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Abstract

Based on the ECMWF ORA-S5 reanalysis data for 1958-2023, the paper analyses the aver-
age long-term structure of waters in the Weddell-Scotia Confluence and the climatic variabil-
ity of its boundary characteristics. It is shown that this zone was most clearly manifested
between Shishkov Island and the South Orkney Shelf. The northern boundary of this zone
(Scotia Sea Front) was located above the southern slope of the South Scotia Ridge, and
the southern boundary (Weddell Sea Front) was south of the Phillip Ridge. Both fronts
were most intense in the 150-500 m layer. Near the South Orkney Shelf, the width of
the Weddell-Scotia Confluence zone decreased by more than five times. The intensity of
the fronts also weakened in the easterly direction, and they were mostly not traced east of
the South Orkney Islands. On an interannual scale, the displacements of the Scotia Sea
Front and the Weddell Sea Front in latitude did not exceed 0.5 degrees, while their intensity
changed synchronously. From 1983 to 2010, a decrease in their intensity was observed,
whereas from 1958 to 1982 and after 2010 there was an increase. In the time series of
annual mean anomalies of temperature gradient values characterizing interannual changes
in the intensity of the Scotia Sea Front and the Weddell Sea Front, a periodicity of 4 and
6 years was revealed. A significant positive correlation was found between the Antarctic
Oscillation index and the interannual intensity anomalies of the fronts, with a phase lag of
0-3 years for the Weddell Sea Front and 3-5 years for the Scotia Sea Front. The tendency
to increase the intensity of the Weddell-Scotia Confluence boundaries with an increase of
the Antarctic Oscillation index values was especially clear over the past 10 years. During
this period the high positive values of this index and maximum positive values of the Wed-
dell Sea Front intensity anomalies were observed. Over the past 10 years, the Weddell-
Scotia Confluence boundaries have strengthened markedly as the Antarctic Oscillation in-
dex increased. This period featured persistently high positive index values alongside maxi-
mum positive intensity anomalies in the Weddell Sea Front.
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AHHOTAIMA

ITo nanueiM peananuza ECMWFE ORA-S5 3a 1958-2023 rr. nmpoaHanu3upoBaHa CpeHe-
MHOT'OJIETHSISL CTPYKTYpa BOJ B 30HE CIUSAHUA Mopel Yannenna u Ckola ¥ KiUMaTHYecKast
M3MEHYMBOCTh XapaKTEPUCTHK ee TpaHull. [lokazaHo, 4To 3Ta 30Ha Hanboee YeTKO BhIpa-
eHa Mexay o-BoM llumkoBa u HOxuO-Opknueiickum mensdom. Ee ceBepHast rpanuia
(ppont mopst Ckomra) pacnionaraercst HaJ| I0>KHBIM CKIIOHOM XpeOTta FOskubiii Ckora, a rox-
Has (PpoHT Mopst Yannemna) — roxxkHee xpedTa Ommmm. Oda GppoHTa HamboIee HHTEHCHUB-
HBI B cioe 150-500 m. B paiione FOxHO-OpxkHelickoro menb¢ha MmuprHa 30HBI CIUSHUA
yMeHbIIaeTcst 6oyee yeM B IATh pa3. MHTEeHCHBHOCTH (PpOHTOB Takxke ociabeBacT B BO-
CTOYHOM HampasieHuH, BocTrouHee HOxHO-OpKHEHCKNX 0-BOB OHM IMOYTH HE HPOCIEKH-
BatoTca. Ha mexronoBom macmrabe cmemienus: pporta mopst Cxorra u ¢ppoHTa MOpst YoI-
JielIa 1o MMpoTe He mpeBbimaoT 0.5°, mpu 3TOM MX MHTEHCHBHOCTb HU3MEHSETCS CHH-
xporHo. C 1983 mo 2010 r. HaOa0Ia7I0Ch MOHMKCHHE WX MHTCHCHBHOCTH, ¢ 1958 T.
no 1982 r. u nocne 2010 r. — noBsieHre. Bo BpeMEHHBIX psilax CPEHEroI0BbIX aHOMa-
JUA 3HaYeHUH TPajMeHTOB TEMIIEPATyphl, XapaKTEPU3YIOIIUX MEKIOJ0BblE U3MEHEHUS
MHTEHCUBHOCTH (poHTa Mops Ckoia u GppoHTa MOps Yaa/eia, BeISIBICHA TEPHOITY-
HOCTb B 4 U 6 jeT. Mexy UHAEKCOM AHTapKTHUYECKOT0 KOJeOaHUs U MEeXIOJOBBIMU
AHOMAJIMSMHU WHTEHCHBHOCTH ()POHTOB BBISIBJICHA 3HAYMMasl TIOJIOKUTENbHAST KOPPEIISIIHS:
it ppoHTa Mops Yaanemia — ripu ¢azosom casure 0-3 rona, s gponra mops Ckorra —
npu ¢$a3oBoM caBure ot 3 g0 5 ser. OCOOEHHO YeTKO TEH/AEHIHUS K MOBBIIICHUIO WHTEH-
CUBHOCTH TPAHUI] 30HBI CIIUSHIS Moper Yannemuna u CKoIlla py pocTe 3HAYeHUH MHIEKCa
AHTapKTHYECKOT0 KoJieOaHUs MposiBIIAch B TeueHHue mocienaux 10 jer. B stor mepuon
HaOIIOaNTNCh BBICOKHUE ITOJIOKHUTENBHBIC 3HAYECHUSI 3TOTO0 MHAEKCAa M MaKCHMAaJbHbIC I10-
JIO’KUTEINIbHBIC 3HAUCHNUS aHOMAJIMH MHTEHCUBHOCTH (DpOHTA MOpPs Yaaemia.

