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A Study of Contribution from the Natural Variability of
Atmosphere in the Northern Hemisphere to Decadal

Variability of Surface Air Temperature

Mina TAMURA

Abstract

Arctic Oscillation (AO) is the most dominant atmospheric phenomenon in the North-
ern Hemisphere in winter that has opposite sea level pressure anomaly separated by
northern latitude of 60 degrees. Surface air temperature shows cooler around Green-
land and warmer in Siberia, Europe and Canada when the AO index (AOI) is positive.

The warming appered mostly in the north polar region in fall and winter. The warm-
ing is twice as large as the global mean that is called Arctic Amplification (AA).

When surface air temperature is regressed with the linear trend of CO,, the AA
pattern appears showing warmer in the Northern Hemishphere centering around the
north polar region. The residual subtracted AA pattern from surface air temperature
is analyzed by Empirical Orthogonal Function (EOF). The EOF-1 is AO pattern and
EOF-2 is Barents Sea Mode that has warmer in the Barents - Greenland sea and cooler
in Eurasia, Northern Atlantic and North Amelica. The AA pattern does not appear
from this analysis. It is shown that the AO pattern and Barents Sea Mode are dom-
inant atmospheric phenomenon of the natural variability, the AA pattern is not the
natural variability but the anthropogenic. The regional mean of surface air temper-
ature of AO patterm is nearly equal 0 K, Barents Sea Mode is -0.16 K that has the
similar trend to surface air temperature variability in the Northern Hemisphere. It is
found that Barents Sea Mode is important for surface air temperature in the Northern
Hemisphere, and AO contributes to local area.

The variability of planetary albedo in the Northern Hemisphere and Siberia has a
similar trend to Barents Sea Mode and AOI respectively. It is found that the variability
of surface air temperature in the Northern Hemishere is related to planetary albedo.
It is considered to be important for this relation to contribute cloud-albedo feedback

rather than ice-albedo.



Key Words: Arctic Oscillation, Arctic Amplification, Barents Sea Mode, Natural
Variability, Planetary Albedo

i



0 O

Abstract

HEN

goo

6

7

gooo

g

goboo

3.1

UODDOOO oo
3.2 00000 oo

opoog
4.1 EOFDOO ... e
42 O000000000D00O000O00 ... oo
43 ODO0OO0O0OO0OO0OOO0OOODbOoObOOoObOOoDoOg oo

g
5.1

5.3

HEN
6.1

g

OO000O0EOFOO ..o oo
0.2 UODOOOOODDDOO ..o oo

5.2.1
5.2.2

I 1
oooooooboobobooooobo EOFODO 00000

gobboboooobobboooobobboooobooooog . ...

5.3.1
5.3.2
5.3.3
5.3.4

gogbbbuoooobbooooobobooooono o
AOIOODODOOODODOOOO ... oo
gogbbobuooooboobuooooboooooon ..
I A

I I
62 DO00DOOOOOOOO0OOOObOOoOoDbOoooOg © .00
6.3 UUOODDODDOO0O0O0O .o 0o

il

iii

10
11

12
12
12
13
13

14
15
15
16

17
17
17
19

20



8 OO

gooo

v

22

23



O 0O d

© 00 N O Ot e W NN =

e e
w N = O

14

15

16

17

18

19

20

21

22
23

OO00O000000 ...
OO00O00DO0DoO0ooooooooagog ...
2-Box Energy Balance Model OO OO . . . .. . . ... ... .. ...
D00000D000000000 ...t
JRASS 00000000 EOF-1 .. .. .. . ..
JRASG 00000000 EOF-1 . .. ... .. ..
JRASG 00000000 EOF-3 . .. ... ... ... .. .. .. ...
CO,0Db0b0DbO0ObODOoDOJrRARODODOODOO ... ... ..
JRASS00D000000000000OO EOF-1. .. ... ... ....
JRASS 0000000000 0O00O0OO EOF-2. ... ... .. ....
JRASGO00000000O000O00OO0OEOF-3. .. ... ... ....
JRASG000000D000DO0OD0DO0ODODOODOOODOOOOGg

JRASSODD0D0O0DO0ODO0ODO0ODO0ODOO0ODOODOODOODbODbDODOD
DO00000D0000 ... e e
JRASGSODOO0DOO0D0D0ODO0ODO0ODOODO0ODOODO0ODOODbOODOODOOn

JRASGODO0ODO0ODO0ODO0ODOODOODbOODbOObOODbObOobOoDbDOoD
OO0 o
AOIO JRA-ODOOOOOOODOOOODOOOOO ... ...
JRAS00000D0000DODOOOCO00DOOOODOOODOO

JRA-0000000000000000000000O00O0O0O0OOO
I 0
JRASSODO0ODO0ODO0ODO0ODOODOODOODOOOODbOODbODbODOD
goODOO o
JRAS 00000000000 CO0O0O0O0O0O0ODOOUODOODO

gobbobuogoobbbooooboboooooobooooog ...
2\ J I A
gobbbooobbbooodbobboooobbbooaob

37

38

39

40

41

42

43

44

45
46



1 0000

00000000000 000000000000D00000 (Arctic Oscillation:
AO)DD0OO0DAOOODOGOODDOODDOOODODOOOD (Sea Level Pressure: SLP)
O0000000000000000 200000 SLPOO0OOCOOOO (Empirical Or-
thogonal Function: EOF) 00 000000000000 O000O00O (Thompson and
Wallace 1998)0 AOD00OQC SLPOOO00OO0OODOOOOOOOOOOOOOODODOO
0000000000000 0000000O00000000000 (0 1)(Wallace
and Thompson 2002)00 0 AOD OO OOODO (Surface Air Temperature: SAT) O O
gbodgbboobbodgboobboobboooboobbobbooboobod
000000000000000000 (0 2000000000000 (AO Index:
AO) 0000000000000 000000000O0ODDOOOooOooO (2009) 0
IPCC-ARA0D000DOO00ODOOODOOO0ODAOODODOOODOOODOObODOOO
goobbobobbooddooooooooobboobbbooooooooboboobooon
000 O Ohashi and Tanaka (2010) 0019500 0000000000000000O0O0O
OO00000opoOoo0oOoooo AoOODOOO0OODOOOOObDDOOOObDAOD
1990 dbobouounoobuooooobobooonobbuoooobbooonoon
Nagato and Tanaka (2012) 0000000000000 OOOO0O0OOO AOOO
OOo00O0o0o0O0o0ooO0obooO0obooOOobooOobOobooAOODO0DDbOOoOoDbDOoOoDOOD
OoooooobooooobooooooboooobboboAOOODODObOOOOoDO
gobobbbbbtboduoooooobboobbbobouoooooooobbooo
gbobboooobbbuoobobbboooonoboboood

