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Abstract

Purpose. The purpose of the work is to study the different-scale features of distribution of
the hydrooptical and hydrological characteristics in the Antarctic Sound based on the contact and
satellite measurements carried out in January, 2022 in the 87" cruise of the R/V “Akademik Mstislav
Keldysh”.

Methods and Results. The data of complex natural measurements performed at the oceanographic
stations in the Antarctic Sound on January 27-28, 2022 in the 87™ cruise of the R/V “Akademik
Mstislav Keldysh” were used. Additionally, the satellite data were analyzed. Complex hydrophysical
equipment permitted to obtain the vertical profiles of temperature, salinity, dissolved oxygen,
chlorophyll a concentration, fluorescence intensity of colored dissolved organic matter, intensity of the
beam attenuation coefficient at 660 nm and photosynthetically active radiation. Based on these data,
the main features of mesoscale circulation within the cyclonic gyre over the deep-sea part in
the southern Antarctic Sound were determined. The joint analysis of hydrooptical and hydrological
characteristics, and satellite measurements in the Antarctic Sound obtained in course of the Antarctic
expedition showed presence of a system of the alternating anticyclonic and cyclonic eddies in the area
under study. It is also shown that in the ice drift area polluted by land soils or shelf bottom sediments,
a zone of the increased turbidity arises that is related to the terrigenous suspension entering into
the water during ice melting.

Conclusions. The system of the different-scales eddies and currents in the Antarctic Sound contributes
to the water exchange between the upper and deep layers of the strait, as well as between the Weddell
Sea water spreading to the north-northwest along the slope of the strait basin adjacent to the shelf edge
of the Antarctic Peninsula and the Bransfield Straight waters spreading along the slope of the islands’
shelf which is the northeastern boundary of the strait.
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Introduction

The Antarctic Sound, connecting the Weddell Sea with the Bransfield Strait, is
located between the northeastern tip of the Antarctic Peninsula and the archipelago
of islands, the largest of which is Joinville Island. The length of the strait is ~ 50 km,
the maximum width reaches 19 km.

The greatest depth of the Antarctic Sound northern shelf on the boundary with
the Bransfield Strait is 100 m, the depth of the strait trench on the boundary with the
Weddell Sea is ~ 800-1000 m. In the central part of the Antarctic Sound there is a
seamount, the top of which is at a depth of 300 m. At the southern foot of this
seamount, the depth of the strait reaches an absolute maximum of ~ 1000 m in
a depression that continues southward into the Weddell Sea. On other sides,
the depth of the canyons at the foot of the mount does not exceed 500 m. The noted
features of the rugged bottom topography, in particular the seamount, should have a
significant effect on the mesoscale circulation in the strait. Moreover, stable
mesoscale eddies can form not only above seamounts, but also directly above
the channel of the strait. For example, chains of mesoscale eddies of opposite signs
form along the axis of the strait and the slopes of the trench above the Tatar Strait of
the Sea of Japan [1]. In the Drake Strait, the mesoscale eddies also form [2], as in
many other straits.

The water of the Weddell Sea, rich in nutrients and phytoplankton, propagates
in the Antarctic Sound along the continental slope of the Antarctic Peninsula [3],
while the water of the Bransfield Strait propagates mainly in the upper layer in
a southerly direction along the slope of the bottom topography near the eastern
boundary of the strait — a ridge of islands, including the largest one — Joinville Island
[4].

In February 2020, during the Antarctic expedition onboard R/V Mstislav
Keldysh (79" cruise), continuous measurements of the current velocity by the vessel
ADCP along the vessel’s route and STD-probings on the longitudinal and transverse
sections in the Antarctic Sound were performed [3]. The transverse section was
located in the central part of the strait. Based on the ADCP data analysis, a
characteristic cyclonic circulation in the strait (clockwise in the Southern
Hemisphere) was revealed, limited from the north, east, and west by the shelf edge,
from the south — by the narrowing of the depression and a decrease in the strait width.
It follows from the T, S diagrams that, within this cyclonic eddy, the waters of the
Weddell Sea mix with the Bransfield Strait waters [3].

It is considered that the main flux of the Weddell Sea cold waters enters
the Bransfield Strait not through the Antarctic Sound, but along the bottom slopes
north of D’Urville and Joinville islands [4-6]. The inflow of the Weddell Sea cold
waters through the Antarctic Sound into the Bransfield Strait is hindered due to
the peculiarities of the bottom topography, but occasionally occurs under favorable
conditions [7, 8].

