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North-south Shift of Oceanic Fronts in the Southern Ocean: Linkage between
Migration of Sea Ice Coverage, Antarctic Polar Front, Antarctic Circumpolar
Current, and Global Climate Change from the Present to Late Quaternary

Minoru IKEHARA*

Abstract

The Southern Ocean plays an important role in the global climate system both at present
and in the geologic past. To resolve the causes and processes of atmospheric CO; change, it is
important to understand the mechanisms and processes of sub-systems in the Antarctic Cryo-
sphere such as change of biological productivity, sea-surface temperature, surface water frontal
system, sea ice distribution, and the Antarctic Ice Sheet during the glacial-interglacial climate
cycle. A large number of float observations made recently suggest that mid-depth Southern
Ocean temperatures rose 0.17C between the 1950s and 1980s. The Southern Ocean is warming
faster than the global oceans, and this is concentrated within the Antarctic Circumpolar Current
(ACC). Warming is consistent with a poleward shift of the ACC, probably driven by long-term
poleward shifts in the winds of the region, as represented by the southern annular mode. Chang-
es to the extent of Antarctic sea ice are difficult to quantify for the pre-satellite observation era.
However, a substantially larger set of proxy records based on whaling positions indicates that a
larger southward shift of the summer sea ice edge occurred between the mid-1950s and early
1970s. In the glacial to interglacial cycle, ice-rafted debris (IRD) is an important proxy for re-
constructing past iceberg discharges and sea ice expansions. However, it is necessary to specify
the origin of IRD in the Southern Ocean, because IRD deposition on the pelagic seafloor is con-
trolled not only by the dynamics of the Antarctic ice sheet but also by surface water conditions
such as sea-surface temperature and oceanic front migrations. For example, several layers rich
in volcanic tephra were deposited in the eastern Atlantic sector of the Southern Ocean. Deposi-
tion of the tephra-rich IRD layers was controlled by changes in sea-surface temperature and sea
ice conditions in the Polar Frontal Zone of the South Atlantic, rather than Antarctic ice sheet
dynamics. Thus, IRD deposition is a signal of the expansion of sea ice in the South Atlantic.
According to IRD records, it seems that sea ice expansion events occurred suddenly in the Atlan-
tic sector of the Southern Ocean during the last glacial period.

Key words: Southern Ocean, sea ice, Antarctic polar front, global climate change, Antarctic
Circumpolar Current

F—T— N WA, K, PRHET, SPLED, R T

*ORARAE N T T RAIE R v 8 —
* Center for Advanced Marine Core Research, Kochi University, Nankoku, 783-8502, Japan

— 518 —



I 30U ®IC

MK (Southern Ocean) %, g HE A FE D JH
P2 FLLARICE DS X9 ICHEET 2 F ko
AR SO TH Y, KFEE, K,
4 FEOENZThORETEZ D% CIHGliER T
Hbo MAER, RBEZATAIBOTEEREK
#HERLZL TR LEEZLN TV, LT,
Martin & 7% 1990 412 [#kIKF] (Martin, 1990)
EPRELU TR, sl - o ua 7 4L (high-
nutrient, low-chlorophyll: HNLC) & o —2 &
LCHEH &SN, MAEICBUT LEWER Y 7o)
RFROEALE I T BTN T &7 (Flx
1, Ikehara et al., 2000), HNLC {31, #K/E
RAEBICRBENEREICHFAEL TV 0Db
5¥, W75 v 7 by O—RAEERDHIR S
TWRHHRDOZ L ThH Y, fFKM7% HNLC i
LT, MAREDIE IS, FEBRERFEE, I
KPP IR H T b b, 21 b HNLC
W T, WKICEFEL TV AP AE LTV
T2 KA FEPHH SN TV B EEZ ST
%o Martin 25508 L 72 80RBLCIE, MR ERE
?® HNLC #38Tid, KB & RAFEH O
FAMELTEROBFMEMEIND E, —
WA FEDSIE R L TRED B EEND Z ALk F
INAMEHE S LT W 72 AR S 7z,

AN 100 ppm X F L7z KA D CO, A3 E
o)L TFEEIhTwWzor, Ez,
ENOHNREDLHICLTRAICHEINTE
D, TDORAHZALFIEEIEHS 2R
TRV, LALEDS, 3OOKFEICHETLE
RGIEGHETHLHEREN ORI HE
BoTWBEEZBMAEHIIL L, MREIIBIT
53FEFRTULRICEH LKA CO, B
TR I N TW5, B2, EYERV T
(biological pump) 12 & 2 %EE~DIH (Broeck-
er, 1982; Martin, 1990), 7V 7 ) & >~ 7 (Boyle,
1988; Broecker and Peng, 1989), 7 1 Miilw
H (silicic acid leakage) 1Kt (Matsumoto and
Sarmiento, 2008), Fi A TOWEILDIMHIGIT X
% RKEAND CO. it (#1121, Haug and Sigman,

westerlies

Antarctic
ice sheet

iceberg  seaice

stratification

WSI

upwelling
Antarctica

biological
pump

Xl 1 #§H& %€ P (Antarctic Cryosphere) @ HE & [X.
A JE W B L R OK R, oK, oK, P Bk
Ve R, AWM 7 g v b, wEmE R,
M RE K, MABTE KR E» SR I NS,
WST: 4 = if Kk #%, PF: B A6 5 #t, ACC: 7 ¥
T, AABW: 7 A )i g K.