Karouessie ciioBa: Mope Yannenna, Mmope Ckollla, TeMIepaTypa BOAbl, COJIEHOCTb, BEPTHU-
KaJbHasi CTPYKTYpa BOJ, BOJAHBIE MacChl, TEPMOXAJIMHHBIA (POHT, MPOCTPAHCTBEHHO-
BpEMEHHasi N3MEHYMBOCTh, AHTapKTHUECKoe Kosebanue, FOxHoe konebanne

BaaromapHocTH: pa0oTa BEINOJHEHAa B pPaMKax TEMBI T'OCYIapCTBECHHOTO 3aJaHUS
OI'BYH ®UL MI'U FNNN-2024-0014 «®yHIaMeHTalIbHbIE HCCIEIO0BaHUs MPOLECCOB
B3aMMOJICHCTBHUS B CUCTEME OKeaH-aTMocdepa, GOpMUPYIOMNX H3MEHIHBOCTh (hH3HUECKO-
TO COCTOSIHHSI MOPCKOH Cpellbl Ha pa3IMIHBIX IPOCTPAHCTBEHHO-BPEMEHHBIX MACIITA0ax».
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Introduction

The Weddell-Scotia Confluence (WSC) is located in the southwestern part of
the Atlantic Ocean Antarctic sector. It extends eastward from the South Shetland
Islands along the South Scotia Ridge V. This zone is one of the most biologically
productive regions of the Southern Ocean, with high concentrations of phytoplank-
ton and chlorophyll a in its waters. It is a key migration route for Antarctic krill,
which travel eastward from their spawning grounds on the shelves of the Antarctic
Peninsula ? [1-9]. The area’s commercial importance has led to numerous publi-
cations analysing the features of the WSC thermohaline structure, which is a key
abiotic factor influencing the spatial and temporal variability of water bioproduc-
tivity *» 4% [10-21]. The vertical thermohaline structure of WSC waters differs
qualitatively from that of the surrounding Antarctic-type waters. The Circumpolar
Deep Water (CDW) layer, which is characterised by elevated temperature and salini-
ty and is typical of Antarctic waters, undergoes noticeable transformation in the WSC.
WSC waters are characterised by their own vertical structure with relatively weak
stratification, and the subsurface layer down to a depth of 1000 m is almost homo-
geneous " ? ¥ [10-18, 20]. According to* [10, 12, 13], the causes of CDW trans-
formation and the formation of a quasi-homogeneous layer with weak stratification
can include winter vertical convection and subsidence of cold water observed dur-
ing the warm season due to the melting of icebergs that accumulate on the South
Scotia Ridge shelves. According to [17, 21], the WSC is characterized by subsid-
ence of surface and subsurface waters, which leads to the formation of a water col-
umn with relatively low temperature and salinity. Moreover, according to [21], cold
fresh shelf waters formed near the tip of the Antarctic Peninsula penetrate the WSC.
These waters spread eastward along the northwestern periphery of the Weddell Sea
Gyre, subsiding to intermediate depths due to their increased density resulting from
the low temperature close to the ice melting point. This process results in cooling and
freshening of the WSC waters. According to [19], the formation of the WSC water
structure is influenced by convective mixing due to ice melting and by vertical cur-
rents within a system of numerous quasi-stationary topographic vortex formations
characteristic of this area.

