# ¥k 1k % 53, 133-148 (2019)
Chikyukagaku (Geochemistry) 53, 133-148 (2019)
doi:10.14934/chikyukagaku.53.133

JetIsE A, ARNGENC X 2 MEREB Lo RE T
AWIZZALLTBY, ) =T Y FKEB X O

EH

LR D7 A A7 [CKDLRIBHAR | BRESEBORE

PN S
(20194F 1 H 15 H3A+, 20194E5 H 14 H 1)

Studies on the past environment using Arctic ice cores:
History and future prospects

Kumiko Goro-Azuma®® *

! National Institute of Polar Research

10-3 Midori-cho, Tachikawa, Tokyo 190-8518, Japan
* The Graduate University for Advanced Studies, SOKENDAI
* E-mail: kumiko@nipr.ac.jp

Due to global warming, the Arctic has been changing drastically and rapidly. The changes
in the Arctic cryosphere affect not only the Arctic climate and environment but also the global
climate system. There is an urgent need to improve the projections of future Arctic climate and
environment, including mass loss of the Greenland ice sheet, which affects the global sea level,
ocean circulation and global climate. To achieve these goals, we need to advance ice sheet and
climate modeling. Long-term records of the past Arctic warmings and their impacts, and the
understanding of the mechanisms are necessary. Arctic ice cores have been providing us with
valuable information on different time-scales from decadal to orbital time-scales. For example,
deep ice cores from Greenland have revealed abrupt warming events in the glacial and degla-
cial periods and their links to global environmental changes. Multiple ice cores from the Arctic
have been used to reconstruct the elevations of the past Greenland ice sheet. Shallow ice cores
from circum-Arctic ice caps and Greenland have shown anthropogenic increases of acids, toxic
metals etc. after the industrial revolution. This paper briefly reviews the history of ice core
studies in the Arctic and discusses future prospects.
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Fig.1 Schematic diagram of ice flow in an ice sheet or
an ice cap. Arrows represent ice flow directions.
“A” is a site without horizontal flow, which is the
best ice coring site to reconstruct the past climate
and environment. “B” is a site with horizontal

flow.
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(Color online) Ice coring sites on the Greenland ice sheet cited in the text (left) and the §"°0 (a

proxy for air temperature) record from NGRIP core (right) (Steffensen et al., 2008). YD repre-

sents Younger Dryas. During the last glacial
were first recognized in GRIP core and have b

period, temperature oscillation called DO events
een seen in all the deep ice cores from Greenland

(see text). Here we show NGRIP 6°0 record instead of GRIP 60 record, because unlike GRIP

core, NGRIP core does not show any disturban
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YT v FOXKEHH 71 Y = 7 MIEEEFEMEE L
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(Program for Arctic Regional Climate Assessment)
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b A7 B 38 25 HOE AFE D R STT G B 0 28 Bl S O AT
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% i L 72 (Ficsher et al., 1998a, 1998b; Fischer,
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" 2. Summit (GRIP&GISP2)
3.B21

4. Agassiz Ice Cap

5. Penny Ice Cap

6. Svalbard

7. Franz Josef Land

8. Severnaya Semlya

9. Mt. Logan

Fig. 3 Ice coring sites in the Arctic cited in this paper.

For Greenland, only the sites shown in Fig. 7 are
displayed.
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Paleoclimate Program) & W9 EEE7 oY =7 b2s
VB EAY, 1990 4R H D 5 2000 £ EEIZ AT
THEDIAIED S F SF LBFITT A A3 7 #Hl %
WHIZATH) 2 & &7 o572 (Fisher et al., 1998; Yal-
cin and Wake, 2001; Wake et al., 2002; Isaksson et
al., 2003; Yalcin et al., 2003; Isaksson et al., 2005a,
2005 b; Yalcin et al., 2006; Winski et al., 2017), H
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W& L7 (Goto-Azuma et al., 1995; Wata-
nabe et al., 2001; Matoba et al., 2002), 72, 75
AR TEHAARDPLE o TTA AT ZFEML
72 (Yasunari et al., 2007; Tsushima et al., 2015;
Sasaki et al., 2016), / IV7 = —I3Iit, AL A%
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(Osmont et al., 2018)c LA L, A=) 33 EM
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O R#GBRI) 12, 79— v FTRIRBE Lo &
mTY A= FUTA (UIRYD &ig) &IFiEhs
—IEM 2 w23 H - 72 2 L db Ao 72 (Fig. 204
15 CTPHA 72, Alley, 2000; Dansgaard, 2005) %,
DYE 32745, YD#THIZ, DF250ETTCDH
KRS BEF L7z & 8 7z (Dansgaard et al.,
1989)c CTOEGMIZZY) — T v FTREIS /T
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G DIEERDS—BERNAZ I L 222085 F 72 & & HY9Eey
Lzt %2 5nTwb (Rahmstorf, 1996; Ga-
nopolski and Rahmstorf, 2001), YD IZ2W T, kK
WO TIHE) B LT, JRKEEZE > TWwioa—
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FEENDORKMADIFERNTH S LT LU DB ANT
% (Kennett and Shackleton, 1975; Broecker et al.,
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2000) XD T A AT REHEL RS GHE21TH
ZENTED LI B2, 7V —VF YV FOT
ARa7%, BIEL WD HORUE THll > THHEH
B R AR BT C R RE IR R RE AT 975 C L ASITREIC % o
720 NGRIP I 7 % fEH AT 7 v w55 IRE R 437 16 C e 43
Mil7ze 25, YD IO MG HIET — 5 55,
FCH BN R FEENH S D% o 72 (Steffensen et
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fRICEHT % L, NGRIPHT ORI 14,700 4F Hi 6
W EFL72%, 11,700 4F BT BT L7225, 12,900
ERTE, WO RS L7z 14,700 4EH1E & 11,700 41
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L O WK 1~34F &\ ) W T 2~4 B K
TL7ze 208, 7V =5 Y FORRD, OO
BBALOBICIZ DT 2 34T, HOMBRILDOBRICIZS50
~604ET10CH LA L7ze ThiZLAMLABELH
1Z, NGRIP I 7 /M A B HiETFED LTw
LhrolzbDTHhb,

