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Summary

Hydrographic observations, carried out in March-May, 2019 during “Transarktika-2019” expedition onboard R/V
“Akademik Tryoshnikov” allowed studying mechanisms of Atlantic Water (AW) transformation in the Barents Sea.
Although this research topic is rather traditional for oceanographic studies, there are still a number of questions, which
require clarification. Among these is a deeper understanding of the AW transformation in specific regions in cold season,
when the coverage by observations is scarce. In this study we performed temperature and salinity (75) analysis of
conductivity — temperature — depth (CTD) data, collected in the north-eastern “corner” of the Barents Sea — this is
the area with difficult access in winter due to high concentration of pack ice. The results allowed identification of areas
along the pathways of AW branches, where various types of open sea convection and cascading acted as dominant
processes of AW properties change. We distinguish several driving mechanisms controlling modification of the waters
of Atlantic origin. An advantage of winter measurements is that the active stage of AW transformation mechanisms
is explicitly observed at the consecutive CTD sections.
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Pe3rome

Tupponornyeckue HaOMOMCHUS, BBITOTHEHHBIC B MapTe—Mae 2019 1. Bo Bpems skcnequuun «Tpancap-
ktrka-2019» Ha 6opry HOC «Akanemux TpEUIHUKOBY, MO3BONMIN H3YYNTh MEXaHU3MbI TPaHC(HOPMALIHH
AtnanTtuyeckoit Bozsl (AB) B bapenieBom mope. Xots 3Ta TeMa sBIAETCSA JOBOJIBHO TPAAULMOHHOM Npu
u3yueHun okeanorpaduu bapeHuesa Mops, COXpaHseTCs psijl BOIPOCOB, KOTOPbIE TPEOYIOT MPOSCHEHHSI.
Cpezy 3THX BOIPOCOB MOXHO BBIIEIUTH Oonee rnybokoe MoHUMaHKe nporeccoB Tpancdopmannn AB B
ONpe/IeNICHHbIX PailoHaX MOPs B XOJIOAHOE BPEMs I'0/ia, KOTa KOIMYECTBO HATYPHBIX HAOMIOAEHUIT orpa-
HUYEHO. B 1aHHOM HcceioBanuy ObLI IpoBesieH 1.S-aHalu3 TUAPOIOrHIeCKUX NPpouieii, BEIIOTHEHHBIX
B CEBEPO-BOCTOYHOM perroHe bapeHieBa Mopst — 001acTH, B KOTOPOH 3UMHHE MOJIEBBIE HCCIEIOBAHUS
3aTPYAHEHbI U3-3a CIOXKHBIX JEJOBbIX yca0Bui. [lomyueHHbIe pe3ynbTaThl I03BOIMIN ONPEACIUTD 30HBL,
pAacIoNIokKEHHbIE B/IOJIb BeTBEH pacrnpocTpaHenus AB, rae pasznuuHble THIBI BEpPTHKAIbHON KOHBEKLIUU
M KacKaJMHTa SIBISIOTCS JOMHHHUDPYIOU[MMU MEXaHH3MaMH, oOecreuuBalomumMu Tpancdopmannio AB
o Mepe ux JBrkeHus. [1o pesysnpraTaM aHanm3a ObUIO BBIICICHO HECKOJBKO XapaKTEPHBIX MEXaHH3MOB
Tpancdopmaruu. [IpenMyecTBO HCIOIb30BAHHBIX B TaHHOH pad0Te 3MMHUX H3MEPEHUH 3aKIII04aeTcs B
TOM, YTO aKTHUBHAS CTAJMsI MEXaHH3MOB TpaHC(HOPMALMH SIBHO NPOCIEKUBACTCS B JAHHBIX HAOTIONCHUH
Ha [I0CJIe/10BATEIbHBIX THAPOJIOITHUECKUX pa3pe3ax.