D Gordon, A.L., 1967. Structure of Antarctic Water Between 20W and 170W. In: V. Bushnell, ed.,
1967. Antarctic Map Folio series. Folio 6. American Geographical Society, 10 p.

2 Shulgovsky, K.E., 2005. [Large-Scale Variability of Oceanological Conditions in the Western Part
of the Atlantic Sector of the Antarctic and its Influence on the Distribution of Krill]. Kaliningrad:
AtlantNIRO, 148 p. (in Russian).

3 Chernyavsky, E.B., 1977. [Frontal and Gradient Zones of the South Ocean]. Moscow: Promys-
lovaya Okeanologiya. Iss. 6, 50 p. (in Russian).

4 Burkov, V.A., 1995. [Weddell-Scotia Confluence Zone]. In: IO RAS, 1995. [Pelagic Ecosystems of
the Atlantic Sector of Antarctica]. Moscow: 10 RAN, pp. 7-14 (in Russian).

3 Smith, S.G., 1989. On the Weddell-Scotia Confluence and the Scotia Front: Master's Thesis
in Oceanography. Texas A&M University, 85 p. Available at: https:hdl.handle.net/1969.1/ETD-
TAMU-1989-THESIS-S661 [Accessed: 24 November 2025].
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According to existing concepts > ® [15, 18-20], the northern boundary of
the WSC, which separates it from the waters of the southern Scotia Sea, is the Sco-
tia Sea Front (SSF). The southern boundary, which separates the WSC from the wa-
ters of the northern Weddell Sea, is the Weddell Sea Front (WSF). In accordance
with [15, 22—-24], the SSF and WSF can be observed on the surface. Note that
on the surface, they divide the modifications of the same body of water, the Ant-
arctic Surface Water. At the same time, in the subsurface layer, they delineate
the northern and southern limits of the transformed CDW layer [19, 20]. The SSF
extends the continental water boundary east of Mordvinov (Elephant) Island and
coincides with a relatively weak deep stream identified in the southern Scotia Sea,
south of the Antarctic Circumpolar Current system [15, 22]. The branches of the WSF
correspond to deep streams that form the north-western periphery of the Weddell
Sea Gyre [15, 22, 24].

Most studies analysing the water structure of the WSC and the variability of its
boundaries are based on data from contact measurements performed in different
years and seasons on individual synoptic sections located relatively far from each
other® [10-13, 16, 18] or on outdated hydrological databases with low spatial and
temporal coverage [17, 19, 20]. Due to high heterogeneity of contact measurement
data and almost complete absence of information during the cold season, contra-
dictions in the description of the WSC water structure persist to this day. Thus,
according to ¥ [10], the temperature of the WSC waters is low from the surface to
the bottom, whereas study [12] shows that a temperature maximum is observed
at the surface of the WSC. It is claimed in® [10—13] that the WSC surface salinity
is elevated, while data from® [10] show that high salinity is present at the bottom.
Furthermore, the results of studies [13, 17] suggest that the salinity of the WSC
waters is lower at depths of 200 m and below.

Based on archival climatic data from works [19, 20], the manifestations of
the WSC boundaries (SSF and WSF) in the long-term average thermohaline fields
were evaluated. The SSF is most clearly manifested in the temperature field
at depths greater than 200 m and in the salinity field in the upper 250 m layer.
The WSF is manifested deeper than 100 m in the temperature field and deeper than
300 m in the salinity field. These works also analysed the seasonal variability of
the SSF. It was demonstrated that the front is located between 58° and 60° S at the sur-
face throughout the year and reaches maximum intensity in March. However, due
to the limited availability of hydrological data in the Weddell Sea and their com-
plete absence in winter, the seasonal variations of the WSF could not be evaluated
[19, 20].

Some studies have analysed the features of the water structure in the WSC area
based on relatively short series of drifter and satellite measurements [4, 14, 15, 21, 23].
Higher spatio-temporal resolution satellite temperature measurements allowed
the SSF to be detected in the sea surface temperature (SST) field and the features

% Bogdanov, M.A., Oradovsky, S.G., Solyankin, E.V. and Khvatsky, N.V., 1969. [On the Frontal
Zone of the Scotia Sea]. Okeanologiya, 9(6), pp. 966-974 (in Russian).
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of the average long-term seasonal and interannual variability of this front's char-
acteristics to be refined [23]. Using AVHRR Ocean Pathfinder data from JPL
NOAA/NASA for the period 1985-2001, it was demonstrated that during the cli-
matic seasonal cycle, an increase in SSF intensity at the surface was observed
during the warm season. Meanwhile, interannual variations in the characteristics of
the front manifest as changes in its intensity and latitudinal displacement. A signif-
icant relationship was identified between interannual anomalies in the characteris-
tics of the front and anomalies in the areas of warm tropical waters in the Pacific
Ocean caused by El Niflo events. At the same time, the characteristics of the front
responded weakly to changes in the Southern Oscillation index [23].