gboboobobooooooobobbuooooooboboboooooooboboon
00000 (IPCC203)00 0000000000000 OOOOOOOOOOOO
gooboooobbboobbbbdddoooooooob200000b0oboobon
(Serreze and Francis 2006)0 000000000000 (Arctic Amplification: AA) O
OO0O00000AAODOOODOOODOOOOOCO,ODO00DOOODbOOOD
gbobodbouogobooobooobooobbooboobooobobooobn
00000000000 (Manabe and Wetherald 1975; Manabe and Stouffer 1980) O
0000000000Graversen and Wang (2009) 000 0000000000000
OO0 AAO0O0DOOODOOOOOO0OOOOOO0OOObObOOobDbOOoDbOOobObOOoOD
O0000000000000000Screen and Simmonds (2010) 000000000
000000000000 AAOODOOO0OOO0OO0oOooOobooOoooooboooo
0000000000000 0000000000O00000O (ooo 2012)00



0 Yoshimori et al. (2014)00000000000000000OOOOOOOOO
goodoooboobbbbboooooooooboobobobon

Ohashi and Tanaka (2010) 0 0 0IPCC-AR4 00000 NCEP/NCAR(DDO D O)
00000000 EOFOOOOOOOOIPCCOOOOOOOO 1000 (EOF-1)0O
00000000000000000000D 2000 (EOF-2)000 AODOOOO
O00000D0O0D000DO0OD0O00 EOF-1000 AOODOODOEOF-200000
O000odoboooboboooooooooIrpCcCOobooobDoooobDOoOon
O00000000000000D0D0QO Nagato and Tanaka (2012) O NCEP/NCARO
ERA-Interim0 ERA-40 D 0000000000 (DJF)DO0O0O0OOOOOO EOFO
OOO0OO0OOEOF-10 AOODODOO0OOOD200000000000000000000O
EOF-20 AADDOO0ODOODODODOODODAODODODOODOODODODO
000000000000 QODOOOhashi and Tanaka (2010) OO0 O0O0OO0O0O0OOOO
O0AADOODOODOODDOODOOOO0DOO000O000O000O00DOO00DO0O00n
goddoooooobobobbbooooooouobobooboobobbobbooooo

Alexeev and Jackson (2012) O O O 2-Box Energy Balance Model (Langen and Alex-
eev2007) (0 3) 00000 AADDDOOOOODOODODOOOOODOOOOOOOO
0000000000000 00000000AADODOODOODODODOODO
O000000000000000000000O0O0OOOOOO0OOD 00300 (Box 1)
000300900 (Box2)DOOOOOOO BoxOOODOOOOOOOODODOOODODOO
Box 1000000 AT 0Box2000000 AT, D0OO0OO0AAD ATy/ATi0AO
0 (AT, — ATy)/20000000 (AT, +AT)/20000000000

00 (2014) O O 2-Box Energy Balance Model 00000 AADOODO AOOOOO
OO00D0O0AADOOD AOODODOODODOODAAODOODODOOODOD
O000000000000000ONagato and Tanaka (2012) OOAOO AADOOO
godoobbbooooobbobooooooboooooooobbuoooooo
goodooooobbbboooogd

gubbooddggobboodbobboooobboogubboooobbood
000 40000000 Tanaka and Tamura (2015) 00 0CO, 00000000 (O
4000)000000000000000O0O00O0000O00oOo0DoooULooO0d
J00000b0o00o0boboob0o0oob0b0oooboo0obDb0o0o0ob0onDO Tung
and Zhou (2015)0 0000000000000 0O0O0O0O0O0O0O0O0O0OO (Atlantic
Multidecadal Oscillation: AMO)0 00000000000 O0OO0O0OOOOOOOOO
OO0070000000000000000 AMODOODOODODODOOODODO
O0000AMOODOOOODOODOOOO (Sea Surface Temperature Anomaly: SSTA)



O070000000000000000000 (Kerr2000)000000000CDOO
0000000000000 0000000 (Milesetal. 2014) 0000000000
dodoooooodooooooooobdoooooooooooooood
gogg

2-Box Energy Balance Model DO D0 0O00OD00OD0O0ODOODOO AOODDODOOO AA
000000000 0DO00O0 AAOOODOOOODOOoO0ODoDOOoooDoOooooOon
0odododoooonoooooonooooonooonooooonoooooon
00000000000 DOO00000D0O0DO0000000O0 2-Box Energy Balance
Model OOODOOODOODODOOODOOOOOD(DOOOOOOODOO)ODDOOOOO
0000000000000 000O000O000O000O00O0o0ooOOoOoDOOD
gooooooooboooooooooot



2 00

J000o0bo0ob0b0o0bbo0bb0o0bb0o0bbo0obbOo0bobUOoUdnNa-
gato and Tanaka(2012) OO0 0O0O00 AOD AADOOOOOOOOOOOOOOOO
0000000 Alexeev and Jackson (2012) O 2-Box Energy Balance Model O 0 0O O
guooobobboodouobbbuoooobobboooooobbboooooo
gudobbobboooouobbobuoooobobbbooooobbbuoooooo
goooooo



3 Oogon

3.1 0JOooon

gobbobbboogogobboobobbobooooogoboobbooooooon
gbugbdooboobobobuodgbuabobuodgbogbuoobuoobuooboon
goboobgbobooboboooooooooobobbobbobobooon
gobbbbbouoooobbbbbobodooooobbbbouooooboboboo
gboboboogobbobooon

0000000000000 000005 000000000 (Japan 55-year Re-
analysis : JRA-55)0000000000000000 (European Centre for Medium-
Range Weather Forecasts : ECMWF) ERA-Interim0 000000000000 (Na-
tional Centers for Environmental Prediction: NCEP)/0 00000000000 (Na-
tional Centers for Atmospheric Research: NCAR) D00 OO0 (O OONCEP/NCAR)
gbobodbboboogobbuooobbooobobooobbbooobboognbn

e JRA-55 (Kobayashi et al. 2015)

