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Understanding of physical processes governing
the cross-frontal heat flux in the Antarctic

Circumpolar Current near Southeastern Indian Ridge
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SUMMARY

|. Title

Understanding of physical processes governing the cross-frontal heat flux in the

Antarctic Circumpolar Current near Southeastern Indian Ridge.

Il. Purpose and Necessity of R&D

The Southern Ocean plays a critical role in regulating the global climate system by

absorbing approximately 40-70% of the global oceanic heat uptake. Under climate c
hange, ocean—atmosphere interactions and eddy heat flux (EHF) across the Polar Fro
nt are recognized as key processes that compensate for heat loss associated with ai
r-sea heat exchange and Ekman transport. In particular, the Southeast Indian Ridge

(SEIR) region has attracted attention as a hotspot of strong EHF due to frequent m
eandering of the Antarctic Circumpolar Current (ACC) induced by complex bottom to
pography. However, harsh environmental conditions have severely limited field obser
vation—based studies in this region. Therefore, this study aims to improve understan
ding of the physical processes and spatiotemporal variability of Polar Front—crossing
EHF within the Southern Ocean heat balance system through direct field observation

S.

Ill. Contents and Extent of R&D

Through international collaboration, a field observation system was established by d
eploying 16 PDS-CPIES sites south of the SEIR to monitor variability in Polar Front-
crossing EHF. Using the Pop-up Data Shuttle (PDS) system, observational data were

transmitted via satellite and secured prior to instrument recovery, enabling analysis

of current variability associated with Polar Front-crossing EHF. In addition, approxi

mately 27 years of data-assimilative ocean reanalysis model output were collected a
nd validated through comparison with CPIES observations in Drake Passage. Based o
n the validated model data, the spatial distribution and long-term variability of Pola
r Front—crossing EHF across the ACC were analyzed. Furthermore, the PDS units we
re utilized as surface drifters, allowing long-term trajectory tracking to investigate w

ave-induced mechanisms responsible for Polar Front—crossing heat flux.

IV. R&D Results

Participation in Antarctic research cruises aboard the R/V Araon enabled the success

ful acquisition of approximately 3—4 years of long-term PDS-CPIES observations at 1



6 sites between November 2021 and February/November 2025. During the mooring
period, the PDS system was used on three occasions to transmit and secure observa
tional data prior to instrument recovery, allowing investigation of the physical proce
sses associated with Polar Front—crossing heat flux before full recovery.

Analysis of the observational data revealed pronounced Polar Front meandering and
cross-front current variability that consistently accompanied EHF events. Cross-front
current variability was most prominent at northeastern sites, where Polar Front mea

ndering occurred most frequently.

To examine spatiotemporal variability of EHF across the entire ACC over recent dec
ades, global ocean reanalysis model data were collected and analyzed. Based on vali
dation against moored observations, model analysis confirmed that strong Polar Fron
t—crossing EHF occurs preferentially in regions where complex bottom topography in
tersects the ACC. The 27-year model analysis further revealed an increasing trend in

EHF entering the Southern Ocean over recent decades.

Long-term tracking of PDS units successfully captured cross-front currents in the AC
C region. These surface cross-front currents were found to be primarily generated b
y surface waves, indicating that waves contribute significantly to the generation of P
olar Front—crossing heat flux. Additional long-term analysis demonstrated that wave-
driven cross-front heat flux is closely remotely correlated with tropical climate varia

bility, particularly the Southern Oscillation.

V. Application Plans of R&D Results

The long-term field observations obtained in this study will be used to elucidate int
eractions between upper- and deep-ocean currents and the resulting mechanisms an
d spatiotemporal variability of Polar Front—crossing EHF in the SEIR region. By qua
ntitatively estimating EHF using long-term moored observations, the contribution of
Polar Front—crossing heat flux to the Southern Ocean heat budget in the SEIR regio

n will be quantitatively assessed.