According to observational data [9-13] and the results of numerical
hydrodynamic modeling [1], mesoscale [1, 9-12] and submesoscale [13] eddies form
in most straits with a nonuniform bottom topography. Along the axis of the strait,
alternating paths of mesoscale eddies of opposite signs are often observed [1]. A
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system of mesoscale eddies was also observed in the southern part of the Drake Strait
[14], in the Bransfield Strait, and in the Weddell Sea [14, 15]. It has been
demonstrated that mesoscale eddies significantly affect the transport of waters of
various origins, the water exchange between the shelf and the deep sea [14, 16-18]
and, accordingly, the spatial distribution of hydrooptical and hydrochemical
characteristics, as well as biological communities.

The purpose of this work is to study the multi-scale features of the distribution
of optical and hydrological characteristics in the Antarctic Sound according to
the data of contact and satellite measurements in January 2022 on the 87" cruise of
R/V “Akademik Mstislav Keldysh”.

Materials and methods

As part of the expedition research program of R/V “Akademik Mstislav
Keldysh” 87" cruise, on January 27-28, 2022, comprehensive in-situ measurements
of hydrooptical and hydrological parameters were performed on two sections in
the Antarctic Sound (Fig. 1). The first is a longitudinal section, located
approximately along the axis of the strait, it includes 6 oceanographic stations for
measuring vertical profiles of various oceanographic characteristics, performed by
sounding equipment. Five stations were located directly in the Antarctic Sound, and
the sixth was located in the Weddell Sea, outside the southern boundary of the strait.
The second section, including 5 stations, was carried out across the strait between
Joinville Island and the Antarctic Peninsula abeam Esperanza Base, which is the
Argentine Antarctic research station. Similar sections in the Antarctic Sound were
performed on the 79" cruise of R/V “Akademik Mstislav Keldysh” in January 2020
[3], so they can be considered the beginning of a regular series of measurements.

A joint analysis of the results of measurements of hydrooptical and hydrological
characteristics on these intersecting sections makes it possible to identify the zones
of ascending and descending vertical movements characteristic of mesoscale
circulation and the system of currents of a larger scale during the measurement
period.

The in-situ measurements were carried out using a complex of probing
hydrological and hydrooptical equipment, which includes Idronaut, Turner C6P and
Condor probing meters. Temperature (T), salinity (S), dissolved oxygen (O2), and
chlorophyll a (Chl-a) fluorescence intensity down to the bottom were measured
using ldronaut probe. The Turner C6P instrument measured the fluorescence
intensity of the colored dissolved organic matter (CDOM). The Condor probe was
applied to determine the beam attenuation coefficient at a wavelength of 660 nm
(BACss0) and photosynthetically active radiation (PAR). In the red region of the
spectrum, the beam attenuation coefficient is determined by the absorbing and
scattering properties of the total suspended matter (TSM) and does not depend on
the CDOM absorption [19]. The measurements with Turner C6P and Condor probes
were carried out only on a longitudinal section and to depths not more than 250 m.
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Fig. 1. Scheme of location of oceanographic stations and bottom topography in the Antarctic Sound
(measurements were carried out on January 27-28, 2022)

Chl-a fluorescence intensities were recalculated into its mass concentrations
(Ceni-a, Mg/l) according to the dependence provided by the manufacturer of
the Idronaut probe. This relationship was verified by comparison with standard
determinations of Cchi-a performed by the extract method in the area under study.
Satisfactory results were obtained: the coefficient of determination R? = 0.71, and
the slope coefficient k in a straight line y = kx did not differ significantly from unity
at a confidence level of 0.95.

CDOM (Fcpom) fluorescence intensity values are calibrated to Quinine Sulfate
Units (QSU) under laboratory conditions just before the expedition. BACeso Was
calibrated in laboratory conditions before the expedition based on the results of
measurements in formazin suspension solutions with a given concentration in
Formazin Turbidity Units (FTU).
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Satellite measurements were used as additional information, namely:

— RGB image of the sea surface obtained from the data of OLI radiometer (pixel
size ~ 30 m), installed on Landsat-8 satellite, for January 17, 2022 for
the southeastern part of the Antarctic Sound and the adjacent western part of
the Weddell Sea. The spatial resolution of the image is ~ 30 m. The numbers of OLI
radiometer channels we used and the wavelength of maximum sensitivity are as
follows: red (R) — No. 4 (654.5 nm), green (G) — No. 3 (561.5 nm), blue (B) — No. 2
(482 nm);

— a fragment of a high-resolution image (5-40 m) of Sentinel-1 satellite radar,
obtained on February 19, 2022 at a weak wind in the area of the previous hydrologo-
hydrooptical contact measurements on the transverse section and the corresponding
part of the longitudinal section in the Antarctic Sound, performed on 27-28 January
2022.

