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An Approach for the Antarctic Polar Front Detection
and an Analysis for its Variability
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Abstract: In order to detect the Antarctic Polar Front (PF) among the main fronts in the Southern Ocean,
this study is based on the combinations of satellite-based sea surface temperature (SST) and height (SSH)
observations. For accurate PF detection, we classified the signals as front or non-front grids based on
the Bayesian decision theory from daily SST and SSH datasets, and then spatio-temporal synthesis has
been performed to remove primary noises and to supplement geographical connectivity of the front grids.
In addition, sea ice and coastal masking were employed in order to remove the noise that still remains
even after performing the processes and morphology operations. Finally, we selected only the
southernmost grids, which can be considered as fronts and determined as the monthly PF by a linear
smoothing spline optimization method. The mean positions of PF in this study are very similar to those
of the PFs reported by the previous studies, and it is likely to be well represents PF formation along the
bottom topography known as one of the major influences of the PF maintenance. The seasonal variation
in the positions of PF is high in the Ross Sea sector (~180°W), and Australia sector (120°E-140°E), and
these variations are quite similar to the previous studies. Therefore, it is expected that the detection
approach for the PF position applied in this study and the final composite have a value that can be used
in related research to be carried out on the long term time-scale.
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oF A% o] E(Bayesian decision theory)S 2-&51H o1, o] & ZAR AA /M AA AT E A HE Bis)
Sick. o], AT TS ole] A4al ol =g AA 2 eIk A4S wakaiglch el
ol W& wHshLE 5] FEshz AR o] =S A|ASH] Hlsto] sy 9 ALk vk (masking)& 4
Yot EoE B E 2 2] HAKmorphology operation) & F-o10] A7 A& Z|djgto 2 vjA|stal 8 A4 A4
Bohe 2 Estolrh A5 0w AeE A4 A7 SolA PFO) 54 ek 4 QIS 7bg Hdee] A4l
w3 4 esto] HE A Betel amoothing spline) 2213 A1 S B3} 4l Feh] U PES AHEstelch ASE
PP 7]&8] Aol A A AIZE PES] 92| 9 35 f-ARRE A o2 el on, 53| viet A1 g of weh g 7
B AA = PR HSHE 2 WAlsk= 21 02 Kol 2 A8 28 (~180°W) I T3 o]'d9] 3| ¢ (120°E-140°F)
& PFO] §1x]o] g A9 A wiEol 7 Lhektel, el wie] 7o AXE ke gl A A
< Atk 22|82 o] Aol A AkEd PR iAol tigt T AuprL % 4714 oA e Aol

A8 5 9 PIE A A0 Tl

L AE

Y= = A Al (Antarctic Polar Front; PF)2 %] 2% 4
W= 243 (Antarctic surface water) 2} AT A 0.2 11
=F4=(Subantarctic Water)7} T} # o]
rainsition zone)©l| 4] &3 ¥ ™ (Freeman ez al., 2016;
Pollard et al., 2002; Sarmiento ¢ al., 2004), £Z 42 9
i, FLE, Aol thshe] T3t Hull(gradien) &
LA T Baxth e al, 2001; Dong ef al, 2006; Freeman et
al., 2016; Moore et al., 1999; Moore and Abbott, 2002; Trull
et al., 2001). PF= F =+
Current, ACC) AF] A Exon smL e AES
& ok 44 59 shpoll, 24 9212 W
TFIL 0] AF8l (meandering), 42-8-50] (eddy)

1) %F(Southern Ocean)of| A 42-8-59]
&gl i) of e arg-of Halel HiE
o] AHd o] Wstol| = FFE wA = Fatk aloltt
(Ansorge ¢t al., 2015; Freeman ¢z al.,, 2016; Pollard et al., 2002;
Swart and Speich, 2010). TIHEE PR ¢# H3e} 5
-t 7184 MEato] Aykdel thgk o] s = ffshAlet
I gt PRO| A 7F 845 o PRE] HFof Tgt
A& 21 o8| 7} H 25} thDong ¢ al., 2006).