KaroueBble coBa: ArnanTuueckas Boja, bapeHueBo Mope, BepTHKalbHas KOHBEKIHS B OKEAHE, KACKAJIMHL,
MOpCKOH Jie, moseBbie Habmonerns, CeepHblii JlenoBuThIil okeaH, 7.S-aHaH3.
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org/10.30758/0555-2648-2020-66-3-246-266.
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INTRODUCTION

The Barents Sea occupies a special niche among the Arctic Ocean (AO) shelf seas,
due to its marginal location between the AO deep interior and the Nordic Seas. Prevailing
direction of zonal atmospheric transport in mid-latitudes of the Northern hemisphere - from
west to east, places the Barents Sea on the pathway of cyclones and ocean currents that
carry heat and moisture/salt to the AO. This feature makes the Barents Sea very sensitive
part of the AO, quickly responding to atmospheric and oceanic “signals” coming from
mid-latitudes. On the other hand, hydrological and ice conditions in the Barents Sea play
significant role in the formation of feedbacks between the North Atlantic Ocean and the
Arctic Ocean, and affecting the climate of the Eurasian continent [1].

Large-scale advection of warm and salt water from the North Atlantic Ocean is the
main external source of heat and salt for the AO [2]. An increase in the amount of ocean
heat entering the Barents Sea from mid-latitudes in 2000s caused significant decrease in
the winter ice area in the Barents Sea [3]. Recent studies indicate that the most dramatic
changes in the 2010s occurred in the northern Barents Sea [4]. The observed warming
is primarily associated with atmospheric thermodynamic forcing, which gradually affect
most of the water column. Noticeable increase in temperature and salinity in this area
has been observed since the mid-2000s. Another hypothetical mechanism of the observed
changes is associated with general decrease of sea ice volume in the Arctic Ocean [5].
Decrease in ice import to the Barents Sea and subsequent salinization leads to weakening
of density stratification, intensification of vertical mixing and an increase of heat and salt
supply from the deep to the surface water layer. The ultimate outcome of such changes
is a further reduction of sea ice, i.e. implementation of positive feedback, defined as
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“atlantification” [3, 6]. Due to the fact that the Barents Sea is a relatively shallow basin
(the average depth of the sea is 230 m), atlantification is progressing here much faster
than in the neighboring deep Nansen Basin. Thus, the scenario, that hydrological regime
in the northern part of the Barents Sea may completely transform in the coming years
to sub-Arctic type, a characteristic feature of which is almost year-round absence of ice
cover [5], should be considered as a rather realistic one.

Despite the large number of instrumental observations carried out in the Barents
Sea in the past, the coverage by observations is very uneven. Most of the field data were
collected in the permanently ice-free western and central parts of the sea [7], while the
northern and north-eastern parts appeared to be understudied, especially in the winter
season. On the other hand, as will be shown in the next section, processes in the northern
and northeastern parts of the sea are of high theoretical and practical importance, because of
vigorous water masses transformation within this area. End products of this transformation
spread over different water layers in the deep Arctic Ocean, affecting thermohaline and
hydrochemical structure of the water column.

The paper consists of five sections, including this one. The present knowledge on
the role of Atlantic water in the formation of the hydrological regime of the north-eastern
part of the Barents Sea is briefly summarized in the next section. The study is based on
the unique field data, obtained in late winter and spring 2019 in the Barents Sea during
the “Transarktika-2019” expedition (1st leg). The data and methods, used for analysis are
briefly described in section 3. Results of the analysis are presented in section 4. Results
are discussed and summarized in the final section.

THE ROLE OF ATLANTIC WATER IN THE FORMATION
OF THE HYDROLOGICAL REGIME OF THE NORTH-EASTERN BARENTS SEA

To give an overview on how the waters coming from the North Atlantic may affect
the hydrological regime of the north-eastern part of the Barents Sea, we briefly describe
their pathways to the study area. After crossing the Faroe-Icelandic Ridge, the continuation
of the North Atlantic Current — the Norwegian Current follows to the north-north-east
along the coast of Norway. In the northwestern part of the Norwegian Sea, the stream is
divided into the West Spitsbergen Current, which flows into the AO through the Fram
Strait, and the North Cape (Nordkapp) Current, which enters in three branches the Barents
Sea between Medvezhy Island (Bjerneya) and the Scandinavian Peninsula.

In the marginal ice zone north and northeast of Spitsbergen (Svalbard), an upper
part of the Atlantic water (AW) layer is cooled and freshened through interaction with the
atmosphere and ice cover [8]. The deep part of the AW layer, which is commonly referred
as the Fram Strait branch of the Atlantic water (FAW), preserves above-zero temperature
and high salinity (~34.9 — 35.2). FAW and the transformed upper layer are carried by the
boundary current eastwards, along the continental slope of Eurasia. These waters reach
the Barents Sea, entering from the north, through Victoria and Franz-Victoria channels
between Svalbard and Franz Josef Land (FJL) archipelagos [9], and from the northeast,
through St. Anna Trough in the northern part of the Kara Sea and the strait between FJL
and Novaya Zemlya [10].