These satellite measurements are selected from many others according to
the quality criteria corresponding to clear weather for optical probing and light wind
up to 5 m/s for radar sounding, as well as from the point of view of the shortest
distance in time from the date of ship measurements. Optical and radar satellite data
of high spatial resolution were applied, since they provide the most detailed analysis
of eddy structures with a scale of less than 10 km [20-22].

The satellite RGB image contains information about the presence of ice
fragments and icebergs, as well as other floating objects. On the radar image, in
addition to ice, areas of the sea surface “smoothing” are distinguished. Such data
help to identify features of multiscale circulation in the Antarctic Sound, including
mesoscale eddies and currents, and to correctly interpret the results of STD and
hydrooptical measurements on the transverse and longitudinal sections in the strait.

Below we provide a photograph of contaminated drifting ice in the area of
station 7332, taken by the first author of the paper on January 28, 2022, which helps
to correctly interpret the spatial heterogeneity of the hydrooptical probing data of the
sea upper layer up to 250 m.

Results of the study

Longitudinal section. It includes 6 hydrological and hydrooptical stations
located approximately along the axis of the Antarctic Sound (stations 7324, 7325,
7329, 7332, 7333, 7334), their location is demonstrated in Fig. 1. The analysis of the
longitudinal section data (Fig. 2) revealed a significant difference in water masses in
the northern and southern parts of the strait. The water entering the northern shelf
part of the Antarctic Sound from the Bransfield Strait (stations 7324, 7325) has a
higher temperature with the highest values of ~—0.1°C in the upper 60-m layer (Fig.
2, a). This water has an increased salinity (Fig. 2, b), but unlike the temperature, its
maximum, ~ 34.55 PSU, is located deeper — at a horizon of 150 m.

Hydrooptical characteristics at stations 7324 and 7325 have low values: Ccni-a
(Fig. 2, c) does not exceed 1 pg/l, BACeeo (Fig. 2, f) — 0.35 FTU. The values of Ccnia
and BACego decrease with depth. The minimum Fcpom values (Fig. 2, €) in this area
are observed in the upper mixed layer of 50 m, as in the Bransfield Strait. The depth
of the photic layer (Z.,) at these northern stations of the section reaches a maximum
value of 85 m for the entire Antarctic Sound.
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Fig. 2. Longitudinal vertical section of temperature (a), salinity (b), chlorophyll a concentration (c)
and dissolved oxygen (d), fluorescence intensity of colored dissolved organic matter (e) and beam
attenuation coefficient on the wavelength 660 nm (f). Dashed lines indicate the photic zone depth

At the same stations, a low content of O, was recorded (Fig. 2, d): in the near-
surface layer, its concentration is ~ 11 mg/I, in the bottom layer, it is ~ 10 mg/I.

On sections T, Ceni-a, O2, and Fepowm at station 7325, a significant deepening of
the isolines of these characteristics is observed, which usually occurs during
downwelling in the central part of the anticyclonic mesoscale eddy.

At stations 7332 and 7333, on the vertical temperature section in
the intermediate layer of 100-200 m, a core of relatively warm water with
an increased content of O, (Fig. 2, d) and low Fcpom values (Fig. 2, e) is observed.
Such features of the vertical distribution of the noted values are often traced in
the central part of anticyclonic eddies [23].

At station 7332, a spot with high BACeso values and, accordingly, weak
penetration of PAR into the water column was revealed in the near-surface 20-meter
layer. At the same time, the remaining hydrooptical characteristics remain the same
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as in the surrounding waters, which may indicate the influx of suspended particles
not associated with phytoplankton.

The coldest and freshest waters of the upper mixed layer with the highest O;
content (11.2 mg/l) are observed at the southern boundary of the Antarctic Sound
(station 7333, 0-20 m layer), where T =—0.7°C, S = 34.35 PSU. In the adjacent area
of the Weddell Sea shelf (station 7334), the temperature is approximately the same,
the salinity is lower by 0.05 PSU, and the dissolved oxygen content is higher by 0.8
mg/l.