914 A 22 THeT PRS] B e S
I (sea surface height; SSH)Q} 3[4~ 1M 2= (sea surface
temperature; SST) A5 HIE O &2 X3 =| o] ST} (Dong
et al., 2006; Freeman ¢ al., 2016; Freeman and Lovenduski,
2016; Gille, 2002, 1994; Moore et al., 1999; Sokolov and
Rintoul, 2002; Swart and Speich, 2010). SSH= 3| 9F A&

QER

 (Antarctic Circumpolar

YA 545 U Z3hal 9lof SSH 414 fre 2 A
Ao A71ek RS 583 = AR E 7 = skt
(Freeman ¢t al., 2016). YHH2 0 & SSHO| FLul 7} 713 7
3 91717} 57 SSH 0] 2o} §Aleo], Tt SH
A A (threshold) & &3t PFE] & A7} 3 & 7| = 3}
&t} (Sokolov and Rintoul, 2002). L& 1} SSH 7|5+2] PF
HA= A o2 g ko] 7] % W] whE s
Abol] Ayrs] W1ZESHCh (Freeman e al., 2016; Gille, 2002).
12]31 SSHO| a4l 0] gHAF =2 SSH JLuf e} %] 3

A 7] mzell, 53] AAlo] ofehE| il fakE = Ao

ol 41, SSH 53141 of] 23t 42 PRe| A2 ¢l W
of] tf gt E-A o A| g2 o] th(Graham ez al, 2012). SST+=
PP Aol A 7} 78 Uehdthe S4& 7o =
A AGLE0] SST AF= 7]8Fe] PP &4 & 3 sf o)
(Dong ¢t al., 2006; Freeman and Lovenduski, 2016; Moore
et al., 1999). Advanced Very High Resolution Radiometer
(AVHRR) ¥} -2 294l G oA A55|= SSTE &
gHPFEAE 50 #5710 A4 FFE Yete
& A AL & Aol A E o] HADong e
al., 2006; Moore et al., 1999), 0] & mlo] A 21} Al A Q]
Advanced Microwave Scanning Radiometer for the Earth
Observing System(AMSR-E) 2.2 =% SSTQ} v] 1 g
3, AMSR E7} 565 T8 S} 522 7okst A
Q14 7]4k SST 2 E31 PF 92| & g sh=t] 9lo]
A At 2o 2 v A thDong ¢ al, 2006). L Lt
PF7} 333} oF3E 3 (subsurface) Lo A YEFLFA| T
SR 02 g Aol UeA) 9re-g Tejgtu)
(Mackintosh, 1946), 4] 7]WF SST+= 3 Zof| 7t =315 o]
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1994)E Eg= PF_J -,—]7\]
o by 2 Ao TS AN AL
9] A7]+= SSHo| v|sto] A LR Rk E R oF A

o 27 F5otaL A 0 8 Bysts EAS AU,
H| = SSTO]| H]3}o] SSHE] 718}l 3.7 (gradient magnitude,
GM)= 2 z)at F7H2 0 2 2 g0} 9l = e & Tt
7k A7 5 olg-ato] AlEH Frujdel gt 20174 1
Fbe] AL P A Aol A bt
1(0). ©F 0.60]4+0] 2= AT 0] Orsi e al (1995) 7} A A]

T Ot

3} PF&} obd=F A A (Subantarctic Front; SAF) & 5412
wzaln sick 53], e 4 Aol PRl 917
% 3 Hol7] o & X5 g &

