clmate, 24,
3484-3519, doi:10.1175/2011JCLI3955.1.

Duftresne, J.-L., and Coauthors, 2013: Climate change pro-
jections using the IPSL-CMS5 earth system model:
from CMIP3 to CMIPS. Climate Dyn., 40, 2123-

sh7)488) U 7] 4297 43 (2019)

HadGEM2-AO 7]4te] WA= )

shol oI5k v iR Wk 41

2165, doi:10.1007/s00382-012-1636-1.

Dunne, J. P., and Coauthors, 2012: GFDL’s EMS2 Global
coupled climate-carbon earth system models. Part I:
Physical formulation and baseline simulation charac-
teristics. J. Clmate, 25, 6646-6665, doi:10.1175/JCLI-
D-11-00560.1.

, and Coauthors, 2013: GFDL’s ESM2 Global cou-
pled climate-carbon earth system models. Part II: car-
bon system formulation and baseline simulation
characteristics. J. Clmate, 26, 2247-2267, doi:10.1175/
JCLI-D-12-00150.1.

Fettweis, X., B. Franco, M. Tedesco, J. H. van Angelen,
J. T. M. Lenaerts, M. R. van den Broeke, and H.
Gallée, 2013: Estimating the Greenland ice sheet sur-
face mass balance contribution to future sea level rise
using the regional atmospheric climate model MAR.
The Cryosphere, 7, 469-489, doi:10.5194/tc-7-469-2013.

Gent, P. R., and G. Danabasoglu, 2011: Response to increas-
ing southern hemisphere winds in CCSM4. J. Cli-
mate, 24, 4992-4998, doi:10.1175/JCLI-D-10-05011.1.

Goelzer, H., P. Huybrechts, J. J. Furst, F. M. Nick, M. L.
Andersen, T. L. Edwards, X. Fettweis, A. J. Payne,
and S. Shannon, 2013: Sensitivity of Greenland ice
sheet projections to model formulations. J. Glaciol.,
59, 733-749, doi:10.3189/2013J0G12J182.

Griffies, S. M., and R. J. Greatbatch, 2012: Physical pro-
cesses that impact the evolution of global mean sea
level in ocean climate models. Ocean Model., 51, 37-
72, doi:10.1016/j.ocemod.2012.04.003.

Gornitz, V., S. Couch, and E. K. Hartig, 2001: Impacts of
sea level rise in the New York City metropolitan area.
Glob. Planet. Change, 32, 61-88.

Heo, T.-K., Y. Kim, K.-O. Boo, Y.-H. Byun, and C. Cho,
2018: Future sea level projections over the seas
around Korea from CMIPS5 simulations. Atmosphere,
28, 25-35 (in Korean with English abstract).

Huss, M., and R. Hock, 2015: A new model for global gla-
cier change and sea-level rise. Front. Earth Sci., 3,
54, doi:10.3389/fearth.2015.00054.

IPCC, 2007: Observations: Oceanic Climate Change and
Sea Level. Climate Change 2007: The Physical Sci-
ence Basis. Cambridge University Press, 385-432.

, 2013: Sea Level Change. Climate Change 2013:
The Physical Science Basis. Cambridge University
Press, 1137-1216.

, 2014: Climate Change 2014: Contribution of
Working Groups I, 1l and Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change. Core Writing Team et al. Eds., Cambridge



Agu] - 7o -

University Press, 151 pp.

, 2018: Summary for Policymakers. Global Warm-
ing of 1.5°C. World Meteorological Organization,
32 pp.

Iversen, T., and Coauthors, 2013: The Norwegian Earth
system model, NorESM1-M-Part 2: Climate response
and scenario projections. Geosci. Model Dev., 6, 389-
415, doi:10.5194/gmd-6-389-2013.

Martin, G. M., and Coauthors, 2011: The HadGEM2 fam-
ily of Met Office Unified Model clmate configura-
tions. Geosci. Model Dev., 4, 723-757, doi:10.5194/
gmd-4-723-2011.

Marzeion, B., A. H. Jarosch, and M. Hofer, 2012: Past and
future sea-level change from the surface mass bal-
ance of glaciers. The Cryosphere, 6, 1295-1322, doi:
10.5194/tc-6-1295-2012.

Meier, M. F., M. B. Dyurgerov, U. K. Rick, S. O’Neel,
W. T. Pfeffer, R. S. Anderson, S. P. Anderson, and A. F.
Glazovsky, 2007: Glaciers dominate eustatic sea-level
rise in the 21* century. Science, 317, 1064-1067.

Meyssignac, B., X. Fettweis, R. Chevrier, and G. Spada,
2017: Regional sea level changes for the twentieth
and the twenty-first centuries induced by the regional
variability in Greenland ice sheet surface mass loss.
J. Climate, 30, 2011-2028, doi:10.1175/JCLI-D-16-
0337.1.

Mitrovica, J. X., M. E. Tamisiea, J. L. Davis, and G. A.
Milne, 2001: Recent mass balance of polar ice sheets
inferred from patterns of global sea-level change.
Nature, 409, 1026-1029.

Nicholls, R. J., and A. Cazenave, 2010: Sea-level rise and
its impact on coastal zones. Science, 328, 1517-1520,
doi:10.1126/science.1185782.

Nick, F. M., A. Vieli, M. L. Andersen, 1. Joughin, A.
Payne, T. L. Edwards, F. Pattyn, and R. S. W. van de
Wal, 2013: Future sea-level rise from Greenland’s
main outlet glaciers in a warming climate. Nature,
497, 235-238, doi:10.1038/nature12068.