In recent years, high-resolution hydrological datasets have emerged that as-
similate continuously updated SST data from contact and satellite measurements,
optimally interpolated onto regular grids (e.g. NOAA OISST). This has enabled
features in the climatic structure and seasonal variability of the WSF at the ocean
surface to be refined [24]. It has been demonstrated that, to the west of the South
Orkney Islands, the WSF is characterised by two branches in the average long-term
SST field, intensifying during the summer period of the Southern Hemisphere
(February—April) [24]. However, the structure and climatic variability of the SSF
and WSF in the ocean subsurface layers, which form the boundaries of the WSC,
remain largely unexplored.

The study aims to refine the characteristics of WSC manifestations in average
long-term thermohaline fields, based on modern oceanic reanalysis data (ECMWF
ORA-S5 xypcuB HaBepHOE He HyXkeH), to analyse the climatic variability of SSF
and WSF boundaries as well as to evaluate the influence of large-scale atmospheric
circulation modes (Southern Annular Mode and Southern Oscillation) on interan-
nual front characteristics.

Materials and methods

The study considers the region of the Southern Ocean located east of
Mordvinov (Elephant) Island, between 55° and 40°W, and 59° and 62.5°S
(Fig. 1, a, b). To construct the bottom relief scheme, data from General Bathymet-
ric Chart of the Oceans (GEBCO)” with a spatial resolution of 15” were used.
Monthly mean values of potential temperature (0, °C) and salinity S (PSU), as well
as zonal U and meridional  components of current velocities ¥/ (m/s), were uti-
lised for each year from 1958 to 2023. These data were obtained from the reanaly-
sis of the European Centre for Medium-Range Weather Forecasts OCEANS system
(ECMWF ORASS5) [27]. They were interpolated onto grid nodes with a resolution
of approximately 1/4° in longitude and 1/8° in latitude, distributed across 75 ver-
tical levels in ¢ coordinates ranging from 0.5 to 5500 m ®. The reanalysis used
the ocean model Nucleus for European Modelling of the Ocean (NEMO) and
the ocean assimilation system NEMOVAR, which incorporates surface and subsur-
face temperature, salinity, sea ice concentration and sea level anomalies [25].

” GEBCO. Gridded Bathymetry Data. [online] Available at:
http://www.gebco.net/data_and products/gridded bathymetry data/ [Accessed: 24 November 2025].

# Copernicus Climate Change Service, Climate Data Store. 2021. ORAS5 Global Ocean Reanalysis
Monthly Data from 1958 to Present. https://doi.org/10.24381/cds.67e8eeb7
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Based on the source data, the average long-term and monthly climatic mean
values of 0, S, the velocity modulus ¥ and the direction of current vectors were
calculated (Fig. 1, ¢). According to ?, the time series of the data used is sufficient
for determining statistically reliable climatic norms.

The boundaries of the WSC (SSF and WSF) were determined by locating
the extremes of the meridional temperature gradients (MTG) and meridional salini-
ty gradients (MSGQ) on sections spaced 0.25° apart along meridians. Positive (nega-
tive) MTG and MSG values indicate an increase (decrease) in temperature and
salinity values in the southern direction.

The interannual variability of the WSC boundaries was analysed in the tem-
perature field, because this parameter largely determines the course of large-scale
processes in the ocean—atmosphere system, serving as an indicator of the heat con-
tent of the active ocean layer [26, 27]. For this purpose, anomalies of the annual mean
values of MTG extremes (AnMTG), which characterise the SSF and WSF, were
calculated for each year relative to their average long-term values over the entire
analysed period of 66 years. When calculating the anomalies, the absolute values of
the MTG extremes were used. To assess the connections between the variability of
atmospheric circulation and interannual variations in the intensity of the SSF and
WSEF, cross-correlation functions with a 95% statistical significance level (o = 0.05)
were analysed between the time series of annual mean AnMTG values and the in-
dices of the Southern Oscillation (SO) and Antarctic Oscillation (AAO), which
characterise the Southern Annular Mode [1, 28, 29]. When calculating the cross-
correlation functions between the AnMTG values and the AAO index, the AnMTG
time series from 1979 to 2023 were used, corresponding to the period for which
AAO index data is available. SO and AAO index values were obtained from
the National Oceanic and Atmospheric Administration (NOAA) website ' '