Fig. 1 A conceptual illustration of Antarctic Cryosphere.
The Antarctic Cryosphere includes Antarctic ice
sheet, icebergs, sea ice, Southern Hemisphere
westerlies, surface oceanic fronts, Antarctic
Circumpolar Current (ACC), Antarctic Bottom
Water (AABW), and Antarctic Intermediate
Water (AAIW). WSI: winter sea ice limit, PF:
Polar front.
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Fig. 2 Location map showing oceanic fronts and sea ice distribution in the modern Southern Ocean. Locations of oceanic
fronts according to Belkin and Gordon (1996). Sea ice distribution is from data of Comiso (2003). Subtropical
Front: STF, Subantarctic Front: SAF, Antarctic Polar Front: APF, Winter Sea Ice limit: WSI, Summer Sea Ice

limit: SSI.
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Fig. 3 Variations of annual mean values of sea ice cove-
rage in the Arctic Ocean and Antarctic Ocean
from 1979 to 2010 (Japan Meteorological Agency,
2011). Solid lines show time-series variations of
the annual mean value of sea ice coverage, and
dotted lines show the long-term trends of those
values.
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Fig. 4 Warming of the Southern Ocean during the second half of the 20th century. (a) Temperature trends computed
from differences between mid-depth float observations (ALACE) in the 1990s and a hydrographical data set for
the 1930s (Gille, 2002). (b) Profiles of summer (November through March) temperature differences between
1990s temperature profiles and hydrographic data sorted by decade (Gille, 2008) . Differences are computed as
1990s reference temperatures minus historic temperature profiles sorted by decade.
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Fig. 5 Time series of total Antarctic sea ice area anomaly ( X 10° km?) for three scenarios during the 21st century
(Liu and Curry, 2010). Each scenario is representing by low (B1), medium (A1B), and high (A2) increases of

greenhouse gas emissions.
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Fig. 6 Longitudinal distribution of sea ice extent in the Southern Ocean (Ackley et al., 2003) . Data by Mackintosh (1972)
compiled from direct sea ice observations in the 1920s and 1930s. Mean, maximum, and minimum sea ice extents
are shown by satellite passive microwave data for January (1979-1998).
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Fig. 7 Sea ice edge latitude in the Southern Ocean
from the 1930s to 1980s (de la Mare, 2009). The
estimates are from a liner model fitted to whale-
catch records, and are standardized to the first
10-day period of January and the longitudinal
sector 20-30° E.

DK 10 M) T, 1HFEHOH b TEAKIHE
5 WY 1940-50 AEALIREIZBH & 212384 L
Twb (Murphy et al., 1995)c SO LI By
TV BT B SR LA & T hE S Mk
OB K B M oM R L OB R,
20 HACER P ICBHE S 7 o T X 72 iEBE L &
BLTWBIREENEL, ZO0—20HZL LT
M REDWIKFEOE FAMLED T SN Dhd L
N, L2LARDVS, Michxze80, #
AT — 712 X %7 30 45 [ O REE DK
R T MEEEm 2R L TB Y (K3), Bk
P9 KIEBRDZALIC & o TR T Ok A &
LRUREONT V ADHINT & TV B A
WEINTW5E, JBEEE) &K OIRS F NI —
MR CIZIR T E 2 WBIMEZ 7O A5 LT
Wb X972, G%b, BUEETHOBRETHS

FIE LB TEECBRL T — 2 2FR LT
W S ED, KAL) L KA O BIAR % R & B
MT72DIIILERTKTH 5,

2) EfRARE (IRD) Ik 3XKW - #@BKkIHFD

B FELEESR

WROWEIC B WK ATEHE LT 5 72
DOFELLTUE, (1) Fay TR =y
)8 (ice-rafted debris: IRD), (2) 74 A7V
V=BT NL, TAATIV Y =%l
HEEAHCIZWRSAEFHICHLTIX FA
(2012) HRFHELLIMHLTCWD, LT, AT
FFE Yy 72— BXOIRD ICEEZKD,
ZTORFMEMEHE T L DD,