Peltier, W. R., 2004: Global glacial isostasy and the sur-
face of the ice-age earth: The ICE-5G (VM2) model
and GRACE. Annu. Rev. Earth Planet Sci., 32, 111-
149.

Phillips, T., H. Rajaram, and K. Steffen, 2010: Cryo-hydro-
logic warming: A potential mechanism for rapid ther-
mal response of ice sheets. Geophys. Res. Lett., 37,
L020503, doi:10.1029/2010GL044397.

Pritchard, H. D., S. R. M. Ligtenberg, H. A. Fricker, D. G.
Vaughan, M. R. van den Broeke, and L. Padman,
2012: Antarctic ice-sheet loss driven by basal melt-

z

A - FHH - HgS) 379

o

by

ing of ice shelves. Nature, 484, 502-505, doi:10.1038/
nature10968.

Radi¢, V., and R. Hock, 2010: Regional and global vol-
umes of glaciers derived from statistical upscaling of
glacier inventory data. J. Geophys. Res., 115, F01010,
doi:1029/2009JF001373.

, A. Bliss, A. C. Beedlow, R. Hock, E. Miles, and
J. G. Cogley, 2014: Regional and global projections of
twenty-first century glacier mass changes in response to
climate scenarios from global climate models. Climate
Dyn., 42, 37-58, doi:10.1007/s00382-013-1719-7.

Rotstayn, L. D., S. J. Jeftrey, M. A. Collier, S. M. Drav-
itzki, A. C. Hirst, J. I. Syktus, and K. K. Wong, 2012:
Aerosol- and greenhouse gas-induced changes in
summer rainfall and circulation in the Australasian
region: a study using single-forcing climate simula-
tions. Atmos. Chem. Phys., 12, 6377-6404.

Slangen, A. B. A., and R. S. W. van de Wal, 2011: An
assessment of uncertainties in using volume-area
modelling for computing the twenty-first century gla-
cier contribution to sea-level change. The Cryosphere,
5, 673-686, doi:10.5194/tc-5-673-2011.

, C. A. Katsman, R. S. W. van de Wal, L. L. A. Ver-
meersen, and R. E. M. Riva, 2012: Towards regional
projections of twenty-first century sea-level change
based on IPCC SRES scenarios. Climate Dyn., 38,
1191-1209, doi:10.1007/s00382-011-1057-6.

, M. Carson, C. A. Katsman, R. S. W. van de Wal,
A. Kohl, L. L. A. Vermeersen, and D. Stammer, 2014:
Projecting twenty-first century regional sea-level changes.
Climatic Change, 124, 317-332, do0i:10.1007/s10584-
014-1080-9.

Van de Wal, R. S. W., and M. Wild, 2001: Modelling the
response of glaciers to climate change by applying
volume-area scaling in combination with a high reso-
lution GCM. Climate Dyn., 18, 359-366.

Vermeersen, B. L. A., and Coauthors, 2018: Sea-level
change in the Dutch Wadden sea. Neth. J. Geosci.,
97, 79-127, doi:10.1017/njg.2018.7.

Voldoire, A., and Coauthors, 2013: The CNRM-CM5.1
global climate model: description and basic evalua-
tion. Climate Dyn., 40, 2091-2121, doi:10.1007/s00382-
011-1259-y.

Volodin, E. M., N. A. Dianskii, and A. V. Gusev, 2010:
Simulating present-day climate with the INMCM4.0
coupled model of the atmospheric and oceanic gen-
eral circulations. Izv. Atmos. Ocean. Phys., 46, 414-
431, doi:10.1134/S000143381004002X.

von Salzen, K., and Coauthors, 2013: The Canadian fourth

Atmosphere, Vol. 29, No. 4. (2019)



380 HadGEM2-AO 7|5t ¥ g5 ®l sl o]t vl sj4~d s} A

generation atmospheric global climate model (CanAM4).
Part I: Representation of physical processes. Atmos.-
Ocean, 51, 104-125, doi:10.1080/07055900.2012.755610.

Wada, Y., L. P. H. van Beek, F. C. S. Weiland, B. F. Chao,
Y.-H. Wu, and M. F. P. Bierkens, 2012: Past and
future contribution of global groundwater depletion to
sea-level rise. Geophys. Res. Lett., 39, L09402, doi:
10.1029/2012GL051230.

Watanabe, M., and Coauthors, 2010: Improved climates
simulation by MIROCS5: Mean states, variability, and
climate sensitivity. J. Climate, 23, 6312-6335, doi:
10.1175/2010JCLI3679.1.

, M. Chikira, Y. Imada, and M. Kimoto, 2011: Con-

sh7)488) U 7] 4297 43 (2019)

vective control of ENSO simulated in MIROC. J.
Clmate, 24, 543-562, doi:10.1175/2010JCLI3878.1.
Yukimoto, S., and Coauthors, 2011: Meteorological Research
Institute Earth system model Version 1 (MRI-ESM1)-
Model description. Tech. Rep. MRI, no. 64, 83 pp.

, and Coauthors, 2012: A new global climate model
of the meteorological research institute: MRI-CGCM3-
Model description and basic performance. J. Meteor.
Soc. Jpn., 90A, 23-64, doi:10.2151/jmsj.2012-A02.

Zuo, Z., and J. Oerlemans, 1997: Contribution of glacier
melt to sea-level rise since AD 1865: a regionally dif-
ferentiated calculation. Climate Dyn., 13, 835-845.



	HadGEM2-AO 기반의 빙상과 빙하에 의한 미래 해수면 변화 전망
	Abstract
	1. 서론
	2. 자료
	3. 미래 해수면 전망 방법
	4. 결과
	5. 요약 및 결론
	REFERENCES