WA 2 olgsto] PRE T A/t A2 FET

2. 9 BE AR

o] Atof Al AFE-H SST A& = National Oceanic
and Atmospheric AdministrationNOAA) | 4] A 5-3}=
914, At 9l o] 228 ool A4 Optimum
Interpolation Sea Surface Temperature(OISST)©] AF-&-E
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Fig. 1. Examples of gradient magnitude (GM) distribution for (a) sea surface temperature and (b) height
datasets. The correlation coefficients between SST and SSH GM values at each pixel during 2017.
The black lines indicate the front locations from Orsi et al. (1995). The fronts are abbreviated as follows
(Subtropical Front: STF, Subantarctic Front: SAF, Polar Front: PF, Southern Antarctic Circumpolar
Current Front: SACCF, Southern Boundary: SB).
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S THReynolds, 1993)(https:/ /www.ncdc.noaa.gov/ oisst). Environment Monitoring Service(CMEMS) 2 55 &5 &
o5 A7 A A qtof AA 0.25°9] 37 A== U S Th(http:/ /marine.copernicus.eu/). ©] ALE = Jason-3,
2 AFEa ok A OISST AArs F 7FA HAH o Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2,
Z AT Y ¥UE FAAREREA 2 AVHRR - Jason-1, Topex/Poscidon 59| 8} H 1L & A (altimeter) S
O] AFZE uk-S A}L3F AT} AMSR-EQ] AF &2 9} 317 A} 2HE ALEH H4Q Aol n 19939 FE 2017
&3 Aolth. ZAH A g9 7|8t B&ES FY st W7HA] OISSTS} 5 UoHA] U, 0.25°9] st &2 A5
AVHRR 7|5} SST A== 1981 KB PR 7}A] 23] g}

&= 1 QIR at olo] 2 2u} 7]Hke] AMSR-E7} 37}
g A7 0] AL 92 2002 KE] 2011 @ 7HA] A|3E 2L

917) uf ol & o] Aol A A E Ao 7] 4 A 3. F AN EA
&= 915to] 22 AVHRR 7]RES. = A2 OISST A}

2 Apgst A} sl 18 B E o] ¢dLo A PR o] At *15 $ST9} SSH7F AU = S84 FAl
SAE Slet dmelBe] A8 W] 2HL I JPIT U PEE FEI] 95t Fig 294 22 WA
7) o] 74 22 1971 T 0] AR e ALES) T@Eww dxﬂ.ﬂi SST9} SSH A2 Sof gt 4
Rom, B3 AT Az = A AR MES Z36H A 352 Bo e al2014)0]) O] 3f) A|AJE o] Xt s %F
3 Q7] wj&of] AFA ALEo| A A A E PFO] AlA A A &A] I (Baeysian Oceanic Front Detection model;
HIE S4S W WAsher] Teksid] $88 ACR  BOFD)S 53 o] Fo 5.0, SSTo} sSH 7]4ke] ofu]
RHolth 714 22 SSH A&+ Copernicus Marine A oA F2H A F52F 9] QA& =&351aL A

- | IS 1
. |
: N Gradlen.t T.hreshold |
| Computation interval I
L ________________ I
Y 1
‘ Prior Likelihood Bayesi |
: probability elihoo ayesian |
|
| — ¥ |
| |
Daily | Local degree of :
f
SST & SSH data | edge (LDE) Fronts Non- I
I fronts :
|
| r———— I: _______ j‘ ——=
I | v
| |
| Block deviation | ..
[ (BD) | ¢) Synthesis image
| |
e | v
d) Noise removal
(Sea ice & land masking, Erode & reconstruction)

,

e) Extraction of PF line I

Fig. 2. Workflow for the detection of Polar Front line (modified from Bo et al. (2014)). The parts a) and b) are
described in section 3.1 and c), d) and e) are explained in Sections 3.2, 3.3 and 3.4, respectively.
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o) XH:H—’H (reconstrucnon) A% 2 Feyste] =8

St o] Al ke Aestgict 2 F 2o s HAoR
Aele 24 2 2 dhol 923k AA} ke Adelsto] 3
& AZ2}] (smoothing spline) B4]S F38f] A=A A%
A QI PFE FE3H3lT