Furthermore, combined analyses with numerical model data will enable more quantit
ative evaluation of the roles of bottom topography and atmospheric forcing in contr
olling Polar Front—crossing EHF, thereby deepening understanding of the Southern O
cean heat balance system. Finally, building on the identified role of wave-driven cro
ss-front heat flux, future studies will extend the analysis to the entire ACC and rece
nt multi-decadal periods to more comprehensively quantify the previously underexpl
ored role of surface waves in the ocean heat budget.
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2.3.1 Inverted Echo Sounder (IES)
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2.3.2 Current- and Pressure-recording IES (CPIES)
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2.3.3 Pop-up Data Shuttle (PDS)-CPIES
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(28 9] GLORYSI12V1elA AlAksk 200737 201019 A5+ 2 AxW3r A 23 EHF. EHF
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Time series of monthly EHF (< -10MW m-1)
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b Time series of monthly EHF (< -10MW m-1, in SEIR)
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Corrcoe! beteew u10 and SAM index

B

s
120°W

rl and SAM index
B T

d. Corrcoef beteew wind stress curl and SAM index
= r— T it | ﬂ' T T

FHEX S (a)9t 10-m meridional wind(v10)¥ SAM index<}e] A|ZF @A FIHEXE
ACC A3 olX ERAS &3 oe A5 ¢ SAM indexeo]l A|ZHFAASF EE%(c), SEIR
o A1 ¢] ERAS Hl&-&H o= SAM index Alo] &7HA#AAS EEL(A).

_26_



3.2 &3l SEIR 3ll%of A 2] PDS-CPIES AF/3¢ X A A5

O

3] SEIR s ool -4 3 EHFS A&ihias ZUHHS 230
2®ls F35317] 918 PDS-CPIESE F<3tth PDS-CPIES AlF& =X
T FEEA2021d 102 209471249 39w i E Atk PDS-CPIES A#FAAL &
2 KOPRI ©% 47 A™¥} URI ¥99 1270 AHoz FAHAG LY 13]. KOPRI

=5 2
Al ?i
=
7N

A7 CPIES 3 o] PDS Al W7t stA AlFsEo] v 3¢ Ao #Z=AEE AR
o}
&
=
=1

_4

& 5 Jdu® a9tk Al do PDS FERA4 s 20229 9€ 199, 20239 119
, 2024 99 232 AAs AT

FiZo] A&® CPIES®F PDSE 2021 893} 99 Atolo] wl= URIC.ZHE %<
f5stdth CPIESE 74 olde EdNAwA, 4= AA, siFAe] a4 2 g
A= 55 Tt A AETs Gdstdnt. ofgtes 54 o]F PDSe GPS A=
T Rt B FA4E 9 CPIESSHe] dloly $A4H & Adstdn. v A
d2s #el & PDSeF CPIESe] #5 7] 2 3554 Al 44 58 £33 7171 A
As AYsga dd AR [% 119 [% 2094 B 4 9ok CPIESE o 31 F9te)
A717F #Zo] JhEetes AA AT PDS®F CPIESE 30 1H4 9 #SARE 3 A7t
AR FFASESE AAsAT

2 o}

PDS-CPIES Al AlF =@l 4], si-dx3d &4, PDS-CPIES 7+, CTD full
casting =02 A3gPHATH. AA =2 A 7 X el CPIESE A% F PDSE AA ¢4

SEE AASATHIH 14]. AR E CPIESY 8+ Holot st4de 3 dolEE o}
Atk #ZHu] T A oflgle 3o #An]E Multibeam Echo SounderE o] &3] AAd +4
3 2] =] & Eu}f—e« 8 & PDS-CPIES7F Feo] 44X 82 E43 A g5 &
o

slolsle] FEQl X E AMEd] ZASYT £ AdAF XJXJO]]H o}a}gi A4S 1kn
2 748t PDS-CPIESE Aoz Fiaad
.

