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Mesoscale eddy, Eddy classification method, Composite analysis, Vertical mixing,

Iron-limited primary productivity
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SUMMARY

(3 B 2 o %)

[. Title

Categorizing mesoscale eddies and identifying their carbon-related characteristics
in the Southern Ocean

ll. Purpose and Necessity of R&D

The Southern Ocean plays a pivotal role in the global carbon cycle and
ecosystem dynamics, with mesoscale eddies acting as dominant physical drivers for
material transport and mixing. As the marine environment undergoes rapid changes,
such as the warming of the West Antarctic, understanding the precise role of these
eddies has become increasingly critical. However, existing classification methods
based solely on Sea Surface Height (SSH) have limitations in resolving the complex
vertical structures of eddies and the resulting biogeochemical mechanisms. Therefore,
the final objective of this study was to refine the classification system for Antarctic
mesoscale eddies and precisely elucidate the physical characteristics and
biogeochemical mechanisms (iron supply and productivity) associated with each eddy

type.

[lI. Contents and Extent of R&D

A. Acquisition of Observational Data for Antarctic Eddy Detection

1. Acquisition of Antarctic mesoscale eddy datasets

2. Acquisition of satellite Sea Surface Temperature (SST) and Salinity (SSS)
data

3. Acquisition of vertical temperature/salinity data (Argo) and utilization of

numerical model data

B. Detection and Classification of Antarctic Mesoscale Eddies

_6_



1. Development of Antarctic mesoscale eddy classification methods
2. Comparison and evaluation of existing and new classification methods
C. Investigation of Biogeochemical Characteristics by Eddy Type
1. Composite analysis of biogeochemical variables (e.g., nutrients, Chl-a) by
eddy type
2. Analysis of biogeochemical anomalies and wunderstanding the linkage

between physical processes and biological productivity

V. R&D Results

A. Acquisition of Observational Data for Antarctic Eddy Detection

To precisely characterize Antarctic mesoscale eddies, physical parameters
including location, amplitude, and radius were extracted using satellite
altimetry-based SSH data. High-resolution satellite SST and SSS data were also
used to verify consistency. However, surface-confined satellite observations and
spatiotemporally sparse field data limited the understanding of internal
structures. To address this, a high-resolution (1/20°) ocean numerical model
(MITgem) was employed. The model successfully reproduced eddy activities in
the Antarctic Circumpolar Current and western boundary current regions,
establishing a reliable foundation for analyzing 3D vertical structures and

biogeochemical variability to complement observational gaps.

B. Detection and Classification of Antarctic Mesoscale Eddies

The conventional binary classification based on SSH anomalies fails to
reflect density inversion structures. A new algorithm combining SSH and sea
surface density anomalies was developed, classifying eddies into four types:
Anticyclonic Eddy (AE), Mode-Water Eddy (MWE), Cyclonic Eddy (CE), and
Thinny Eddy (CTE). Notably, MWEs, characterized by upper-layer isopycnal
inversion, showed a sharp increase in frequency during summer due to
enhanced stratification lowering the energy barrier for generation. This provides
a crucial basis for interpreting internal dynamics and nutrient supply

mechanisms previously unexplained by conventional methods.

C. Investigation of Biogeochemical Characteristics by Eddy Type

Analysis using the new classification revealed that core biogeochemical



mechanisms differ by region. In the region upstream of the Drake Passage,
strong vertical mixing—driven primarily by MWEs—supplied deep iron to the
surface, enhancing biological productivity. Conversely, in the region downstream
of the Drake Passage, the trapping mechanism, which transports nutrients
based on background iron distribution, was the dominant factor rather than
vertical mixing. This study multidimensionally demonstrated that eddies
contribute to the carbon cycle via different modes (vertical mixing vs.
horizontal trapping) depending on regional characteristics. Consequently, by
elucidating that biogeochemical variability is a complex process combining eddy
type and background environmental conditions, this study contributes to
enhancing the precision of evaluating ocean carbon uptake under climate

change.