Fay 72 b—=2id, £EE % 5EEEHERY
HrLETLEEXIET. PRy TA M-V DOKE
RICIEWIRE R BRI % VDS, BB RRIETHERE
WHREZR L D S RE L (HE4mm D) %
BT e, bARAIZ, —a—IF—2r Dk
NGNS —=212H D ETHARERTA (EEE
4 X) &, 2OTIRKECHFELIzE—-L ¥
A FKEDTEALZDDTH Y, #WEOKKEDIEH
ERT—BITHE, COLHI R Fay FA b=
X, A —K—NT7—AEHOFEHRE LTHHW
S5NTwhb, —7, IRD ZWIRCIXBIB Iz
FTHZELIETELRVL DD T %2 EOw N
HEREW SRR & B B O MUK 2 W fB R 0
ZEEBYT, —HKWIZIE, IRD ®¥ 4 XiF 150
pm PLEOWEEF 2T 2 L% WAT63 um
DbEoH A X2 M) WEHED VDL, ZDXHI
IRD Z#Wf%ed A BRI, TN 5 DEHRICIEET
LWBENH D, RIICHRKEDOHKI T 2 W
72 IRD WFZEIC B\ THIH & 7z Mg -f- o ki %
R L7z BlZIE, MREICBIT S 1970 SER D
IRD #F %2 Ci% IRD D /M % 62 um & LT
w2 (il 21F, Blank and Margolis, 1975; Keany
et al., 1976), Z O, MR HE%E ZIF THE
L7-BEFEWEOGAE®mE R/NRICT 5720 TH
%o DL, HEDL L OIETIE, IRD % 150
pum ML EORBR T L EFZLTVWE DL N
(F1)o THIFEUC & 2 EWOFEL BRIT 5
ThbHEREZINTWS (Carter et al., 2002;
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Table 1 Grain size of clastic sediments and its unit used as ice-rafted debris (IRD) in the Southern

Ocean.
IRD size Unit Area (sector) Sources
62 ~ 250 um mg/em*/kyr Indian Watkins et al., 1974
> 62 um grains/cm?kyr Australian Blank and Margolis, 1975
62 ~ 250 um mg/cm*/kyr Indian Keany et al., 1976
> 62.5 um mg/g, mg/cm*/kyr Atlantic Bornhold, 1983
250 fm ~ 2 mm mg/g, mg/cm¥/kyr Atlantic Allen and Warnke, 1991
250 fm ~ 2 mm mg/g, mg/cm¥/kyr Atlantic Warnke and Allen, 1991
250 fm ~ 2 mm mg/g Atlantic Warnke et al., 1996
> 500 um weight % Antarctic Peninsula Pudsey, 2000
150 #m ~ 2 mm mg/g Atlantic Murphy et al., 2002
> 150 um mg/g Pacific Carter et al., 2002
150 4m ~ 2 mm grains/g Atlantic Kanfoush et al., 2000
1504m ~ 2mm  grains/g, mg/g, mg/cm?¥kyr Atlantic Kanfoush et al., 2002
> 2mm grains/cm® Atlantic Kunz-Pirrung et al., 2002
> 150 um weight % Atlantic Nielsen et al., 2007
> 1mm count/cm? Atlantic Nomi et al., 2007
> 150 um count/cm¥kyr Atlantic Nomi et al., 2007
250 fm ~ 2 mm grains/g, mg/g, AMAR* Atlantic Teitler et al., 2010

* AMAR = MAR X IRD ratio. MAR is total mass accumulation rate of all sediments, and IRD ratio is

the ratio of the count of IRD to the count of all grains.

Nielsen et al., 2007) o
IRy 7A M—=YRIRD I, KEEXK
IRASGREY S 5 B R Pe 2 Wl 0 & - 727 E %
KOLENMZEYRKR, TNHORIBWEEH LT
FEMOKkZERCTOKILE LTHANTKEN TS, L
T, KILATRF TKIZ & D A F T 7 A8 A%
BEANEEL72bDTH S, Lo T, iR
YW To IRD O% L, ZORGIZ IRD A3HERE
L 74 5 F TREEIKIRHIROIKILAF]E L Tz
ZERRTTUF I —THLE VD, L%
M5, T 7 O IRD & OB R AN 3 K FEK R
DPLKRMN 2R L TVDEHE D IEHET O S HbAT
»bo. BlzIE, Sakamoto et al. (2006) TlE, +
A=Y 7RO T 4 XV b Ty TIREORE
JEMTRE R b LT, AZFITHINT 5 MR T X
AR — 7 HEACERK B CHER AT K S L5 BE1C
RRERMROWVER T2 Wk L D At 70 A
BTV D LRz 2F 0, O KEL
WORIRRIHE R A L 2\t v — v 7 iRt
WHAMRTIE, IRDIZWKOTEF T —ThbE