Atlantic water entering the Barents Sea from the west with the North Cape
current - the so-called Barents Sea Atlantic Water (BAW), is strongly cooled down
to the seafloor in the winter season. This is traditionally explained by the fact that
winter convection often reaches the bottom in a relatively shallow Barents Sea [11].
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The main outflow of BAW from the Barents Sea occurs in the Kara Sea through the
strait between the Novaya Zemlya and the FJL archipelago. In the Kara Sea BAW
moves north along the eastern slope of the St. Anna Trough, finally reaching the deep
AO interior [10, 12].

Intensive mixing, leading to formation of new water masses take place in the FAW
and BAW contact zones in the northeastern region of the Barents Sea. In particular, this
refers to the Shelf Atlantic water (SAW) recently recognized as a distinct water body [13].
Formation of SAW occurs in a marginal ice zone in the northern part of the Barents Sea
in summer season in similar manner as north-east of Spitsbergen. The upper part of the
Atlantic Water layer cools and freshens, forming a thin quasi-homogeneous layer. Winter
convection deepens this layer. However, low density at the surface (due to reduced salinity)
prevents convection from penetrating below the underlying pycnocline. As a result, cooled
and freshened water mass is formed within the 0 — 100 m top layer. Due to the prevailing
wind regime and constrains from the bottom topography SAW moves through the strait
between FJL and Novaya Zemlya. In the Kara Sea SAW follows along the eastern slope
of the St. Anna Trough and finally enters the Nansen Basin [13]. After reaching its density
level (at 150 — 250 m) SAW is transported by the boundary current generally eastwards
[13]. Mixing of BAW with cold dense waters, produced in winter on shallow banks and
on the western shelf of Novaya Zemlya, creates bottom waters of the Barents Sea [14]. It
is assumed that, depending on external conditions (atmospheric forcing, ice concentration,
thermohaline parameters of BAW), the density of bottom waters of the Barents Sea can
reach extreme values exceeding the density of deep waters in the AO [15].

DATA AND METHODS

The field data, used in this study, were collected during “Transarktika-2019”
research cruise onboard R/V “Akademik Tryoshnikov” in March — May, 2020.
The cruise narrative is described in [16]. In situ measurements of temperature and
electrical conductivity of sea water at vertical sections were used in this study. The
measurements were carried out while the ship was in drift using the CTD 911 device,
manufactured by SeaBird Electronics Inc. (USA). Temperature and conductivity sensors
at the time of the measurements had calibration certificates and after the expedition was
completed, the sensors passed standard calibration in a certified company. The accuracy
of the measurements of electrical conductivity and temperature was 0.0005 S/m and
0.005 °C, respectively. Location of oceanographic sections and stations, used in this
study, is shown in Figure 1. To quantify the transformation of water masses, the
traditional 7S diagram analysis was used [17].

RESULTS

The Atlantic water entering from the Norwegian Sea loose about 80 % of its heat
content on the entrance to the northern Kara Sea [10]. However, how and where this
happens is still a matter of debates. Traditionally, the main processes are assumed to
be deep convection through warm Atlantic water layer and cascading of dense water
from shallow shelf and banks to the neighbouring deeper basins [18]. However, relative
contribution of these processes is not clear. Sections I — III (see Fig. 1) allow tracking
of changes in vertical thermohaline structure of BAW from the central Barents Sea to the
north-eastern boundary of the Kara Sea. Changes in FAW, entering from the Kara Sea and
Nansen Basin, are studied through comparison of sections III — VI (Fig. 1).
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Fig. 1. Location of CTD sections occupied during the expedition “Transarktika-2019” (1st leg) in
March — May, 2019 used in this study. CTD stations are shown by red dots. Roman numerals denote
sequential number of specific sections. Arabian numerals denote boundary CTD stations at each
section. Bathymetry of the Barents Sea is shown by colour and contours [19].