At these stations, an increase in the values of all hydrooptical characteristics was
observed with maximum values at the last southern station (7334) of the longitudinal
section. On the vertical profile, the maximum Ccnia (6 pg/l) is located at a depth of
20 m. The highest BACsgeo Values within the range of 0.55-0.6 FTU were observed
in 0-50 m layer. The high values of Ccnia and BACeso are due to the development of
phytoplankton in this layer. The Fcpom maximum (0.6 QSU) was obtained in 0-70
m layer. The depth of the photic layer at station 7334 was minimal and made up 24
m.

Transverse section. The differences in hydrophysical characteristics in
the western and eastern regions of the strait were determined on the transverse
section in the middle part of the Antarctic Sound (Fig. 3).
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Fig. 3. Cross-sectional vertical section of temperature (a), salinity (b), chlorophyll a (c) and dissolved
oxygen (d) concentrations
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In the western part of the strait at station 7326 the coldest (Fig. 3, a) waters in the
entire layer were recorded, the maximum content of Ccni-a (3.5 pg/l) (Fig. 3, ¢) and O
(11.2 mg/l) (Fig. 3, d) — in the upper 70-m layer. On the section in the vicinity of station
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7330 and 7329 an upwelling, the rise of cold deep saline waters (Fig. 3, b) with a low
content of Ccni-a @and Oy, is well pronounced.

In the eastern part of the strait, near stations 7327 and 7328, a downwelling, as
a result of which the warmer and less saline water of the upper layer with high content
of Oz and Ccni-a descends to the lower layers to 320 m, is well developed.

Scatterplots. The characteristic features of water mass distribution in
the Antarctic Sound are highlighted in the scatterplots of hydrooptical and
hydrological characteristics (Fig. 4).

In T, S (Fig. 4, a) and BACgs0, S (Fig. 4, b) diagrams for offshore northern
stations 7324 and 7325 (in the upper right part of Fig. 4, a) the warmest and most
saline waters of the Bransfield Strait stand out. The salinity of these
waters, compared with the temperature and the beam attenuation coefficient at
660 nm, varies slightly with depth, within the range of 34.54-34.56 PSU.
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Fig. 4. Scatterplot of temperature and salinity (a), beam attenuation coefficient and salinity (b), beam
attenuation coefficient and chlorophyll a concentration (c), beam attenuation coefficient and salinity
(d) over the entire axial section dataset. The station numbers on graphs a — ¢ and the depth on graph d
are highlighted in color

Diagrams T, S and BACsego, S for the southern stations 7333 and 7334 differ from
the diagrams for the northern stations in lower temperature and salinity. In the upper
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layer of 0-200 m, salinity varies over a much larger range compared to the lower
layer waters at the same stations and the waters of the Bransfield Strait at the northern
stations. This may be due to the melting of ice in the Weddell Sea during the summer.

An intermediate position on the diagrams is occupied by station 7329, which is
located above the top of the seamount in the middle part of the strait at
the intersection of the longitudinal and transverse sections. T, S and BACes, S
diagrams for this station are characterized by relatively low temperature,
intermediate salinity compared to the northern (7324, 7325) and southern (7333,
7334) stations, as well as increased BACgso Values at depths greater than 100 m. The
specified station under the upwelling effect in the upper layer contains the water of
the underlying layers surrounding the seamount. The water rise and the decrease in
the upper layer temperature here are due to a mesoscale cyclonic eddy above the
mount, which is manifested in most of the hydrophysical characteristics in the
longitudinal and transverse sections (Fig. 2, 3), as well as in T, S and BACes0, S
diagrams.

InT, S, BACse0, S and BACes0,Ccni-a diagrams for station 7332 in the upper layer
up to 60 m, the values of T and BACsgo are higher than for the neighboring station
7333: T >-0.4°C and BACss0 > 0.6 FTU at station 7332; T < - 0.5°C and BACeso <
0.5 FTU at station 7333. At the same time, Ccni.a Values are lower and amount to
0.1-1 g/l at station 7332 and 1-2 ug/l at station 7333. Accordingly, the assumption
(Fig. 2, c, e, f) that the increase in BACsgo here is due to the melting of contaminated
ice and does not depend on phytoplankton is confirmed. With an increase in the
depth, water characteristics at station 7332 approach the characteristics of the
Weddell Sea waters at the southern stations of the longitudinal section.
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Fig. 5. T-S diagram for the entire dataset
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In T, S diagram for all stations performed in the strait (Fig. 5), it can be seen that
in the western part of the cross-section, the Weddell Sea waters propagate throughout
the entire layer to the bottom. In the eastern part of the section, in the upper layer up
to 200 m, the transformed waters, which have intermediate characteristics between
the waters of the Weddell Sea and the Bransfield Strait, are formed. The
transformation of these waters can be associated with the effect of the system of
mesoscale eddies noted earlier in the sections (Fig. 2, 3) and found in satellite
images.