00000000 : 288 x 145 (1.25° x 1.25°)

00000 :0002m0O0 (anl_surf125)
200000000 (fcst_phy2m125)
0000000000000 0000O0DOO0o0ooDO (booo)

O 00 :1958/59 002011/120000 (DJF)
JRA-550 200000000 (fest_phy2m125) 0000030000000 (00-030

06-090 12-15018-21 UTC)O 306 00O OO OO (03-06009-120 15-18021-24 UTC)
gooboooon

e ERA-Interim (Dee et al. 2011)

00000000 : 288 x 145 (1.25° x 1.25°)

Oobood . .-goboobodg
00000000000 (TOA incident solar radiation)
0000000000 (Top net solar radiation)

O 00 :1979/80 0D 2011/12 0000 (DJF)



ERA-Interim OO0 0000000000 ODOCOCOOOOOODOOO 12000000
0 (00-12012-24 UTC) DO OO OOOOOERA-Interim 0000000000000
gobbobbbouogoogobobobbogoooobboobouooooooboon
goboboooobbboooobbboooobobbooooooon

e NCEP/NCAR (Kalnay et al. 1996)

00000000 : 192 x 94 (88.542° N-88.542° SO 0 ° E-358.12 ° E)

U 0ddd.gddddoooobbobboooogo
(Upward solar radiation flux (NTAT: Nominal top of atmosphere))
goooobbbobbooooooooou
(Downward solar radiation flux (NTAT))

0O 00 :1958/59 0 02011/12 0000 (DJF)

gbobbobbbuoooooobobbbbboooooobbbboooooaon
gobobodog

O000000000000D0oOOoC0OD (DO00oooooooo)ooooooooo
00000 (@CO)000o00o0o0000oooo0 (D0)obooooooooooo
gooo

3.2 JUOoon

000000000 (National Oceanic and Atmospheric Administration : NOAA)
0 Mauna Loa CO, monthly mean data 0 0000000000000 0OODODOOO
O03400mO00000 CO, 0000001980 3000000000000000
001958/59 0O 2011/120000 (DJF)ODO0O0O0OOOOOO



4 0O0OOO

4.1 EOFOO

EOr00000o0o0ob0ooooboobooobooboooobboooooooDo
gobbobbbouoggogobbobbbugoooobobbooooooobooon
000000000000 JRASS 000000 (DJF)ODOODODOOOOODOOOO

DoOOob0o0booboobuiD 000000000 N=mxnUO0OOO

xp = (24(1) 24(2) - 2, (N)) "

0000oooooot(t=1,2,---,7) 000000000000 XO

(1) xo(1) - wp(l)
X = (21 - 27) = 951@ 352.(2) xT'(Q)
1 (N) z3(N) -+ zp(N)

OO00O0b0obo0000 Xoboooooooob AODooogo

ZE1<].) ZEQ(].) [ET(l) 171(]_> 1’1(2> ZE1<N)

. 1 T 1 ZE1(2) 1'2(2) ZET(2) 172(]_) 172(2) IQ(N)
A= XX = |

z1(N) a2(N) zr(N) zr(1) 2r(2) zr(N)

7> wN)a(l) 1) w(N)ai(2) - 5> w(N)a(N)

t=1 t=1 t=1

oo0oo0o0obOobOobOooboobooobOoboboDoboUooUoobobooboooo 6
0000000000000 0D000000000 veosfOODOOODOODDOODO
OU000 AODO0ODOD0OO0ODOD0OO0D00O0n M, ,---, A y00000000

7



OO0D00000 vq,ve,---,vy 0O O0DAOODOODOOODOOOOOODOOODOO v
0000 |vy|=100000000C00000000000O0DODOOOCOOOO0
gboogugob bbbl xx0ggbogboogboobbobboobogo

x(1)
RECHE
Xy = : = s1(t)vy + so(t)va + - + sy(t)vn
z¢(N)

gboboboood wyoobobboooooobbbuoooobb vyObhoOooooo
00000 si(¢) (t=1,2,---,7) 0000 :00000000000000000 wv;
00000000000 |v; |0000000000O0OO0OOOOOOOOO0OO0
gbbbuoooobbbuooobbbuooobobbobooobbbooogn

00000000000 ADDODDOODOODOOOOO0O000000 V = (vyva---VN)
gboboogobooboooobo

A 0
VAV =
0 AN

00 vOoOOoOOoOooooo v@*=v'O0O0000O0o0ooooooag

gboboboogobobooon AE%XXTDDDDDD

A 0 A 0

lyTxxXTV = Ao A

0 — %(VTX)(VTX)T —



0000000 VX O

VTXZ(m Uy -+ UN> <$1 Ty - xT)
O000v;i'xs=vi-x =s;(t) 000
s1(1) s1(2) -+ s1(T)
VTX _ Slgl) SQ?Q) . 82<'T)
SN(l) SN(2) L SN(T)
gooooogo
s1(1)  s1(2) -+ s1(T) s1(1)  so(1) -+ sn(1)
R T T 1| 52(1) s2(2) -or so(T) s1(2)  s2(2) -+ sn(2)
FVRVTX) = | co o
SN(]_) SN(Q) SN(T) Sl(T) SQ(T) SN(T)
%Zsl(t)sl(t) %251(75)32(75) e %Zsl(t)SN(t)
_ 7Y s()si(t) ) sa(t)sa(t) - 5 sa(t)sn(t)
%ZSN(t)Sl(t) TZSN(t)Sz(t) e %ZSN(t)SN(t)

oboobooooobobobooobobooboboobobooobobn ;OO
OO000ooO0obO0obO0obO0ooboob0bD vyOEOF-1O00OO0ODOODOODODOD

00000 Ay, L, A, Ay 00000

9



Ai

x 100(0
MAX+ o+ N+ Ay ( )

OEOF-; 00000000

4.2 U0O00O0O0OOO0O0OObLOOOOoO

00000 COo,000000000000000000000000000000
00 COo,00000000000000000000CO, 00000000000
00000000CO,0000000000000000000000000000
000000000 20000000000000000000000000000
00000000000 000000000

00000 00000 yO0OOOOOOO Cor 00000 Reg0000000O
00200000000 2w 00000

X

Lscore = ;
1 2
\ N2 Ti

gbbobbbbooodbibbiuld yUlUUD ya 000000 Yanew D OO OO

Yanom = Y — Yclim

O000Zseore J Yo 000000000000 0OOOOO0OODOOOOOOODOO
000000 Corr O

2 (xi —T)(y — 9)
V(i — 2V (v — )

Corr =

0000000000 Corr O-101000000
U000 Reg O

> (yi — 7)? _ (i —2)(yi — 9)
> (zi—2)? > (v —7)?