Puc. 1. IIpocTpaHCTBEHHOE MOJOXKEHNUE THAPOJIOTHUSCKUX Pa3pe30oB B dKcHenuiun « TpaHcapkTu-
ka-2019» (1-i1 atam) B MmapTe — mae 2019 roza, UCIOIL30BAHHBIX B JAHHOM UCCIIeA0BaHUH. [ HIpo-
JIOTHYECKUE CTAHIIMK 00O3HAYCHBI KPACHBIMH TOYKaMHU. PHMCKUME HU(ppaMu MOKa3aHbl HOMEpa
MoCJIeI0BaTENIbHBIX pa3pe3oB. Apadckue muppbl 0603Hauar0T rpanuyHbie CTD-cTaHINT Ha KX I0M
paspese. Penbed nHa bapeHiieBa MOps OKa3aH [BETHBIMH KOHTYpaMu [19].

Barents Sea branch of Atlantic Water transformation

The warmest and freshened core of BAW (7= 3.87 °C, S = 34.74 PSU) at a depth
of 100 m is located at the southern border of the Section-I over the flank of the Central
Basin (Fig. 2). Almost uniform water column (7 = 0.25 °C, S = 34.94 PSU), which may
be attributed to the central branch of the North Cape current, is observed to the north of
the warm core. Vertical homogeneity at stations 5 — 7 indicates an active stage of thermal
convective mixing reaching the seabed. Thermal convection does not change mean salinity,
but evenly redistributes salt within the water layer, affected by convective mixing. This
explains high salinity through the entire water column. Minimum temperature (—1.12 °C)
and the highest potential density (1028.11 kg/m?) are present over the top of the Central
Bank, indicating the localised zone of dense water formation due to topographic control
mechanism [16, 20]. Another local core of BAW with maximum temperature 1.15 °C and
salinity 34.93 PSU at 50 m depth above the bottom is observed in the trench between
the Central Bank and the Perseus Bank. This core represents the northern branch of the
North Cape current. Warm core is separated from the sea surface by relatively cold and
fresh upper mixed layer. Sharp gradients of temperature and salinity at the base of the
upper mixed layer represents the depth of convection (75 m). However, very weak density
stratification at stations 9 and 10 down to greater depth points out that convective mixing
in this region was still active during the survey.
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Station numbers

Depth, m

Temperature, °C

-1,9-16 -1 0,402 0,8 1,4 2 26

Depth, m

Salinity, PSU

Depth, m
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Distance, km

Fig. 2. Vertical distribution of temperature, °C (@), salinity, PSU (b) and anomaly of potential density,

kg/m?® relative to 1000 kg/m? (¢) at Section-I
Puc. 2. BeptukanbHoe pacrpeneneHue remmneparypsl, °C (a), conenoctu, EIIC (b) u anomamuu mo-
TEHLUAJIBHOMN IIOTHOCTH, KI/M> oTHOCcHTeNbHO 1000 kr/m* (¢) Ha paspese-1.
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Fig. 3. Vertical distribution of temperature, °C (), salinity, PSU (b) and anomaly of potential density,
kg/m? relative to 1000 kg/m? (c) at Section-II

Puc. 3. Beprukansnoe pacnpenenenue temneparypsl, °C (a), conenocrh, EIIC (b) n anomanmu mmo-
TEHIMAIBHO IIIOTHOCTH, KI/M> oTHOCcHTenbHO 1000 kr/M? (¢) Ha paspese-11
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Fig. 4. Vertical distribution of temperature, °C (), salinity, PSU (b) and anomaly of potential density,
kg/m?® relative to 1000 kg/m?® (¢) at Section-III

Puc. 4. Beprukansroe pactpenenenue Temmeparypsl, °C (a), conenocry, EIIC (b) n anHoMannu 1mo-
TEHIMAIBHOI IIIOTHOCTH, KI/M> oTHOCcUTenbHO 1000 kr/M? (¢) Ha paspese-1I1
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Vertical distribution of thermohaline properties at Section-II (Fig. 3) demonstrate
two cores of warm water near the seabed. The narrow eastern core (stations 100—102)
is located over the steep bottom slope and presumably represents the end product of
mixing of BAW branches with shelf-origin dense waters. Sharp density gradient at 50
m over the slope excludes the possibility of deep reaching vertical convection. From the
other hand, potential density in the cold-water pool, sitting on shelf (stations 97, 98), is
about the same as potential density at the base of the slope. The warm core (0.25 °C) is
located over the bottom slope near the seabed. Salinity in the warm core (34.90 PSU) is