Analysis of satellite images. In Fig. 6 and 7, optical and radar satellite images
of high spatial resolution are given.
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S

57° W 56°30' 56°

Fig. 6. Satellite RGB-image of the sea surface (Landsat-8) on January 17, 2022 in the southeastern
part of the Antarctic Sound and the adjacent area of the western Weddell Sea (above), as well as a photo
of the polluted drifting ice in the area of station 7332 (January 28, 2022) (below)
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In Fig. 6, the satellite RGB-image reveals the presence of a pronounced
mesoscale anticyclonic eddy in the southern part of the Antarctic Sound in the area
of stations 7332 and 7333. The eddy appears as a light curve reflecting the inflow of
ice fragments and optically active substances brought by them from the Weddell Sea
to the southeastern part of the Antarctic Sound basin, where ice is involved in
cyclonic circulation. The diameter of the eddy is ~ 8 km.

In Fig. 6 (bottom) an ice fragment that is a component of the light band under
consideration is shown. This ice is contaminated with land soil or bottom sediments
of a shallow shelf. Its melting leads to an increase in BACgso due to the release of
suspended particles into the water that are not associated with phytoplankton
communities, which is consistent with the results presented in Fig. 2, c, e, f and Fig.
4, b.

In Fig. 7, a high-resolution (5—40 m) radar image of the sea surface roughness
field in the region of the central part of the Antarctic Sound is demonstrated.

63°12'

63°24' ol

O e3ery

63°30'

h ¥

56°54'38" W 56°1123"
Fig. 7. Fragment of the Sentinel-1 derived high-resolution image (February 19, 2022)

The areas of upwelling and downwelling of waters in all sections are well traced
according to the data of ship measurements (Fig. 2, 3). In the satellite radar image
(Fig. 7), the upwelling areas on the sections correspond to dark zones with the least
roughness of the sea surface on scales of ~ 5.5 m. In the zones of current velocity
cyclonic vorticity, both mesoscale [1] and submesoscale cyclonic eddies are
generated. They are formed, in particular, on the periphery of mesoscale anticyclones
[24]. The alternation of zones of convergence and divergence, downwelling and
upwelling, including over the slope and the edge of the Patagonian shelf [25], is a
characteristic feature of the mesoscale and submesoscale circulation in the areas of
the currents above the slope and edge of the shelf, as well as over the adjacent part
of the continental slope.
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The zones of current velocity vector convergence in the upper layer of the sea
and downwelling, including in mesoscale anticyclonic eddies, correspond to
the greater roughness of the sea surface, which is shown by a lighter tone in Fig. 7.

Let us note that on February 19, 2022, the weather was favorable and the wind
velocity did not exceed 4 m/s. Therefore, the radar image on that day can be
interpreted in the context of our work. On other dates, with a wind exceeding 5 m/s
and well-defined wind waves on radar images, it is more difficult to distinguish
the zones of convergence, divergence, cyclonic and anticyclonic eddies in the field
of sea surface roughness.

Conclusion

Based on the data of hydrooptical and hydrological measurements on January
27-28, 2022, as well as satellite information, obtained during the 87" cruise of R/V
“Akademik Mstislav Keldysh”, as well as satellite information, the main features of
the mesoscale circulation in the Antarctic Sound within the cyclonic circulation over
the deep basin of the southern part of the strait were determined. A joint analysis of
the hydrooptical and hydrological characteristics obtained during the Antarctic
expedition and satellite measurements in the Antarctic Sound revealed the presence
of a system of alternating anticyclonic and cyclonic eddies in the area under study.

This system of mesoscale eddies enhances the exchange between the waters of
the upper and deep layers of the strait, as well as between the waters of the Weddell
Sea, propagating in the strait towards the north-northwest along the slope of the
Antarctic Peninsula bottom, and the waters of the Brasnfield Strait, propagating
along the slope of the shelf of the islands towards the northeastern boundary of the
strait.

It is demonstrated that in the drift areas of the ice contaminated with land soil or
shelf bottom sediments, a zone of increased turbidity is formed, which is associated
not with phytoplankton blooms, but with the entry of terrigenous suspension into the
water during the contaminated ice melting.
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