Reg = Corr x

0000000 % 0000000000000Reg0 yOOOOODODO

10



4.3 U0O0O0O0O0OO0OO0OOODOOOOOOObOOOOnd

OOoboooobooooooboobog co,oonooonoonpoonco,bog
Ooboooooboo co,0boobooooboooboooobooooboogoo
gobobobbbooooooobbbobboooooboobbooooooooboobooon
gbogboobbooboobboobobooboobboobooboobbon
gbobobouoogon

11



5 0O

5.1 0O0O0OOO EOFDOU

00000 Nagato and Tanaka(2012) O NCEP/NCAROOOOOOOOOOOO
OO0 EOFOODOOODOEOF-100 AOOODODOOEOF-200 20000000000
D000 AAODOOOO0OODOOOOOODODOOOODOOO JRASYOOOOODDO
gooooog

O 500 7001958/59 002011/120 (DJF)ODDODO20000000000000O
EOFO000O0O0OO0OOOOOO 1000 (EOF-1)0D0 3000 (EOF-3) 000000
gjdddodddoduoououooobbuouoobouoboboboobobbbooboobobo

EOF-1(0 5)0 0000000000000 0000O0000O0ODO0O0O0O0O0O0O AODO
gobogobbobobbo24a70bboopoboobbooobbuoooboobog 20
ooooooooogbolrKObDOoOoooooo 900 obobobobgrod
019890 00000001990 0000000000 DO0O000AoOIlODOoOoOooO
O0O0000OOoOoAOlODOOO0OO200000000000000D000OO

EOF-2(0 )0 0000000000000 00O0O0O0ODO AADODDODOODOOOO
o000 1bs000000000000O00DLO0ODO0OO00O 02KO0000000000
guogoooboobbbbobooodad

EOF-3(0 7)0OU00ODOOO00D0OO0OOO0O0ODOOO0U0O0ooooooooogo
guoddouooooobbobbboooduoouu nsuuuouooooo
oboooboobo-0.13KOObOoooooo vyroboobooboooobo9moon
00000000000 200000000000000000O000

5.2 UU0UOObOoooooon

00000 Nagato and Tanaka(2012) DO O00O00 AOD AAODOOOOOOOO
oooooooooOoOOOOOOOODDODbOOOOO Cco,ooooooooonon
Oooco,0bobobooooboobooboooobooboobooboboooogoon
0000000000 (Tung and Zhou 2015)00000CO, 00000000000
gobbobbouoooogobbbbbuooooobboobbuoooooboon
gobbobbouggogobobbbodoooobboobbooooooooooon
oobodobood

12



5.2.1 0OU00OO0OOOOO0OO0OO0OOODOOOO0

1958/59 0O 2011/120 (DJF)O CO, D OO0 OOOO0DOOOODODOOOOOOOO
goboboooobbboooobobod

0800CO, 0000000 (0)ODOU0OODO0ODULOOODOODODOUOOOOOO
(0)ODODODODODODO0O0OO000000000000000000000000000
KOboobooboobuoobuooboobuooboobooboobooobooo
OO0000000000ooCcoO, D0boboboboboooouoAAODODOD
000000 EOF-2(0 6)0000000000000OO0ODOOO0OOOOOOOOO

5.2.2 O00O0O0OO0OOOODOODOODODO EOFOO

Oo00 11gbo0obo 200000 DJFO00O0ODOOODOOODO0OODOOO0O EOFO
OO0b0oobooooO EOF-10EOF30 0000000000000 0ODO0OOOOn
gobooo

0000000 EOF-1(0 9)0 0000000000000 0O00000000O
O0O000AO0ODOOOO0ODOOOOOODO 263000000000000000
760 x 102 KOOODOO0OOD0OODO0OO0D0OO0O0O0O0O01970000000000019700
g1 oougoolsouugooogdbbuooooooobobuooobn
0000000 EOF-1(0 5) 0000000000000 00D0O0ODO0O00oog

0000000 EOF-2(0 10)000000000000O0O0O00O00O0O0OO0O
gobobooooboboooobbbooobbbooooboboboksuugoon
Ooboogboog-ole KOOOOODOOOOOOEOF20 000000000000
gobbobbbouoooogobbobbbouoooobbobouooooooboboon
gobbobbouooogobbobbboooooobboobouooooooboboon
OO000b0o0ob00obOOob0obobobOOobOOobDOoECOr200000000D0O0O1970
00000-04K/1200000000000001970002000000 0.64 K/30 O
O00000000000020000000-036K/1200000000000000
O0o00000o0ooooo0U0oopooo0oU0U0oOoDooDOD (D 4900DDOO0DO
goo

0000000 EOF-3(0C 11)00000000000Oo0o0oooooooooo
gobbobbboogogobbobbtoooooobobobboooooobobbn 108
00000000000000 7.31 x 1072 KO OOOOEOF-30 ONagato and Tanaka
(2012)0 EOF2000000000000000O0O0OOODOOOO

13



OO0D0OD00ODO0ODO0ODO EOF20000000 AAQDODDOODOOOOCOOODOO
Eorofoooobooooooobobobooooonog

53 UUODbOOboboobuoobouobuobboobboboboon

Alexeev and Jackson (2012) O 2-Box Energy Balance Model D 000000000
Oo0oo000ooooooooooooOoooooooooooobDOoooooDoDo
Oooooooobooooobbooobooooooo AoIDOoooooooooooDn
O000000O000000O0000o0o0Ob0JRAODODODOOOODODOOOODOD
OO000O00AOIDODOO0O00O0O0ODOObODO0000O0DODbO0ODbD JRA-SOO0OOO
000000000000 ERA-InterimdNCEP/NCARO OO OOOOOOOOOO
Oo00O0O000oooooooboooOoooo