Temperature, °C

-2 T ') T T T T
34,6 34,65 34,7 34,75 34,8 34,85 34,9 34,95 35
Salinity, PSU

Fig. 5. TS-diagram, illustrating transformation of BAW between sections I — III. Color dots show
mean temperature and salinity in the BAW core at sequential sections: red (section-I, southern BAW
branch (S_I-S)); magenta (section-I, central BAW branch (S_I-C)); orange (section-I, northern BAW
branch (S_I-N)); green (section-II (S_II)); blue (section-III (S_III)); brown (section-II, (S_II shelf
waters)). The range of spatial variation in each point is shown by horizontal and vertical lines, which
represent sample standard deviation (SSD). Navy-blue line shows freezing point temperature. Dashed
lines show possible trajectories of BAW transformation between sections (see explanation in the text).

Puc. 5. TS-nuarpamma, wutroctpupyroias Tpancdopmanuio BAB mexny paspesamu [ — I11. L{set-
HbI€ TOUKHU [TOKA3bIBAIOT CPEIHIOI TEMIIEPaTypy U COJIEHOCTh B siipe BAB Ha mocnenoBarenbHbIX
pa3pesax: kpacHbIil (paspes-l, roxxnHas BetBb BAB (S _I-S)); mypmypssiii (pa3pes-1, nentpanpHas
BeTBb BAB (S_I-C)); opamxkessiii (pa3pes-I, ceBepnast BetBb bAB (S _I-N)); 3enensrit (paspes-1I
(S_II)); cunwmii (paspes-111 (S_III)); xoprunesstit (paspes-11, (S_II mensdossie Boxs)). [Anamnason
MPOCTPAHCTBEHHBIX N3MEHEHUH B KaXK/I0i TOUKE OrpaHUYeH TOPU3OHTAIBHBIMH H BEPTHKAIBHBIMH
JIMHUSAMH, KOTOpBIE IIOKa3bIBAIOT cpefHeKkBaapaTnueckoe oTkiaoHeHue (CKO). TemHo-cuHsst MMHUSA
o0o3HavaeT Temreparypy 3aMmepianus. [[yHKTHPHBIC TMHUN TIOKa3bIBAlOT BOSMOXKHBIE TPACKTOPUH
tpanchopmannu BAB mexy paspezamu (cM. 00bsICHEHHE B TEKCTE)
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substantially higher, than salinity in the southern branch, but slightly lower than salinity
in the central and northern branches at Section-I1. Mean salinity in the shelf waters at
Section-1I (34.84 PSU) is lower than salinity in the warm core.

At the Section-III the BAW also occupies the bottom slope of Novaya Zemlya (at
stations 90 — 95). Thermohaline properties at this section are within the typical limits
of BAW (-0.25... —0.5 °C, 34.86 — 34.88 PSU), known from earlier studies [18, 21, 22].
High potential density over the slope reaching the sea surface at station 95 points out that
shelf convection and cascading may also contribute to the additional cooling of BAW in
this region [20]. It should be noted, that the observed vertical distribution with sloping
isopycnals also points out on strong baroclinic component of current in the upper water
layer, directed. to the south-west, i.e. opposite to the general BAW propagation.

Described spatial changes of thermohaline characteristics of BAW between sections
I, 11, and III are illustrated in the TS diagram (Fig. 5). Specific color dots correspond to
mean temperature and salinity in the BAW core at sequential sections, while brown dot
shows mean properties of shelf waters at Section-I1. The range of spatial variation in each
point is shown by horizontal and vertical lines, which represent sample standard deviation
(SSD). Thermohaline properties of BAW at sections II and III fall inside the polygon
(limited by thick dashed line) with apexes in 4 points representing mean properties at
Section-I and in the point, representing shelf waters at Section-II. This means that mixing
of these source waters may theoretically produce end products, which represent BAW
properties at sections II and III. However, very low potential density in the southern branch
of BAW at Section-I (1027.62) requires at least strong cooling of this water on its pathway
to the Section-II. This hypothetical temperature decrease, which is shown in Fig. 4 by thin
dashed line, can be caused by progressing heat loss at the surface and thermal convection.
Another possible option is mixing with shelf-origin dense water, which form over Novaya
Zemlya shelf to the south of Section-II [14]. It is important to stress, that without some
sort of preconditioning, admixture of waters from the southern branch in the BAW core
at Section-II would not be possible due to large difference in potential density. From the
other hand, without addition of some portion of waters from the southern branch, the
observed BAW properties at sections II and III would not be reached.