NGRIP I 72 B TRBEL DB R S N7z 8y &
A PETROWDIZ T ) — T v FICRET 280 45
A DDOFAERTH ST VT OEIREL L 72720 T

AFET

bhHEEZERON, BKOREIRIRE 7 2 RO KD
T IEAKRZELR DRI & % 2 A6 RE) L 727290 T
HrLEZOND, INSOELZ, BTG (In-
ter Tropical Convergence Zone, M L CITCZ) #%4t
WZRE) L CTACPERO RGIEBRAEAL L 72 2 EDSRINT
HHLEEZOLNTVED, TOX)ITAHELR - B
AN U A D = XL DFEIATH 5,

3.2 JU—USYRERIROTUREEDY VD

F) =Y I Y FKIRIT2RHDOA XY FAFHRE
N7, RVEHEOWKET 7T RO RMBELET) A,
MaEn, DOA XY MIALRTEEORBELT A X b
LTIl e NnD X HIiZ% o7 (Bondet al.,
1997)0 BT, JLRWFEZT TR, HEOTFESH
REOWK T 2D, HRAZHTDOA XY R LY
Y7 LI2SEME - RRAEEPEL Tl e bbhot
(%M, 1998; Wang et al., 2001; Zhao et al., 2003;
Nagashima et al., 2007). R DKK I 7 TDH 7
V=Y F Y FTHELZ25MODOA XY FOFTX
TITHIES B IEILA X2 252200, AIM (Ant-
arctic Isotope Maximum) & ZffiF 57z (EPICA
community members, 2007), DO 4 N> k& AIM (&
WEEERZ BT [N K—TF— - =V —] LT
Ny —y—BRIZLoTI v LTwiztEzonh
Tw5 (Broecker,1991; Broecker,1998; Stocker and
Johnsen, 2003), b KVEFEREKDOIEERMEIRT 5
PESE S &, LRV A 5 OB AME - £ 721355
52 THEELL, BMAFERIEA~OBDTN AL
03 E L L TEB LN L 25 72O
%o MEFEDOBIEEER % 8 U 7-m b o ik 1L, mERE
EEI)RELGBOIFBRIE NS 5720, 7V —rF
Y EDESGIET D54 I 7 XD D EMASRIEL T %
¥4 3 70d, 1000~15004FE L 2B EE R LNz
(Stocker and Johnsen, 2003). %7z, dL KW I
3T DRMELEBO Y 7TV I ET 5 TICY
FFIVOREIINS %Y, ZHOFEELD LD &
L72bDIlh b, 7)) =5 FODOA XY MI
NRTHMBOAIM A X ¥ b TR B OIRNE & 3 LA
INERoTzDIE, FDDEEEZOLND,

HARO BB SO B — 2 5 UL L T i
BlL72742a7I12d, AIMP LI hTwie
(Dome Fuji Ice Core Project members, 2017)
(Fig. 4)o $EM) % A T+ OBET E I AIM ORI A
L, ZEFINCEML Twizas, SHUImmIcHRET %
ST A N OISR T & % B K ORI O BB 2L
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Fig. 4 (Color online) §'°0 and dust flux records at

Dome Fuji, Antarctica (Dome Fuji Ice Core Proj-
ect members, 2017). Dots at the bottom repre-
sent peak positions of warming events.
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Fig. 5 Temperature and surface elevation changes dur-
ing the Eemian interglacial reconstructed at
NEEM, Greenland (NEEM community members,
2013).
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Fig. 6 Greenland snow surface temperatures recon-
structed from the GISP2 core for the past 1000
years (Kobashi et al., 2011). The line and band
represent the reconstructed Greenland tempera-
ture and 1o error, respectively.
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Fig. 7 Ice-core sulfate records from the Arctic and SO, emission records from the industrialized re-
gions (Goto-Azuma and Koerner, 2001). The continuous curves are the Eurasian emission rates
in the Agassiz Ice Cap and Svalbard diagrams and the North American emission rates in the
other four diagrams. The dashed curves are the total (Eurasian plus North American) emission
rates. The emission rate scales on the right-hand side of each diagram are scaled vertically to
allow comparison with the concentration records. Where there are two such scales, the right-
hand one refers to the total emission rate, and the left-hand one refers to the North American
emission rate. Peaks marked with Vs and Ms are associated with volcanic eruptions and melt
layers, respectively. The Penny Ice Cap record is not marked with Ms because there is too much
melt to identify peaks solely due to melt concentration of the ions. Apart from the distinct peak
in 1941, the same is true of the Svalbard record. Volcanic peaks in the B21 record have been re-
moved from the raw data set (Fischer et al., 1998a).
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Fig. 8 Annual mean concentrations of black carbon re-

constructed from a Greenland ice core (McCon-
nell et al., 2007).
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