Results and discussion

Figs. 2—4 show examples of the vertical distribution of the long-term mean
temperature and salinity values and their meridional gradients. Analysis of these
distributions revealed no clear signs of the WSC (the absence of sharp thermoha-
line extremes in the vertical structure due to the subsidence of colder, fresher wa-
ters) in the climatic fields of the upper 100—150 m layer, which is consistent with
earlier studies " ¥ ® [10-21]. The upper 100-150 m layer has the typical vertical
structure of the Antarctic zone characterised by a well-defined subsurface layer of
Antarctic Winter Water (AWW) with a minimum temperature and relatively low
salinity.

9 Monin, A.S., 1999. [Hydrodynamics of the Ocean Atmosphere and Earth’s Interior]. Saint Peters-
burg: Gidrometeoizdat, 523 p. (in Russian).

19 Climate Prediction Center. The Southern Oscillation Index (SOI). 2025. [online] Available at:
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensocycle/soi.shtml [Accessed: 24
November 2025].

D Climate Prediction Center. Antarctic Oscillation (AA0). 2025. [online] Available at:
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily ao_index/aao/aao.shtml [Accessed:
24 November 2025].
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The subsidence of colder, less saline water, which is characteristic of the WSC,
is clearly evident in the long-term average thermohaline fields below the AWW
layer. This disrupts the CDW layer (Figs. 2, a, ¢; 3, a, c; 4, a, ¢).

The transformation of the vertical water structure in the WSC is reflected
in the 6 and S curves (Fig. 5). The waters of the Scotia Sea to the north and
the Weddell Sea (Powell Basin) to the south of the WSC are characterised by well-
defined extremes corresponding to the AWW and CDW cores. In the WSC area,
however, only the AWW core manifests as an extremum, below which a quasi-
homogeneous layer is evident, with no clearly expressed extremum corresponding
to the CDW (Fig. 5).

The waters of the WSC are characterised by weak temperature and salinity
gradients. The northern boundary (SSF) has maximum negative MTG and MSG
values, while the southern boundary (WSF) has maximum positive MTG and MSG
values (Figs. 2, b, d; 3, b, d; 4, b, d).
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Fig. 5. Annual averaged 0,S-curves at different grid nodes on the meridians
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While the general features of the WSC are preserved (subsidence of cold, low-
salinity waters, and high MTG and MSG values at its boundaries), the position of
its boundaries and the depth of water subsidence in different areas of the body of
water differ. This is related to the features of water circulation caused by the bot-
tom relief. Current vector distribution at a depth of 200 m revealed a significant
presence of anticyclonic vortices and meanders over the South Scotia and Phillip
Ridges, and cyclonic vortices in the Scotia Sea, the Hesperides Trough, the Powell
Basin and the southern part of the South Orkney Shelf (Fig. 1, b, ¢). The vertical
distribution of the zonal velocity component U clearly shows oppositely directed
flows, which correspond to the northern and southern peripheries of these vortex
formations and extend to depths of 900—1500 m (Fig. 1, d).

Analysis of the vertical distribution of temperature, salinity, MTG and MSG
revealed that the WSC was most pronounced to the east of Mordvinov (Elephant)
Island. Here, subsidence of the waters occurs over the South Scotia and Phillip
Ridges. At 52.5°W, the WSC extends almost to the bottom over the Phillip Ridge,
completely disrupting the CDW layer and the cores of its upper (UCDW) and
lower (LCDW) modifications (Fig. 2, a, ¢). Within the latitudinal limits of
the WSC over the deep-water Hesperides Trough, a slight rise in isotherms and
isohalines is evident, which is associated with the topographic cyclonic meander
observed in this area (Fig. 1, ¢, d). Consequently, the northern boundary of the WSC
in the thermohaline fields exhibits a bimodal structure. One branch of the SSF is
located approximately at 60°S (over the South Scotia Ridge) and is most developed
in the 100400 m layer. The second branch of the SSF is located north of the Phillip
Ridge, approximately at 61°S, and is most developed in the 200-800 m layer (Fig. 2,
b, d). The distributions of the annual mean MTG and MSG at the 200 m horizon
along 52.5°W show two branches of the SSF (SSF-1 and SSF-2) in the temperature
and salinity fields (Fig. 6). The southern boundary of the WSC (WSF) is located
south of Phillip Ridge at 62°S, where it is most intense in the 100-700 m layer
(Figs. 2, b, d; 6).