in}

1—4
N
UE
—_
&
o
e
)
oX
s
—m
ins
Ho
iﬂ
>

oA T AEE 7S5k CPIESw 79 ol % o4 Pr, 31“1‘5 e

= 53 ’\]i S AT o AFEAE gR1E ok 2T AE FFAE 9
3 olgl2Zol FHE EdMAFAS UTS-9500 FHE dAAste] AL&3tdan 2E A H o
A CPIES®] wheh =2 F 1629} 18% 7449 4 pingo.2 ool 44 #% Mss o
o1&ttt B A% 8¢l 3 CTD full-castings E3] #=A A A7 24 ZEqds

g 5stivt
°F 31971e] CPIES #= o]& FX A4 olgtes w3 ANAISB (20241 129 27
472025 29 23¥)elA 1A o® I¢E g Y dAE FI O F 9719
CPIESE 3|53t 2oH, 4712 PDS-CPIESE AAF3IAL sl g/AF A+ [1H
15]e EAlsEE T g9 971 A2l CPIESE #= £ 1089 4 ping® =, current
meterv A% &S 308 (HALE T EEE SO, BH AR [ 3]dA &
o1st 4= gtk YA 7] G-l WA+ hull-mounted transducerE ©]-&3dte] #=
Mo E Fdsta, $A AgFE FAsty] fsl AFEAZE clear commandE 4138}
2l olatdtt. 343 AX T B3, B5, D3, D52 Aol thalA=
g5 ARF (e 1027 4 pingez 2AHAL, A
2 FAstes AAsslv. AAlFE 470 A F el 19]
PDS-CPIES®| #ztd 7} PDS H-o]i= CPIESZ5-H viAF A% s A 75, AF o

o

_27_



g gy 23 945 A7F (1)& FAlstEE AT, 20261 129 1def] Aso=
2 2 3 eHEs 22 a9
FAA T A olgtLE 3R ANAIGA (202549 11€¥€ 229720254 12€ 21)ol A v

< CPIESH W3 3|24 & astdtt. &3 CPIES® 7o+ & 117]¢]H, 20219
A 7719F F7h o2 ANALSBOA AR 47170 et 34 A 2 S "
Eo|&= ofgf235 9o XA ¥ hull-mounted transducerE o]&3tgom, ¢ tf7]
Aloll = o] & o]&3dte] #= Al sttt 71 W d AFES Hiskstr] 9
d dl7F wWle Algkel Hujgh s st o, d&E Fo= CTD casting 2t
Od% X]SE 0}04 % g9 A wel ARgetaat skitt. 33k CPIES=FH 3
3l AeAom FEHJAEH, 2021958 AFH A

H CPIES+ diElg] o] olfr® Q3] Alo]EE F4lo] HA e Fis gelsta
HAEHoz FFal SEIR s Yol CPIES #= 16701, ANA16A A=
R

AR
vo2 HAF 34 Ss53tdrh 20219 11€95H AZE #5S &3 72 AHAA HA 3

1= -

d ool Zole] A|#EARE A5t 59 Py BESARE AF AR wF

£ oAAE 2 fh E o Feuds noFe gguuAtes FAsegel, 16

A ARor FAE W BSsidaM e EHFe] AFHE 54 2ol 289 o4l
o F

o mE el tid 913 % ANAIGA @AelA F5@ Ado o grs (29 16]
3 [E 404 g 5

_28_



™\ —2000

55.305
- —2400
55.8°S |-
- —2800
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[29 13] PDS-CPIES #5414 %= 9 #=&) 59 A" 4 (m).

_29_



SEIR PDS_CPIES (ARAON 2021)

_30_

PIES 105 109 118 152
(+CM) (+339) | (+348) | (+504) | (+503)
103 106 109 112
PDS 104 107 110 113
105 108 111 114
Site name B3 B5 D3 D5
(CTD site name)| (ANA12A009) | (ANAT2A015) | (ANATZA008) | (ANA12AD11)
; 149°28.336'E 150°06.708'E 149°28.176'E 130°06.888'E
LDC3t|On 53°48 378'S 55°48.378'S 36°09.978'S 56°09.978'S
Dep 3795 3721 3576 3655
(mindep) (3685) (3684) (3576) (3627)
Clear 76 76 76 76
XPND et 69 69 70
Beacon 75 73 73 74
Telemetry 67 65 65 66
Release 41 45 54 24
Auto release 2026/03,/03 12900 | 2026/03/04 0000 | 2026/03/03 00:00 | 2026/03/04 12:00
[3£ 1] PDS-CPIES A&7 AR 2 #AFHH AH,
. IMEA
PDS S/N with CPIES | Planned release date (UTC)
(30053406+)
103 105 2022/09/19 00 0066440
104 105 2023/11/13 00 0162360
105 105 2024/09/23 00 0164480
106 109 2022/09/19 00 0265090
107 109 2023/11/13 00 0389540
108 109 2024/09/23 00 0952350
109 118 2022/09/19 00 0952870
110 118 2023/11/13 00 0953910
111 118 2024/09/23 00 0956750
112 152 2022/09/19 00 0956950
113 152 2023/11/13 00 0957720
114 152 2024/09/23 00 0959190
[£ 2] AF9 PDS AR 2 AAYE T= ¥4 A7k