)M =&

(1) ) Ah2 E AR A7

SST %! SSH AR 2 5LE PFE $+53517] §i5to] o] A
T A= W o] X ¢t A A 0] & (Bayesian decision theory)
of &A% BOFD7} A5 1Tt} Bo ¢ al, 2014). BOFD
L2 A0 S AEET YA AR A
O 2 HE AAE tHFg. 2(2). A1 T E A4S §
ol 712 B AL gl 4 el S k)
(Sobel algorithm operator) 7} 28] It} 3x3 G A3} x v
2 o) 2 0220 2SS Fafol U
5 59 35402 Tl 2712 ARkslelct 3,
3x3 WAo] Fig. 33} Zho] 3 E ujj, 4] DAl Eo] 22}
o HoRE2 4 ()} (99 o] Akt

4

.‘

=53 S HMEX

@

£ fl8t Hayat Uy oigt o

AT =T+ 2Tu+ Ti— D*2TB*TC} 1
AT, =Tc+2Tr+ Ti1—Ti—2Tp—Tc M
AI‘[X=H6+2HH+I‘[1—HA—2HB—Hc} o
AH,=Hc+2Hr+ H—H4—2Hp— )

o171 4] T,k Hel= 4 A A1 2] SSTS} SSHE Lhek
Witk T EE, 34 54 B ) 27k et g

o] AAKEF 2= 9Tk,
ATE—(T2+7"},2)2 AHp= (H2+H2)2 3)

Aol A @)= AtEdE ) ghe] o)A Oram e
al(2008)01] 2] 3l AATE QA %] # 9] (threshold interval)

A B C

G H I

Fig. 8. 3x3 neighborhood for each pixel
(Bo et al., 2014).
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Fig. 4. Cumulative curve for the gradient magnitude. Lower and Upper thresholds
are set at 70% and 95% of pixels with the gradient magnitude, respectively.
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£ AA3}o] A A /4] A A (front/non-front) AAS H-57F
Bl=t) 7|2 2 A ALkt AR ALe] .2 )
] AAIA] (upper and lower threshold)+= - 2] &} A
o) o Fi s ol A= (Fig 4), He HAL
T 2719 FEo|A QG I EERA FEIIT °]
Ao A= 912t k9 FAXE 242 95%, T0%= A
gsion, k9] PAR| Hok A2 el 2715 yeEhi
Bl AR, A9 dARI 2 sk AR Abolel|
Bl A AR A Tk A9 AR o4t 3
2 AVHRR 7]3b9] 2427} 712 % 9 s 94}
2 g P EA Lo WS ez A
A/ A E 8817 $fsto] el QAR
B3 ot A1 oF 100 Welo) ARRHE Ak
A FFE AR B=THBo ez al,, 2014).

(2) Hlo] It 27 o] &
= o AR =
2 BA ol eH e = BHE ) v
&5 o83t E‘r%h?l AN AR ] AT BAE A
ol ol= TAIA Q] HH O, wo] = A 2] (Bayesian
theory) ] ] A 8}0] AF%- 2H&-(postetior probability, P(4|B))
(evidence, P(B)), A ZH& (prior probability, P(4))
IlE] 31 2 A% 25 (conditional probability -2 likelihood,

P(B|A))ol| &J3te] 4] (4)&} Zro] A =T
_ PB|A)PA)
P(A|B) = T B 4)

o] Aol A BE AR A (w)} B A A ()22
TFEETH, 54 A% x0) A SE (AL Poo), BIA
A: Py thet o] ARFE 4= 9l

—AT:
Poo) =5 p) =B (s
ZAR 8L AAE7] 9519 Bo ¢ al(2014)= T
i 9] 2] & A (Local degree of edge; LDE)Y} &5 H2|