V. Application Plans of R&D Results

The new classification system established in this study allows for the estimation
of internal ocean structures using only satellite data, effectively complementing the
limitations of high-cost and spatiotemporally restricted field observations.
Academically, it precisely elucidates the impact of eddies on the internal
biogeochemical environment. Economically, it is expected to contribute to fishery
efficiency through ecosystem prediction and improve the reliability of evaluating the
Southern Ocean's carbon uptake capacity.
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olelgt &4 5L gF39 A94 FAHN AFste] ¢S ERE S 2tk
Frenger et al. (2015)¥} Hausmann et al. (2017 )% G A T35 Zol9f A Eo] EFol
AgHqoz & Hag Holn, APS 7HeR E8-AA e 54 A5}

= N
sith. A A 3FehA ZwWo| A= Kahru et al. (2007)9F Huang et al. (2022)°]

et S AN
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FARLY Fof e HolE FAHOE MITgem¥ 22 1= I
2go] s, Ax gt ey A3 mdS Fa AFEolet dFE-Ha £ 19
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=8 oA BAstE TR ddE BAstal 1 A FE 54 A 6H
&l A = ARE FHEAT B AFoAE AVISO (Archiving, Validation and
Interpretation of Satellite Oceanographic data)olA A|-&3dt= THE 2850 A A=
k2 ¢l META 32 DT (Mesoscale Eddy Trajectory Atlas)E &-83lo], 20153 5-¢
20193 7kA1 2] oY) 91X, & WA ArE AAHoR FEFAY. FEH dolH e

THE ATAHS HASsH] Ys 9 =A 7wk sl Eo] HA}(Sea Surface
20
=

Height Anomaly, SSHA) zt&59} gz 45 T35+

53] a9 12 2016W 1€ 199 #= AEE o= SSHA #+xof gx%H
L&E0 TA AAXE FHA HEg Aoty A A SSHAZE F(+) =& ()9
FHE Hole AAol HAHE ode T4 Hae EFHoR AHEs IAFTS
gl A g4 B SHdAME F553F (Antarctic Circumpolar Current, ACC)
s BEA-DEgs dR5r mAsE MoAAR 5 dstd HoaAgAoel =&
FAANA AgES WA NETVF JFHE SAAS o, ol 7|E Y £& o&EY
2esteE Aot
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2. @=al

=5}
ol

Fe 2 AR ATUE AR FH
Ag&E0lY 2T 4994 T el sl d= 914 7INke] % = (Sea
Surface Temperature, SST) % XF 9 (Sea Surface Salinity, SSS) A&5E
FHsIe. ¥F 2 Remote Sensing Systems (REMSS)9] 0.25% =
Multi-sensor L4 Foundation SST A5 & @&t om, o]& wlo]AZTel A o)d AlA
telgE @At -5 &l 93 dHeolg AF EAE BT Zolth %F
Z7] B4 @Al NASAS Soil Moisture Active Passive (SMAP) 2= 5 A E3}] ).
= =

sugl Az Aege @Fes) 98, ol B4 sdel A vehbe Belw W
4% lmow oY 92 Aust 944 dold e ¥4 FEHS BAdA (1
2. 7 A, A6 e WA oA EAe g ot WA AN Fad
[e)
o

T HAE #AFEo] SST dlolHeo A4S FdHeh vid
SMAP #At5®¥ro 2= ot fjx]oAle] |7t s =ejuyA] e gHA7E gy
o= FAW A FFo] zte g B 79
BetAowg CMEMS (Copernicus Marine Environment Monitoring Service)2] Multi
Observation Global Ocean Sea Surface Salinity (MOGO) A&E WA Ag=2
gHaAoH, AT A oy FAFY dF HAAE FAAoE IRT F YIS

A =RE=1
e15h9
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S8 % 4 2 9P ARGO AE By 9 FAvd A8 FE

ST R oy JshA o] o3k A £F9 Wyl v A= dEFS Fotetazt
z7]°l ARGO ZEE & AH #5 A5 &5 HE}IH. 294 ARGO= HFE
e} ol Fak= g 1EA|Qt (Lagrangian) S54S 7HAERE, 54 ot et 9FE
ALEH o R vlustAY SHA] 3ad Fx2E Fofste Wl AlFHA Aleke] WES
glstAtt. ol wet #F AR FAE &St dfe A A4 F-dE
TZ2E 243871 98], MITgem (MIT General Circulation Model) &% Fx22E
o] &3 e REY S FPstes AoR AT UHES AHA