5.3.1 UU00OO0OOOOO0O0bbObOOoOoOobbbooon

1958/59 0 0 2011/2012 0 (DJF) DO OOODOOOOOOODOODODOOOOOOO
googobbooobooboooobbooobboobooboboboobon
1200000000bogobboobbooobo0 1B0b 1b0bo000bo0bo
gbogbobodgbooobuoobboobuoobbouoobbooobboobod
gbooooogn

0000000000000 0O0O0OO0OO0OODO (0 12)00000197000000
goooglgrobb2o00bbgdbobog2oeo0bbogobobooobnboooobogn
O00000000000000 (0 4900000000000DOOO0

O00000000o0o0o0o0ooooo0o0oooooooooooooogg (o 13
0)00o00oC0oDOoOoO0OO0OO0C0OO0OO0OO0O0O0OU0O0OD0OOoOOoDOOOOCOCOOOOOOO
gobobobbouogogoobbobbodoooobboobooooooobooon
gooo

0000000000000 00000000000DO0O00 (0 140)00000
gobbbbodoooobobbbbbdoooooobbbbouooooobbobon
0000000000000 0000D00O000 EOF200000000000 (O
10) 000000000000 o0gooo

0000000000000 000000O00000O00DO (0 10)000000d
gbobbobooboobgooboobobbobooboobooboobo

14



5.3.2 AOlI0O0O0O0OOOOOODOO

AOODDOO0OO0DOO0OO0DOOObOOO0U0DOOObDbOUObObOOOobDOOobDbOObODboOAOILd
goboboooobbbogobooobbobobboooobboboo

O 1e00AOI0D00DOO00DOOODOOODOOODOODO AOCIDOOOOOOOO
O0O0AOI 00O JRA-550 1958/59 00 2011/12 0 (DJF)D OO 200000000
OO0 EOF-10000000 (0 50)00000 OD00DO0ODOOOO0OO0OOOOO
gobobobbbouoogogobbbobboooooobbobbouoooobon
goobbobobbododdooooooooobobooobbbooooooooobooon
Ooooooooo0oOoooooooboboooooooooooboboAoOOOOoDOO
gbobbuooggobbbuoooobbbouoodooboo

5.3.3 UUO0bObObOooobobbbuoodbbboboooon

AOlO00OO000OO0O0DOOO0OOo0U0DOOoU0oOoOOOoOo0oUoDoobDboOooooo
gobbobbouggogobobbouoooobboobbooooooooboooon
obooboobobobboobodobbooobooboobbooboobboo
oboooboobooboboobbgssooboeroobno 300000 1200
O0000001958/59 002011/2012 0 (DJF)DOOO0OOO0OOOOOOOOOOOO
goobobbooobobbbbdoooooooooobooouooooooooboon
gbooodbg 1ivbuogbobuogobooobooobboobboo b 1800 20
gooboboboobbobotbododoooooooooboboobboboobooooooooboboobn
gbobboogobbboood

0000000000000000000000 (0D 1Mmoo0ooo1rooood
obogogiorob19odnoobogooooooboboooboobobgn2o1o
O0000000000000000 AOL (0 50)00000000000O0O0O0O0O

0000000000000 000000O0000O000ODO00O0O0O0ODn (O 18
0)00O0000000000000000000DO000Oo0oUooOooDooooon
AOl0O0D0OCOOO0OO00000ODDOOD (0 16)D00UUoooDOooOO

0000000000000 00ooooooooooooDoo (0 19o0)ooo
goboobbougooobobbobboooooobbobboooooooboon
O00000000000000AOO0OOOODOD (0D 20000000 OOODOO

0000000000000 000000000O00DO0O00 (0 200)00000
gobbbuodogogobbbobbouoooooobbbbooooooboboboo
gbooooo

15



5.3.4 UUO0OOOOOOOO

OO0O00OO0oO0bDJrRASODOOOODOODODDOOODOOOODOOODOODOOODOOO
JRAS 0000000000000 0ODODODO0O00000DDODODOUOUOERA-Interim
O NCEP/NCAROOOOOOOOOOODOOOOOOO0O0O0DO0DOoooooooo
0000000000000 OJRAODOOOOOOODOOOO

O 210 JRA-550 ERA-Interim0 NCEP/NCARO OO OOOOOOOOOOOO
OO0000bD0o0bO0o0ob0o0oboobog JRA-50000 ERA-Interimd0 00O
NCEP/NCAROOOOOOOOODOOOOOERA-InterimO 19800019930 0000
0001993 000000000000000000000 JRA-0000000000
00000000000000000000000000ONCEP/NCARDO 1985000
gbobooobbogbboobagboolssibo2oobggboogdgno2oo00dnn
O00000000000000O0O0ONCEP/NCAROODOO JRA-550 ERA-Interim
gboboboooobbboooobobod

0 2200A0I00000000C0C0000000000000O00O00O00 AOLO
00000000000 JRA-550 1958/59 00 2011/12 0 (DJF)ODDODO 200000
O000O0EOF-100000000 AOIODOO0OO0ODOODOOODODOO JRA-550
000 ERA-Interim0d 0 0 NCEP/NCARO OO OO OO ERA-Interim O JRA-550
OO0OO0OOOONCEP/NCAROOODOOOUOOOOOOOOODOOOJRA-550 ERA-
nterim 000000000000 O0ODOOOO0OOOOOODOO0ODOOOOODOOO
gbboboooobobbooobbbuoodobbbuooobbuooobbbooobn
O0OONCEP/NCAROUOODOOOOODODODOOODOO0OOODODOOOOOODOooog
O000OJRA-50 ERA-Interim 00000000000 DOODOOOOODOOODO
gbooooodgn

0 230 JRA-550 ERA-Interim0 NCEP/NCARO O OOOOODOOOODOOOOO
O0O000Doo0OooooboDOooO0oOoon JrRA-0000 ERA-InterimO 00O 0O
NCEP/NCAROOODODOODOOOOOODODOOERA-Interim0d JRA-550000000
00000000000 NCEP/NCAROODOOOO JRA-SOOOOOOOOOOO
OO0 JRASODODDOODOODOODOOODOODOO