[2% 14] PDS-CPIES A7 A &0 24 (%) 2 AF(8H AR
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PDS-CPIES array [2024-2025]

(o} 1 4000
55°S % Tall mooring
@ Recovery
20’ s ® Recovery+Deployment
© Communication test
3500
40'
5608 13000 E
20'}
" 12500
40!
57°S o | - 2000
0] o} 0]
148°E  149°E  150°E  151°E  152°F
[71¥ 15] ANA1SB 9+ CPIES 3|5 2 AR #x dd 4= 3 54
SEIR PDS_CPIES (ARAON 2024)
PIES 053 110 105 109 118 152 151 142 156
(+CM) (+11) (+12) (+339) | (+348) | (+504) | (+503) | (+311) | (+230) | (+337)
Site name A2 Ad B3 B5 D3 D5 D7 4 E2
. 149°09.3397°F | 149°474948°E | 149°28.2990'E | 150°06.6666'E | 149°28.1496°E | 150°06.8587'E | 150°38.688T'E | 149°47.4915°F | 149°13.3864E
Location 55°37.5509'S | 55°37.5669'S | 55°48.3733'S | 55°48.3695'S | 56°09.9714'S | 56°09.9663'S | 56°13.7739'S | 55"59.1995'S | 56718.0889'S
Dep 3857 3787 3795 3721 3576 3655 3878 3752 3581
(mindep) (3723) | (3752) | (3685) | (3684) | (3576) | (3627) | (3535) | (3617) | (3581)
Clear 76 76 76 76 76 76 76 76 76
XPND 70 70 71 69 69 70 69 69 71
Beacon 74 74 75 73 73 74 73 73 75
Telemetry 66 66 67 65 65 66 65 65 67
Release 53 46 41 45 54 24 23 14 28
Auto re.[-éase 2026/03/01 00400 | 2026/03/03 1800 2026/03/03 12:00 2026/03/04 0000 | 2026/03/03 00:00 | 2026/03/04 1200 _2025;u3;u:» 0000 | 2026/03/03 0600 | 202603702 0800

[ 3] ANAISB 94 343 CPIESe AR 2 9%,
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55.5°5

675

56.5*5
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x"g"“t

e

o

el

o

[71¥ 16] ANAI6A A CPIES 3] 910 gt A= = 2] 10 A ofgpz o d=.

Station Longitude Latitude Recovery Date Notes
(UTC)
Cc6 150° 26.020' E 55° 54.859' S 2025/11/26 20:44
B5 150° 06.675' E 55° 48.340' S 2025/11/26 23:20
B3 149° 28.244' E 55° 48.352"' S 2025/11/27 02:57
Bl 148° 55.711' E 55° 48.357"' S 2025/11/27 06:25
Cc2 149° 08.959' E 55° 59.167' S 2025/11/27 09:03
D5 150° 06.780' E 56° 09.934' S 2025/11/27 20:29
D3 149° 28.121' E 56° 09.934' S 2025/11/27 23:57
D1 149° 04.924' E 56° 09.938' S 2025/11/28 02:30
F3 149° 28.045' E 56° 31.597' S 2025/11/28 05:50
E4 149° 47.590' E 56° 20.782' S 2025/11/28 08:10
E6 150° 13.960' E 56° 27.626' S 2025/11/28 10:40

[3% 4] ANAIBA ZA] CPIES 3|5 thsh 912 Ar 3 3] AJzh
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3.3 PDS AL BEAE EHAF
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