Fram Strait branch of Atlantic Water transformation
in the north-eastern region

The FAW flow, which enters the Barents Sea from the Kara Sea is distinguished at
Section-1I1I by positive temperature from the bottom to 75 meters between stations 87 and
90 (see Fig. 4a). Maximal temperature (0.92 °C) is observed at the depth 150 m, while
salinity maximum (34.84 PSU) is located near the bottom (see Fig 4b). Vertically uniform
potential density in the upper 100 m at stations 82 — 87 (see Fig. 4c) point out on
convective mixing down to this depth, probably confirming formation of Shelf Atlantic
Water (SAW) in this area [13].

According to summer measurements [23], the route of FAW from the Kara Sea
crosses the northern part of Section-IV (between Ushakov island and southern shelf
of Franz Joseph Land), and presumably, the northern part of Section-II (see Fig. 1).
At the northern part of Section-IV relatively warm water (over —1 °C) occupies thin
(50 — 75 m) bottom layer (see Fig. 6a). The most part of the water column (from the
sea surface to 150 — 200 m) is filled with cold water with temperature slightly above the
freezing point. Elevated salinity (34.75 — 34.78 PSU, see Fig. 6b) and maximal density
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Fig. 6. Vertical distribution of temperature, °C (a), salinity, PSU (b) and anomaly of potential density,
kg/m? relative to 1000 kg/m? (¢) at Section-IV

Puc. 6. Beprukansnoe pacnpenenenue temneparypsl, °C (a), conenocrh, EIIC (b) n anomanmu mmo-
TEHIMAIBHOI IIIOTHOCTH, KI/M> oTHOCcUTEeNbHO 1000 kr/M? (¢) Ha paspese-IV
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(1028.00 kg/m?, see Fig 6¢) is observed at the top of Ushakov bank (stations 71, 72) and
over the shallow shelf (station 81). Described distribution of thermohaline properties at
deep stations (75 — 78) points out that on the way between Section-III and Section-IV
vertical convection penetrated through the warm core of FAW, and substantially reduced
water temperature in the entire water column. Lower salinity at stations 75 — 78 (except
thin bottom layer), compared with the salinity in the FAW core at Section-III, indicates
that thermal forcing was the major driver of convection. Cascading of dense water from
Ushakov Bank and from the shallow shelf of Franz Joseph Land, which is distinguished
by sloping isopycnals, is a secondary mechanism, which contributes to modification of
the deepest part of FAW at Section-IV.

1,5 /

0,54

-0,5-

Temperature, °C

T T T T T T T
34,6 34,65 347 34,75 34,8 34,85 34,9 34,95 35
Salinity, PSU

Fig. 7. TS-diagram, illustrating transformation of FAW, entering from the Kara Sea, between sections
IIL, IV and I1. Color dots show mean temperature and salinity in the FAW and BAW cores at sequential
sections: red (section-II1, FAW (S_III)); orange (section-I, northern BAW branch (S_I-N)); green (section-
II, FAW+BAW (S_II-N)); blue (section-IV northern part, FAW (S_IV-N)); brown (section-1V, (S_IV shelf
waters)). The range of spatial variation in each point is shown by horizontal and vertical lines, which
represent sample standard deviation (SSD). Navy-blue line shows freezing point temperature. Dashed
lines show possible trajectories of FAW transformation between sections (see explanation in the text)