W2 % (Ikehara, 2003; Sakamoto et al., 2006) .
—7, MRERILKEFETIE, —#BIZIRD
OHIRIIKINDOFHA XY MRy TaFy—&
LTHDLRTETWS, & ICIRPEHEICBITS
W2 7 o IRD Bi2E 5, u—L v % 4 FKE
DA XY N THDHNA V) v A4 XY A
mah, BRI B 2 BRI ORI RS
LT =NV R SR E) & O B E AN AR S
nTwa (Fl21F, Hemming, 2004), 72721,
KFEZBWTIE, HLHEOWEITH LA
FEeJio IRD 233452813, HLFEFT M
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TR L] S 2RTIEICHEBRIRETH S,
EBIZ, MAREFEOLRBHEEYHIZHEIT S IRD &
HlE, BHAELEETEVDLITTIERL, B
60° X 0 ALK TL W EM % 7R3 (Anderson,
1999), Z® LT, IRD O % BT 244
KD EH AL OO D .o (" 8). @
FBOKR R ORI E ORI, 2 F 0, FEK
KIROFE R Z IR T . QEBIKIRZ DD ODILK
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Fig. 8 Three views for interpreting the phenomenon
whereby IRD increased at the site in the South-
ern Ocean. WSI, Winter Sea Ice limit.
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Fig. 9 Sea ice expansion in the Atlantic sector of the Southern Ocean during the last glaciation. (a) Comparison of
total lithic peaks in cores TTN057-21 (41°S) (red) and TTN057-13/ODP Site 1094 (53°S) (blue) (Kanfoush
et al., 2000). (b) Magnetic susceptibility, (¢c) IRD (>150um), and (d) oxygen isotope records in planktonic
foraminifera N. pachyderma of core TN057-14PC4 (Nielsen et al., 2007). X: *C dates (calendar age) of
planktonic foraminifera, A-H: IRD event. Prominent glacial IRD events are assigned the labels SAO through SA5
below figure (b).

WEET 525, 7 v TOVIEEEO IRD Gt bNize TOIRDAXRY ML, 587137
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10 MRFEICBITZ2KLOBEH V- F 02X (Anderson, 1999 % L Z). HUH MK K 2> & i 1 3 2 K 1L,
WA H> THINECHNAZIRRERICE> T2y FUBHTREL, Yy FUBRKBICE> TH
RELHNTTWL IRDGH OB E LTALTE Y HiFa7hriz/R L7z M Kanfoush et al. (2000),
A:fEE3 A (2007), @: Teitler et al. (2010).

Fig. 10 Generalized long-term iceberg drift trajectories (modified from Anderson, 1999). Icebergs originating from East

Antarctica tend to be concentrated by the East Wind Drift in the Weddell Sea. Core sites described in the text

shown by the each symbol. Squares: Kanfoush et al. (2000), triangles: Nomi et al. (2007), circles: Teitler et al.
(2010).
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7 LIFIZR LMD E A b 27 (TN057-6-PC4) ShzbKinZ®) & BRAE Y, 72, IRD %
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MAFEKRWFEELZ ¥ — D 37 TN057-6-PC4/ODP 1090 12 35 1J 5 i3 % 60 J7 4E [ © IRD £ 8 (Teitler et al.,
2010). KW ZIKETHRL, BHFPEIEERMIKRA T — Y 2287, a) IRD Index: £ fLI# )2 12 IRD 25 & 4
TOLYAEICHMB SN, FETHEILSNAZIRD®E T, BE /-y b, —E3 A 20HKWE T %
FRBEMGETH Y ML, IRDME L ZFHEEALREHORIICHN T2 IRDHEHOHMELEHHL TRD
5N 5. b) AMAR: IRD ® & % F @ ib f /i 5. AMAR = MAR X IRD ratio. MAR: H /% % o it f% i &, IRD
ratioo #7 v M L7 &K T HICE E NS IRD O HE. o HFEW1gdH 720 O IRD = (mglg), d) HEHM
W1gd 720 @ IRD JEHE (grains/g).

Variations of IRD normalization parameters from TN057-6-PC4/ODP 1090 in the Atlantic sector of the Southern
Ocean during the past 600 ka (Teitler et al., 2010). Glacials are shaded; numbers indicate interglacials. a)
IRD Index: This index was normalized using a method for foraminiferal ooze. It is defined as a percentage. This
method normalizes the count of IRD relative to the count of planktonic foraminifers. b) AMAR is the apparent
mass accumulation rate. AMAR = MAR X IRD ratio. MAR is the total mass accumulation rate of all sediments,
and IRD ratio is the ratio of the count of IRD to the count of all grains. ¢) Concentration of IRD in milligrams of
IRD per gram of sediment (mg/g). d) Number of IRD grains per gram for each sample (grains/g).
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