In the central part of the water area (50° W), colder, less saline waters descend
over the Phillip Ridge spur in an anticyclonic meander area (Fig. 1, ¢) to depths of
approximately 1000 m in the temperature field and 1500 m in the salinity field.
This results in a significant transformation and deepening of the CDW layer as well
as the disruption of the UCDW and LCDW cores (Fig. 3, a, ¢). The SSF is clearly
visible in the temperature and salinity fields at approximately 60.5-60.75°S over
the southern slope of the South Scotia Ridge, while the WSF is visible at the north-
ern boundary of the Powell Basin at 61.375°S (Fig. 6). Both fronts are most intense
in the 100-600 m layer (Fig. 3, b, d).

Further east, at the western boundary of the South Orkney Shelf (47.5°W),
the main subsidence of waters also occurs in the area characterised by an anticy-
clonic meander (Fig. 4, a, c¢). The intensity and vertical extent of the SSF and WSF
decrease; both fronts are most developed in the 100400 m layer. The SSF is located
at approximately 60.85—61°S and the WSF at approximately 61.375°S (Fig. 4, b, d; 6).

Overall, closer to the South Orkney Shelf, the width of the WSC and the in-
tensity of its boundaries decrease noticeably (Fig. 6). At a depth of 200 m, the in-
tensity of the SSF decreases from 0.02 °C/km in the western part of the WSC to
0.01 °C/km at the western boundary of the South Orkney Shelf while the intensity
of the WSF decreases from 0.025 to 0.005 °C/km (Fig. 6, a).
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Fig. 6. Distributions of annual averaged MTG
(a) and MSG (b) and the position of the Weddell—-
Scotia Confluence boundaries (Scotia Sea Front
(SSF) and Weddell Sea Front (WSF)) at a depth of
200 m along the 52.5°W, 50°W and 47.5°W

In the salinity field, the intensity of the SSF remains relatively consistent
across the landscape, whereas the intensity of the WSF decreases from west to east,
dropping from 0.003 to 0.001 PSU/km (Fig. 6, b). In the thermohaline fields,
the width of the WSC (the distance between the SSF and WSF axes) decreases
from west to east, dropping from approximately 223 km (2° latitude) at 52.5°W
to 42 km (0.375° latitude) at 47.5°W (Fig. 6). East of the South Orkney Islands,
the WSC does not manifest in the annual mean climatic thermohaline fields, and
the Scotia Sea and Weddell Sea fronts are almost indistinguishable.

Thus, examining distributions of thermohaline characteristics on vertical
sections showed that the WSC was not clearly expressed in the climatic fields
in the upper layer occupied by the Antarctic surface and Antarctic winter water
masses. The horizontal distributions of temperature and salinity in the WSC area
at the surface (Fig. 7, a, b) and below the AWW layer (Fig. 7, ¢, d) differ consider-
ably. Within the latitudinal limits of the WSC at the surface, a decrease in tempera-
ture and salinity is observed in the southern direction, with a fall of 0 to —1 °C and
33.95 to 33.8 PSU, respectively (Fig. 7, a, b). Between approximately 49.5° and
47.5°W, the quasi-zonality of isohalines in the WSC area is noticeably disrupted.
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Here, an elongated tongue of lower-salinity waters is present in the northwestern di-
rection (Fig. 7, b). In this area temperature field, a slight shift of isotherms to the north
is also observed (Fig. 7, a). Analysis of the distribution of current vectors in the up-
per 100 m layer revealed a large-scale anticyclonic meander, along the eastern edge
of which waters with reduced temperature and salinity from the Powell Basin enter
the WSC via the deep-water passage to the west of the South Orkney Shelf (Fig. 1, b).
The surface distributions of temperature and salinity (the absence of temperature
extremes and a salinity decrease in the central part of the WSC) refine the results of
previous studies which claim an increase in salinity in the surface layer of waters
in the WSC [10, 13], as well as extreme temperature values (maximum [12] or
minimum * [10]).
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Fig. 7. Distributions of annual mean values of temperature (a, c¢) and salinity (b, d)
at the surface (a, b) and at a depth of 200 m (c, d), depth of the seasonal signal penetra-
tion in the temperature (e) and salinity (f) fields
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In contrast to the surface, the temperature and salinity distribution maps below
the AWW layer at a depth of 200 m (puc. 7, ¢, d) reveal a distinct tongue of cooler,
less salty water. This tongue extends along Phillip Ridge toward the South Orkney
Shelf to the east. Clustering of isotherms and isohalines is observed at the bounda-
ries of this tongue, which characterises the manifestation of the WSC boundaries.
The configuration of the tongue of waters with reduced temperature and salinity, as
well as the current vectors at the 200 m horizon (Fig. 1, ¢), indicate the penetration
of colder and less saline shelf waters into the WSC area from the Powell Basin.
These waters are formed over the shallow shelf of the Antarctic Peninsula. This find-
ing is consistent with the results of the study [21].