0000000000 0DL00bO0D000D000OD0O0ObOO0bOObOOJRA-SO
ERA-Interim 00000000000 O0ONCEP/NCAROOODODOOODODDODOOOO
gbbobooggn

16



6 OO

6.1 U00OOOLOOOO0OO0OOO

O00000000oooo (Co,0oooooooooooooooono)ooo
0000 8000000000000 EOF2000 AADOODO (0D 6)0OOODOO
OooooboooooooooooooooboOooDbbO EoFO00O0DOOOOEOF-1
OO00000000EOF-1000AOODODOCOEOF2000000000 EOF-30
O000OO0000O00DOOo0bOoO0oDAAQ0OODOOUODOODOOOODOODOO
O00000000 EOF-10 AOODOD0OOO0OOO0OODOODODOOOEOF-20 AAD
Oo0odboobodbobobobooboobobobuobobOoOnd Nagato and Tanaka
(2012) 0000000000000 O0ODOO0OOO EOF3000000000000
0000000 EOF20000000DOOCO0O0O0OO0ODO0OODOOOODOOOODO
gbobbuoooobbbuoobobbooogbooboboood

0000000 AODDODOOODOOO (0 90)000001970000ooooood
vroogoooooboobogooobobobooboobooboobobooooon
O00O0000boO0bO000O0bO0o0o0D0bO0O0 EOF-1000000Db00Db0OD
OoOo0oooooo0oooooooOoOoooboboAoOODOOooDoObOOoOoOoooDo
000 (0 90)0000O0ODO0O00UooOobOODOOOoOoOoODODOOO0O Ao0OO
gobbobbouooogobbobbbouoooobboobouooooooboboon
0000000000000 0000o0o000oo0oooooooooD (0 100)
ooobgooo-ole KOODOOODOOobOOobooboooobobooooboooo
gbogboobboobooboboobobooboobboobooboobbon
00000000000000000000000O00000D00o0o0OO0 (0 100)
0019700 0000-04K/11000000001970002000000 0.64 K/30 00O
0000002000 00000-032K/1200000000000000000C000
00000000000000 (0 4000000000000 0ooooooooO
gbobobobooboobooboobobobobooboobdg

6.2 UUUbObOoooooobbuodoooobbd

0000000000000 000000D00 (0 12)019700000000000
o200 000000020000000000000000000000000
010000000000000000000240W/ m?200000000000
000000000000000002W/ m?00000000000000000

17



00000000000000000000000000000000000000
00000000000000000000 (0 14)000000000000000
0000000000000000000000 (0 6)00000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
000000000000000
0000000000000000000000000 (0 17)01970000000
0000197000199000000000199000000000000000002010
000000000000000000000AOI0000000000000000
00000000000000000000000000000 (0 19000000
AODODDOD (0 2)0000000000000000A0IOO0000O0O0COOO0
000000 (0 16)00000000000000000000000000000
0000000 (0 18)0000000000000000000000A0O0O0OO
00000000000000000000000000000
00000000000000000000000000000000000 (0
13)000000000000000000000000000000000000
0000000000000000000000000(0 18)0000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000AO0OOOOO0O0000000000000
00000000000000000000000000000000000000
00 (0)00000000 (0)0000000000000(0)000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
000
07000000000000AMODODOD0O000000O0 (Tung and Zhou 2015)
000000000000000000000000000000000 AMOOO
0000000000000000000 (Milesetal. 2014)00000000000
000000000000000000000000000 (Zhang et al. 2013) 0 O

18



gobbbboooooobbbobbuoooooobbobouooooobobobobb
0000000000000 0000000o0o0o0o0n0 (Morietal 2014) 00000
goboboboooggobobbbuoooooooboobouooooooboon
OO00000000DbO0bOobOobDOooooobooooooboooog AMO
gbobbobooobbobboboobooboobooboobo
gbobobbuoooggobbobbuodooooobobobooooooobbob
gboogboobdbobogbuooboobbobboobuooobobooogan
gbogobogbogbogboobobbooboobooobobooboobaon
gboogbboobodgbogbigbboobuooboobbooobooooon
O00000DOO0O000boObO0o0oobOobo0o0oDDObOoOoOOn Lee Cyclone
gobbbbbougogobbbbbouoooooobbobboooooooboo
gboudgbudgbudgbougbogbuoobooboobooboobboboobob
gbobboooobbobuoooobobbuoooobboooobbboooon

6.3 UOOOOOOLDOooOn

O00O0O0O0O0O0000000000000000000O00O00O0OJRA-550 ERA-
Interim 0 0000000000000 D0OQOCOO0OODOOOO (0 20)0A0I0O00O
000000000000 0000000000 (0 22)0000000oooooO
000000000000 (0 23)00000000000000000DO000C0OOO
NCEP/NCAROOUOOOOOOOOOOOUODOODOOOO0DOOODOODOOoODOOOoO
000000 (0 2)00000 1980000 20000000 NCEP/NCAROOOO
0000000000000 O0O00UUUOUOOONCEP/NCARODODODOO JRA-550
ERA-Interim 00000000000 ODOODOODOOOOOOOOOOOOOODOO
OO000D00OD0OJRA-SSODOODOODOODOOOOODOODODO