L
& A =2 AAA A EAS s Eostr] flal, T A e
| 2439 MITgeme 1/200% najAxE #AS AL839 T (Dutkiewicz et al., 2005;
Parekh et al, 2006; Verdy et al., 2007). 22 99 9 7BEA 3HE, 4% 140%=
& XEFeH, ol HEHEFAA Edola AP A FAWAAF o2
ool WA s xRS A4 AAE 25 F2dA 10me A EE
= AAE 5070 %Ei TAG o™, o]= Song et al. (20190 % Kwack et al
(2021)2] A3 A} s Aoty e 7] ZFAE o2+ European Centre for
Medium-Range Weather Forecasts (ECMWF; Simmons et al., 2007) &2 #}& 2]
6A1ZF vA wiga He ZYE2~E A&t 74 &% B2 Large et al. (1994)9]
K-Z239 vwj7§3 (K-Profile Parameterization, KPP) "W21& zj®sigion, ®wW
FAE, ¥9, 281 2 &% A (vertical shear)o] 93] AAHE= HAa ZAH=LE
HEo Aolg Ak 2 dAFdAE IA=S U AR

FE New AAZF Z

0.3583¢1 E‘—é‘ﬂ% A& E¥F 7ol (Mixed Layer Depth, MLD)Z H 2|3}t
A &g A 271L Song et al. (2016)9] A X o] AR AnE ago} =8
EACHCECh “}%gi Bdol 7] kAstE A8l 2w 1HA S Al ~goR %7] 34 7H

2909 (spin-up)& ABsFGow], o AN FFale] A el oF 100km Tt
Fim o BEol BF FEom AFHon AWYL ATHAL. oF mdo]
Stz AEelq bz 33 0 ABACIAL FAs@on], B Aye BAdE o
Sk 3 7he] ARWe LT,
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O Ar7E 2an] Wy gkl dgsty ddel bR dHE Zte 49E odd=
deJsto] MITgem B9 Ao AEstatt. &% A7, =geola alf A% I3
&l 5 FEgd s % Eeus T FZR) el olv A
W 7F =4 Yyl o o] Frenger et al. (2015)¢] &= Axtel A X 3hu}

A 4 AR T 94 5A4& agste] #3H Atk Hausmann et al.
(2017l WEW g EFS Zold 54 wet =yola iy AE, %, 181
ol g] 7} dlS Ao = FEEn E AFdA = dr WA NiEE Eou e
FAoRE Q3 &E3Fol ZA IdEEA Xste] AT Fzzbgo] mwg Holw et
g5 % Ad A9s EAolA ALdstAtt. tial Ad et He Tl 5AHQ
dawgs FH Ao HFaon, =yola e VIHoeRE £f¢F 9 oy 540
Hslelk Zlolgk= 7FAgskd 24 9SS ‘=dola dld S A (Before Drake Passage,
BDP)'# ‘&3 & (After Drake Passage, ADP) T4 o & A&3}35t3

71E ATES AT 549 oy elAx: AF Fx7F Aold Bldd A AL
=8-S AA& gt (Yasuda et al, 2000; Everett et al, 2012; Ji et al, 2017; Liu et
al., 2020, 2021; Ni et al, 2021; Dong et al, 2025). o]glst WP A o= AF
THEDY A9d dFe] Fo 5AHoR yedd, 2 ATddAE ofF Adstr] S

dol, d5w wolsh dl4W WE @RET FFW ARF

’

{0

dauglEFS M. FAF RS s o] WA (A WIS 9k A R
Z3% wel dyE A4 ddg el wAAEEE olt]  (Anticyclonic  Eddy; AE),
Mode-Water °lt] (Mode-Water Eddy; MWE), A& %<l Al AMek o] (Cyclonic Eddy;
CE), 2¥)aL Thinny o] (Cyclonic Thinny Eddy; CTE)Z wWH3aldtt (28 4). o] &
A7VAL el ok A B 713 294 S-S 3 19 2

m
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(Anticyclonic Eddy, AE) (REAI A, 217194)
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(Mode-Water Eddy, MWE) (REAI A, 3171947)
AR A0 A AEE ol = () F (+)

(Cyclonic Eddy, CE)
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