When assessing the climatic variability of the WSC boundary characteristics
(SSF and WSF), the depth of penetration of the seasonal signal (H SDseason)
in the thermohaline fields was analysed. This depth was conventionally defined
as the point at which the intra-annual standard deviation of temperature and salinity
decreased by an order of magnitude (see Fig. 7, e, f). Within the WSC, the H SDseason
values did not exceed 70-90 m in the temperature field and 50-80 m in the salinity
field (Fig. 7, e, f). In other words, the layer of transformed CDW in the WSC area
is almost unaffected by seasonal changes. Since seasonal fluctuations in the ther-
mohaline fields do not penetrate to the upper depth at which the SSF and WSF
manifest (100—150 m), the climatic variability of the WSC boundaries was analysed
on the interannual scale using the annual mean values of the front characteristics.

Despite significant progress in creating and improving modern reanalyses,
their quality for Antarctica remains low due to a key limitation: the extremely
small amount of source data available for model assimilation. In the subsurface
layers, where there is significantly less source data than at the surface, any interan-
nual trends obtained should be considered estimates.

Some features of the interannual variability of the characteristics of the SSF
and WSF in the subsurface layer, which is deeper than the AWW, can be explained
by physical and geographical factors, as identified through the reanalysis data used.
Thus, analysing the time series of the latitudinal positions of the MTG extremes
that characterise the SSF and WSF in the temperature field revealed that, on the in-
terannual scale from 1958 to 2023, the latitudinal displacement of the fronts does
not exceed 0.5°. At the same time, the stable position of the WSC boundaries is
determined by the features of the bottom relief. For instance, at the 50° W meridi-
an, which passes through the centre of the WSC, the SSF is located over the south-
ern slope of the South Scotia Ridge within the latitudinal band 60.25-60.75° S
(Fig. 8, a) throughout all 66 years, while the WSF is situated south of Phillip Ridge
at the northern boundary of the Powell Basin within the latitudinal band 61.25—
61.75° S (Fig. 8, ¢).

The distribution of annual mean MTG extremes (AnMTG) anomalies corre-
sponding to the SSF and WSF showed that these fronts intensified and weakened
in synchrony on the interannual scale (Fig. 8, a, ¢). From 1983 to 2010, a general
decrease in the intensity of the SSF and WSF was observed, with both fronts being
significantly weakened from 1987 to 1990. During this period, the width of
the WSC increased by almost one degree due to maximum displacement of the SSF
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northward to 60.25°S and the WSF southward to 61.75°S. From 1958 to 1982 and
after 2010, the intensity of the SSF and WSF increased. During periods of signif-
icant change in the intensity of the WSC boundaries, the southern boundary ex-
hibited the greatest change, with extreme interannual variations in WSF intensity
noticeably exceeding those in SSF intensity. The maximum positive values of
AnMTG are 0.008 °C/km for the SSF and 0.012 °C/km for the WSF. The maxi-
mum negative values of AnMTG for the SSF are —0.01 °C/km and for the WSF
they are —0.25 °C/km (Fig. 8, a, c).
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Fig. 8. Interannual variability of MTG annual mean anomalies and latitudinal
position (black dotted line) of the SSF (a) and WSF (c), spectra of AnMTG time
series of the SSF (b) and WSF (d) at a depth of 200 m at 50°W, distributions of an-
nual mean values of the South Oscillation (SO) (e) and Antarctic Oscillation (AAO)
(f) indices and their spectra (g, /)
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No significant trends characterising the general tendencies of long-period vari-
ability in the intensity of the SSF and WSF were identified in the time series of
annual mean AnMTG. The spectra of the AnMTG time series revealed periodici-
ties of four and six years in the interannual changes in the intensity of the SSF and
WSF (Fig. 8, b, d), similar to the variability periods of the Southern Oscillation
(SO) and Antarctic Oscillation (AAQO) indices (Fig. 8, e—%). Features similar to
those observed in the interannual variability of the WSC boundaries (absence of
a significant trend in the interannual anomaly time series and periodic alternation
of positive and negative anomalies every 2—5 years) were also observed in the sea
surface temperature field in the Atlantic sector of Antarctica [30].