19



7 OO

gobbobbbuogoooobobobbboooogoboboobboooooon
gooboooon
CoO,0000DbOooopobooopobooobbooobbooobooobDboooDon
00000000000 0000ooOoOOECF20000000 AADODOOOOOO
gobbobbooggoobbobbuooooooobobooboooooooboon
gobbobbouogoogobobbbouooogobobooooooobooon
OO0 EOFOODODOODOEOF-10 AOODODOEOF20000000000O
O0AAO0OOO0ODOOOOOO0DOOOODOOO0OO0O0DO EOF-10 AOOOODO
OO0O000C0O0D0EOF20000000 AACOOOOOOOOODOOODOOOD
000000000 Nagato and Tanaka (2012) 00 0000000000000
OOooooooooobooobooboobobobobbo Aooboooobouoooo
OO000O0bo0O0bOo0o0obobO0oobOOooooooobooOobooOOoooOobobDAOD
OooOoOobooOooOobOOoOobOOoOooOobooAObOODODOOOODODbObOOD
gbobbbbbouooogbobbbbbuoooobobobbbuoooooobboo
gobbobbouoooogobbobbbouoooobboobouooooooboboon
oboobobooobobooobdoboboooboobobobo-01e KOODOODOO
gobobboooooooooobbbooooooobobboooooooobobooon
gbogoboobboobooboobbooboobbobbooboobbon
gbogbooz2e0o0b0bo0obooboobobobooboobooboboobon
gobbobbouoooogbbbobboooooobbobouoooooobobon
goboobboooogobbobobbooooooobboboooooooboon
gbooooogn
gooobobooooooobobobbboodoooobobboooooooobooboooD
gobbbbbuooogbobbbbbuooooobbobboooooobobooo
gobbbbouoooogbbobbboooooobbobouooooooboboon
gobbobbbouooooobbobbuoooooobobboooooonoboon
gobbobbbouoggogobbobbbooooobobobbooooooobooon
gobobobbboodooooboboboodooooboobobbooooooooboobooon
OoO0oOoOo0oOo00oDbDoOoboooooooboooAoIDobOoobobooboboooD
gobbobbbougooobbbbbuooooobbobouoooooobobon
00000000 Ao00O0OOOO0O0OU0OOOO00OU0DOObOOOObODOOOOOAOD
gobbobbbouogogooobbobboooooobobooboooooboon

20



Oo0O000O0O00b0OOo0o0ooDOo0oOoDbboOo AoIDOoobDoogooAoIDbooOonoo
gb20100bbugobbogboooogbbuoogbbooboobboogbn
OO0000oooobO0obO0b0oboboooUoboobooboobooooooogoo Aol
gboogbooobogboogbobobbobbobbobobuoobbobboon
OO000O000O00ooO0o0ooO0oooO0oobDOoobOo AODODODODOODOODOOD
OooAoOO0OO0DOOO0OO0ODOOOO0O0OODOODOOODODOOOOOODODbDDOD
00000 AODO0ODOU0ODOOO0ODOODOODOODOODOODOOODOOOD
gooogobobbobbbooooooooobbobbooooooooboboon
gobobboboboodbbooogoooogoboboobboooooooooboboooon
OoOoooooooo0oooooboooOoOooboboboooooooboAOOOOoOoDO
gobbbbbuooogobbbbbuoooobobbbouoooooobbon
gobbobbougooobbbobbouoooooobboobouoooooobobon
gobbobbouooogobbobboooooboboobboooooooobooon
gboobbudgooooobboobobbooooooboobbooooooooobooon
gobobobobbooooooobobobbbodoooobobboooooooobooboobo
gbobobouoogon

JRA-550 ERA-Interim0NCEP/NCARO O OO OO0O0O0OOOODOOOOOOOOO
O00O0OO0OONCEP/NCAROOOOOOOO JRA-550 ERA-Interim 0000000
gobbobbouogoogobobbbouooogoooboooooooboon
0000000000000 JRASOODDOODODDOODOODOODODOOO

gbobobobboooogobbbbtbodoooooobbobooooooobbob
gobbbbooogogobbbbbouoooooobbobouoooooobobon
gobbobboooooobbbobbbouooooboobbouoooooboon
gobobbuogoggoobobbbuooooooobobbouoooooboon
gobobobbbooogooobobbodooooboobbooooooooboobooon
goo

21



8 U@

gdodododoboooooooodoooobooooooooodooooooon
dododooooooodoodoboooboobooooooboooboooooon
oo uoobooouooooooboooogn

gooooooooooooooooooooonooooooooooooogod
0odoodoodoooooooooooooboooooonooooooooon
goooono

ddoooobooooooooooboooooooobboooooooooooa
oot oooooouoobogoooood
godoodoodonooonooboooooooonoonooooooooon
0odododoodoooooooooooooooooooooooooooon
0doddodoodooooooooooooobooooooooooooood
doodoooooooooboooooooboooooooooobooooa

00000000000 000000O00000DO00000oDoooDoooDoOg
godoodoodonoooooonoooboobooonooboooooonood
0odododoodoodoodonooooooodooooooooooooon
0dooooooooooooooooooooooooo

000000000000 0OOThe Generic Mapping Tools System (Wessel and Smith
1991) 000000ooooo

22



Ooon

Alexeev, V. A., and C. H. Jackson, 2012: Polar amplification: is atmospheric heat
transport important? Clim. Dyn., doi:10.1007/s00382-012-1601-z.

Dee D. P., S. M. Uppala, A. J. Simmons, P. Berrisford, P. Poli, S. Kobayashi, U. Andrae,
M. A. Balmaseda, G. Balsamo, P. Bauer, P. Bechtold, A. C. M. Belijaars, L. van
de Berg, J. Bidlot, N. Bormann, C. Delsol, R. Dragani, M. Fuentes, A. J. Geer,
L. Haimberger, S. B. Healy, H. Hersbach, E. V. H élm, L. Isaksen, P. K allberg,
M. K 6hler, M. Matricardi, A. P. McNally, B. M. Monge-Sanz, J. -J. Morcrette,
B. -K. Park, C. Peubey, P. de Rosnay, C. Tvolato, J. -N. Th épaut, and F. Vitart,
2011: The ERA-Interim reanalysis : Configuration and performance of the data
assimilation system. @.J. R. Meteorol.Soc. 137, 553-597.

Graversen, R. G., and M. Wang, 2009: Polar amplification in a coupled climate model
with locked albedo. Clim. Dyn., 33, 629-643.

IPCC, 2013: Summary for Policymakers. In: Climate Change 2013: The Physical
Science Basis. Contribution of Workung Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [Stocker, T. F., D. Qin, G.
-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and
P. M. Midgley(eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA.

Kalney, E., and Coauthers, 1996: The NCEP/NCAR 40-Year Reanalysis Project. Bull.
Amer. Meteor. Soc., 77, 473-471.

Kerr, R. A., 2000: A North Atlantic climate pacemaker for the centuries. Science, 288,
1984-1985.

Kobayashi, S., Y. Ota, Y. Harada, A. Ebita, M. Moriya, H. Onoda, K. Onogi, H.
Kamabori, C. Kobayashi, H. Endo, K. Miyaoka, and K. Takahashi, 2015: The
JRA-55 reanalysis: General soecifications and basic characteristics. J. Meteor.