(Block deviation; BD)2] 7l'd-& =43}t 4] (40 A]
%A% 38 P(Bl4), 2 A7} o1 L o B W) 8

oA Bi= LDE®} BD7} 1L A= Al /B[ e = &
e e etk ol & 5ol 54 At A e
2 Ao 7 EH 0 o, A ARl A xE e
W7} SAL 5 Q51 e, o] AXpE ol A A

il

H

o ‘Jiﬁl.:‘—f—% = AAkst] 9fste] thEat -2 b
&2 A8
Plilo)="0 Plelo)="2 (6)

A )OI A mTF m= A A E Q] WS 0] LEDS}
BD 18] 3 x2] LDES} BDE] x}o]7} 015t -2 A Al
NE o] AR} A4 7H2} ojulabn, pe A A EL
AR} N5 YERdTh A= o] 5 HIEE2 a7 Al e
7 189 4, £ EYIDES} BD)] 2715 815 o] &
1 0] 52 P(,| w) & EHAE 4= 9lt}. 017 4] = LDE
9} BDE ueplich FUshA a7t vl o2 meEE
FARFES Pv| 0) 2 BAE 5 Utk o] A4
ZF AR tigt 4714 25 SEEA/HdAd e R A
22 w o] LDE®} BD)E ¥-& 4= 9lom A (N 22
Hlo] 2 mdlg FHE 4> 9]

=
P(q|wk)=HP(Xa|wk),k=j’ j @
ARH o, A ANE A el ol= el S o
23} 7o) ThA] EEF 4 9t
P(wi|x)=w 8
P(COJIX)—M (®)

o714 Py BEA Fol22 A2 5 91 A
A/HIRAS A AR AL A 9} o] BRH
Sl
wi, P(x| wi)P(wi) > P(x | ;) P(w;)
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2) A2 oln|x| Bty SO Aol AH AR o] 22 X3S Ik 5
3| o]= SAF LA | 1l = 3ok & Ao SHalks
SSTo} SSH A1 27} 2813 91 548 B0 2 J:}t e Loﬂx: O]:”L;ji o z‘ﬁ 0}1 o
= 8ol SEREE R

3} PFZ EHx|3}7 27 2 HE BOFDE &
SR P R H"M_T A © pro| Hejs mo] x|k or=rh. o]o] whaj ssH 7] HAl
AHASE AHERNE WA AN 20 g aate o8 448 A9 A 2elm A3t shelo]
Fig. 5] o5 38 2k o] Al A o] Sleh. Flé 5(@) 9P b N wo)=s Tkl glouk sST 7|8 WAl A% AT}
L o SS9} SSH AR 24E BOFDE 287 87 of ujshi= cha: 213t 149 G2 Heolch e}
ofch. ek o] GAlGIAIE SST 73k HA 442 ATh of413] o5 Bl LA 7 A ReoRE el A

©) Daily synthesized fronts from SST and SSH

(d) Monthly synthesized fronts from SST and SSH

Fig. 5. Daily fronts in the Southern Ocean from only (a) SST and (b) SSH. (c) Daily synthesized
fronts from both datasets and (d) monthly composite of the synthesized fronts.
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Fig. 6. Binarized (left), eroded (middle) and reconstructed (right) images. Objects mean to be the front pixels.
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o2 FAEH £A g2 ZEAFA| F FH(residual sum of
squares; RSS)E 2Ju| 5t g €] &S @ W 1] ¥ (over-
fitting) 0] X §’5P | =% B AT = TS Pk
A7 A iz SR TR g Auleh, yis 3E
oA 9] #= %}: A& &0t E (turning parameter) 2
0ofl 239 7§ RSS7} H2:3} 5] Slafol ZE HE
o] HtEm Rt 2 etdjof] ARSI e A F A
o2 e Hek ol 2jgt whalel chat AHAl et Al
2 Eubank(1994) 5 #%35}7] vlgich 2atz o & o] o
FolA Aderol 841 A% B A otel BY A3
2RI Bl A&4 % A4 P = 2E5H% o, B

c

2 g¥] z2gulebn|E = 00012 A3
Gtk B2 2Bl 2§ Ao 4O 2 o)
off A A% PFo] Hlalo] et Yaket TAS AEal)
Fo} v Z o) gt wha]o] AR A QI PR 125 HE
2 T A WS &
ol g Qlek. whef
24