Analysis of the cross-correlation functions revealed no significant relationship
between the interannual changes in the SSF and WSF intensity anomalies and
the changes in the SOI. A significant positive correlation was noted between
the intensity of the WSF and the AAO index, with a maximum value of R ~ 0.4
at zero phase shift at a depth of 100 m (Fig. 9, @) and at a shift of 3 years at a depth
of 200 m (Fig. 9, b).

A significant positive relationship is also observed between the SSF intensity
and the AAO index, with a maximum value of R ~ 0.35 at a phase shift of 5 years
at a depth of 100 m (Fig. 9, a) and at a phase shift of 3—5 years at a depth of 200 m
(Fig. 9, b). Thus, an increase (decrease) in AAO index values tends to be accompa-
nied by an increase (decrease) in WSC boundary intensity. This tendency has been
particularly evident over the last 10 years, when high positive values of the AAO
index (except in 2019) and maximum positive values of the WSC intensity anoma-
lies have been observed. As oceanic fronts act as “mixing barriers” [1, 4, 31],
strengthening the frontal boundaries of the WSC hinders the exchange of water
between the WSC and the Scotia and Weddell Seas. This contributes to the concen-
tration of biogenic elements
and krill juveniles within
the WSC, increasing the bio-
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Fig. 9. Cross-correlation functions between  poundary layer and the zonal
the annual averaged values of the MTG anomalies
of the SSF and WSF and the Arctic Oscillation in-
dex values at depths of 100 m (a) and 200 m (b).
Dashed lines are the boundaries of the confidence
interval of the 95% level of statistical significance
(0.=0.05)

component of wind stress.
At the same time, the band of
intense westerly winds shifts
southwards towards the WSC,
reaching approximately 60°S
[29, 32-34].

92 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2025



Conclusion

Based on ECMWF ORA-S5 reanalysis data from 1958 to 2023, the character-
istics of WSC manifestation in average long-term thermohaline fields have been
refined. The WSC is most clearly manifested between Shishkov (Clarence) Island
and the western boundary of the South Orkney Shelf. Below the AWW layer here,
subsidence of colder, less saline water is observed, accompanied by transformation
of the CDW layer and disruption to the cores of its upper and lower modifications.
The northern boundary of the WSC (the Scotia Sea Front) is found to be situated
over the southern slope of the South Scotia Ridge, while the southern boundary
(the Weddell Sea Front) is found to pass south of the Phillip Ridge at the northern
boundary of the Powell Basin. Both fronts are most intense in the 150-500 m layer.
Closer to the South Orkney Shelf, the width of the WSC decreases by more than
fivefold (from 2° to 0.375° of latitude). The intensity of the SSF and WSF de-
creases towards the east, and east of the South Orkney Islands, these fronts become
indistinct.

On the interannual scale it is shown that the latitudinal displacements of
the WSC boundaries do not exceed 0.5°, while their stable latitudinal position is
determined by the bottom relief features. Throughout the entire analysed period,
the SSF is located over the southern slope of the South Scotia Ridge in the central
part of the WSC, between 60.25° and 60.75°S, while the WSF is located south of
the Phillip Ridge, between 61.25° and 61.75°S.

It is established that the boundaries of the WSC both intensify and weaken
in synchrony on the interannual scale. From 1983 to 2010, a decrease in the intensi-
ty of the SSF and WSF was observed, and both fronts were at their weakest from
1987 to 1990. The intensity of the SSF and WSF increased from 1958 to 1982 and
after 2010. During periods of significant intensification or weakening of the WSC
boundaries, the intensity anomalies of the WSF exceed those of the SSF by 1.5—
2.5 times.

No significant trends characterising the general tendencies of long-period vari-
ability in the intensity of the SSF and WSF temperature gradient values were iden-
tified in the time series of annual mean anomalies. However, periodicities of four
and six years were detected, which are close to the periodicities of the Southern
Oscillation and the Southern Annular Mode. A significant positive correlation
(R ~ 0.4) was identified between the intensity anomalies of the WSF and the AAO
index at zero phase shift at a depth of 100 m, and at a shift of three years at a depth
of 200 m. A significant positive relationship (R ~ 0.35) is also observed between
the intensity anomalies of the SSF and the AAO index at a phase shift of 5 years
at a depth of 100 m, and at a phase shift of 3—5 years at a depth of 200 m. This ten-
dency for the WSF boundaries to increase in intensity with rising AAO index val-
ues has been particularly evident over the last 10 years, when high positive AAO
index values and maximum positive WSF intensity anomaly values were observed.
However, no significant relationship was identified between interannual changes
in SSF and WSF intensity anomalies and changes in the SOI.
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