Soc. Japan, 93, 5-48, doi: 10.2151/jmsj.2015-001.

Langen, P. L., and V. A. Alexeev, 2007: Polar amplification as a preferred response in

an idealized aquaplanet GCM. Clim. Dyn., 29, 305-317.

23



Manabe, S., and R. J. Stouffer, 1980: Sensitivity of a global climate model to an increase

of COy concentration in the atmosphere. J. Geophys. Res., 85, 5529-5554.

Manabe, S., and R. T. Wetherald, 1975: The effect doubling the CO5 concentration on

the climate of a general circulation model. J. Atmos. Sci., 32, 3-15.

Miles, M. W..D. V. Divine, T. Furevik, E. Jansen, M. Moros, and A. E. J. Ogilvie,
2014: A signal of persistent Atlantic multidecadal variability in Arctic sea ice.

Geophys. Res. Lett., 41, 463-469.

Mori, M., M. Watanabe, H. Shiogama, J. Inoue, and M. Kimoto, 2014: Robust Arctic
sea-ice influence on the frequent Eurasian cold winters in past decades. Nature

Geosciece, doi: 10.1038 /ngeo2277.

Nagato, Y., and H. L. Tanaka, 2012: Global warming trend without the contributions
from decadal variability of the Arctic Oscillation. Polar Sci, 6, 15-22.

Ohashi, M., and H. L. Tanaka, 2010: Data analysis of recent warming pattern in the
Arctic. SOLA, 6A, 1-4.

ooob,b000,2009: 00000000000 OO0O0bOObOOoO0bOO0bobO. oo,
56, 743-753.

Screen, J. A., and I. Simmonds, 2010: The central role of diminishing sea ice in recent

Arctic temperature amplification. Nature, 464 1334-1337.

Serreze, M. C., and J. A. Francis, 2006: The Arctic amplification debate. Clim. Change,
76, 241-264.

Tanaka L. H., and M. Tamura, 2015: Relationship between the Arctic Oscillation and

surface air temperature in multi-decadal time-scale.(Submitted to Polar Science)

Thompson, D. W. J., and J. M. Wallace, 1998: The Arctic Oscillation signature in the
wintertime geopotential height and temperature fields. Geophys. Res. Lett., 25,
1297-1300.

Tung, K. K., and J. Zhou, 2015: Evidence for a recurrent multi-decadal oscillation in
global temperature and possible impacts on 21th century climate projections.

Climate Change: Multidecadal and Beyond: pp. 183-201.

24



obod, 2014: Jooooooboobboobbooboooboobbuoobobo
OoOO0.000b00b boobo0buoo oobooo. 40 pp.

Wallace, J. M., and D. W. J. Thompson, 2002: Annular modes and climate prediction.
Phys. Today, 55, 28-33.

Wessel, P. and W. H. F. Smith, 1991: Free software helps map and display data. FOS
Trans. AGU., 72, 441.

Yoshimori, M., A. Abe-Ouchi, M. Watanabe, A. Oka, and T. Ogura, 2014: Robust

seasonality of Arctic warming proccesses in two different versions of MIROC

GCM. J. Clim., 27, 6358-6375.

0000,0000,0000,0000,00000,0000,0000,0000,0
00,0000,0000,0000,0000,0000,0000,2012: 00
00 Part : 0000000000000 OO0O00O0. OO, 59, 5-22.

Zhang, J., R. Lindsay, A. Schweiger, and M. Steele, 2013: The impact of an intense sum-
mer cyclone on 2012 Arctic sea-ice retreat. Geophys. Res. Lett., doi:10.1002/grl.50190.

25



0 1:00000SLPO0OOO0ODO (Wallace and Thompson (2002) 00 00)

02 00000000000000000 (Wallace and Thompson (2002) D000 )

26



~1 §t
1 2
) BE "~ ﬁ
B8 ~
«m \\-
Box 1 <<
ki N
T2 S~
Box 2
Ek
Eq 30°N °
B 0N

0 3: Langen and Alexeev (2007) 0 0 0 0O O 2-Box Energy Balance Model 0 0 O 0O O
T,07T, 00000 Boxl 0 Box2000000S; 0S, 00000 Boxl O Box2 [
O00000000000OO0OLR; O OLR,OO00O0ODO Boxl1 O Box2O0OOOOODO
0000000« 0000000000000000(00O (20014)0000)

27



N. H. Mean Temperature with Linear Trend
Two Box Enelgy Balance Model

287

K)

~— 286 A B

Mean Temperature

283

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

0 4: 2-Box Energy Balance Model(Langen and Alexeev 2007) 0000000000

O00000000000000 (Tanaka and Tamura 2015) 0000 CO, 00000

OO0b0o0ooooo co, 00boobooooboooobooooboobooooon
gbbobooaobood

28



JRA-55 SAT EOF -1
1958/59 — 2011/12 (DJF)

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

0 5: JRA-550 1958/590 02011/120 00 (DJF)OD OO 2000000000000

0000000000000 (0)ooooo

)

0

(

OEOF-1000000000D00O0
gbobobooogboboboooobon

29



JRA-55 SAT EOF-2
1958/59 — 2011/12 (DJF)

-l ‘ | T (K]
_3 -2 —1 0 1 2 3
Time series (15.5%)
33
2 - 2
1 -
0 - 0
~1 - -1
-2 - —2
-3 -3

O6: 050000000 EOF20000000

30



JRA-55 SAT EOF-3
1958/59 — 2011/12 (DJF)

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

O 7050000000 EOF-30000000

31



SAT regressed with CO2
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Planetary Albedo Anomaly
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Correlation map for Albedo and Albedo
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Correlation map for SAT and Albedo
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Correlation map for Snow and Albedo
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Correlation map for Albedo and AOI
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Planetary Albedo Anomaly
Siberia Average
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Correlation map for Albedo and Albedo
Siberia (55 N — 67N, 30E - 120E)
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Correlation map for SAT and Albedo
Siberia (55 N — 67N, 30E - 120E)
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Correlation map for Snow and Albedo
Siberia (55 N — 67N, 30E - 120E)
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Correlation map for Albedo and AOI
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Planetary Albedo Anomaly
Siberia Average
1958/59-2011/12 (DJF)
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