)

0.1

Chlorophyll (mg m™

0.01

120°W

60°W 0°

Fig. 7. Examples of front pixels (black dots) and southernmost pixels (red dots) determined in this study and the
PF location reported by Orsi et al. (1995) (blue line) and Freeman and Lovenduski (2016) (green line). The
background color indicates the monthly mean of chlorophyll concentration during January 2017 obtained
from Visible Infrared Imaging Radiometer Suite (VIIRS).
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2 X OIth(Fig. 9)(Orsi et al., 1995; Freeman and Lovenduski,
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< =t (Moore e al, 1997), A| 24 @ )| ol (Kerguelen
Plateau, 75°-80°E)2} 32| ¢l 3l o] (Falkland Plateau,
~50°W) 22 AAZE 32 5] Mskel= A 9ol 7| &
o] PRS2} §AFSE 91210l A A1 ] 91t (Moore o i,
1999). 53], A= 24= sl o]l = PFok th= PErof
Mo UEfLho, oF Al Amundsen) 9 #2223} 9.7
(Bellingshusen) 3f] & o A= PFo2] &t 74 A 9] A<}
A IR0 A P72 02 meltt A4
#I%50] 714 41817 ek b 2] o3& 223 Ross Sea)
olu} o] 2] ol 4] 72| PEE}e] 9]7]9) 74 5
o171 A21E L3 9l o] 2 §121 Belkin and

T U

Table 1. RMSE between previous PF positions (Orsi et al., 1995; Freeman and Lovenduski, 2016) and the extracted PF
position from the composite of SST and SSH, only SST and SSH datasets

(unit: degree) SST+SSH Only SST Only SSH
Month Orsi Freeman Orsi Freeman Orsi Freeman
Jan. 2.07 1.59 2.74 2.61 2.63 2.37
Feb. 2.54 1.72 4.49 5.44 4.09 2.88
Mar. 2.33 1.83 8.12 9.00 2.71 2.40
Apr. 2.20 2.04 6.90 7.51 2.78 2.60
May. 225 2.00 497 5.00 3.28 2.82
Jun. 2.27 1.93 434 4.66 2.97 2.51
Jul. 2.63 243 3.85 3.70 3.33 2.79
Aug. 245 2.17 5.46 5.87 3.53 3.28
Sep. 2.38 2.15 6.43 7.16 3.26 3.02
Oct. 245 2.19 3.04 2.28 449 3.68
Nov. 2.15 1.52 2.76 2.14 3.20 2.85
Dec. 2.11 1.62 3.25 3.27 2.99 2.58
Mean 232 1.93 4.69 4.89 3.27 2.81
S.D. 0.17 0.28 1.75 221 0.55 0.38
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Fig. 8. Mean RMSE between the latitudinal PF position of Orsi et al. (1995) (blue) and Freeman and
Lovenduski (2016) (yellow) and the results from the composite of SST and SSH, only SST and
only SSH datasets in 2017. The error bars represent the standard error of mean values.

m— Orsi
== Freeman

Monthly PF position (2017)
=== Mean PF position (2017)

8000 6000 4000 2000 0
Depth (meter)

Fig. 9. Monthly positions of PF (light red) and their mean position (red) in this study. The blue and
green thick lines represent PFs by Orsi et al. (1995) and by Freeman and Lovenduski (2016),
respectively. The oceans around Antarctica are abbreviated as follows (WS: Weddell Sea,
BS: Bellingshausen Sea, AS: Amundsen Sea, RS: Ross Sea).
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Fig. 10. Seasonal mean position of the PF during one year (2017) (summer: DJF (black), fall: MAM
(red), winter: JJA (green), spring: SON (blue)).
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