Puc. 7. TS-mnarpamma, wumoctpupyromast Tpanchopmannio ®AB, nmoctynaromei n3 Kapckoro
Mops1, Mexy paspezamu 111, IV u I1. I1BeTHbIC TOUKH OKA3BIBAOT CPEIHIOO TEMIIEPATYPy U COJICHOCTh
B siapax GAB n BAB Ha mocnenoBarenbHBIX paspesax: kpacHbli (paspes-111, ®AB (S_III)); opamkesblit
(pa3pes-1, ceepnast BetBb BAB (S_I-N)); 3enensiii (pazpes-1I, DAB+BAB (S_II-N)); cunmit (paspes-IV
cesepHblil cermenT (S_IV-N)); xopuunesstit (paspes 1V, (S_IV mensdossie Bomsn)). Juanazon
IIPOCTPAHCTBEHHBIX H3MEHEHUH B Ka)KI0H TOUKE OrPAaHWYEH TOPH30HTAIBHBIMHI 1 BEPTHKATEHBIMA
JIMHUSIMH, KOTOPBIEe TIOKa3bIBalOT cpegHekBaparudeckoe oTkiaoneHune (CKO). Temuo-cunsst muHus
o0o3HavaeT TeMIeparypy 3aMep3aHus. [[yHKTHpHBIC THHUH MTOKa3bIBAIOT BO3MOXKHBIC TPAGKTOPHH
Tpanchopmannu BAB mexny paszpezamu (CM. 0OBSICHEHHE B TEKCTE)
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In the central part of Section-II there is wide area in between stations 106 and 111
with relatively warm (over —1°C) and salty (34.81 — 34.88 PSU) water from 75 m to the
top of the bank at 200 m depth. Taking into account the present knowledge on the FAW
and BAW possible pathways in this region of the Barents Sea [23], it can be anticipated
that the observed distribution of thermohaline properties forms as a result of lateral mixing
of the northern branch of BAW (see previous subsection) and FAW branch, which deviates
to the south. The “dome” of warm and salty waters over the top of the bank probably
indicates closed circulation (topographic eddy), formed by FAW and BAW branches.
This local circulation causes ascent of water over the center of the bank and descent at
its periphery. This hypothesis corroborates by deep reaching (200 m) “cones” of cold and
relatively fresh water at stations 105 and 112, which reach substantially deeper than the
marginal level of free gravitational convection.

Described transformation of FAW in the north-eastern Barents Sea is schematically
shown at 7S-diagram (Fig. 7). Thermohaline properties are shown in the same manner as
on Fig. 4, where different colors represent specific water masses at sequential sections.
Change of water properties between Section-III and the northern part of Section-1V is
illustrated by two dash lines, representing thermal convection and mixing with shelf
origin dense waters. Lateral mixing of FAW with the northern branch of BAW and further
cooling of this product due to mixing with cold waters, descending at the periphery of
topographic eddy, is shown by “T-shaped” dash lines.

Transformation of the Fram Strait branch of Atlantic Water entering
through Franz-Victoria channel

“Initial” thermohaline properties of FAW entering the Barents Sea through Franz-
Victoria channel were taken at Section-V, close to the deep “mouth” of the channel at
the Eurasian continental slope (see Fig. 1). The branch of FAW, which separates from

Station numbers Station numbers Station numbers

24 25 26 2721 22 28 24 2% 26 2721 22 2 4 2% 26 27

21 22 2
[

- -

Temperature, °C ial density, kg/m3'§

[1,9-16 -1 04020814 2 26 3
[ 20
Distance, km Distance, km Distance, km
Fig. 8. Vertical distribution of temperature, °C (a), salinity, PSU (b) and anomaly of potential density,
kg/m? relative to 1000 kg/m? (¢) at Section-V

Puc. 8. BeprukansHoe pacnpenenenue remmeparypsid °C (a), conenoctu, ETIC (b) u anomanuu mo-
TEHIMAIBHOM TIIOTHOCTH, KI/M> oTHOCHTEebHO 1000 Kr/™? () Ha paspese-V
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the general eastward flow in the Eurasian Basin and enters Franz-Victoria channel is
identified by temperature maximum (1.53 °C) at 150 m depth over the eastern flank of
the channel (Fig. 8). Moving to the south along the eastern flank of the channel, part
of this water makes cyclonic loop, returns to the Nansen Basin and finally merges with
the main flow [24]. Another part of this water continues to the south and penetrates in
the northern Barents Sea [25]. Traces of this water are identified by local temperature
maximums (0.25 — 0.75 °C) and elevated salinity (34.80 — 34.85 PSU) near the seabed
at sections IV (Fig. 6) and VI (Fig. 9).
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Fig. 9. Vertical distribution of temperature, °C (a), salinity, PSU (b) and anomaly of potential density,
kg/m?® relative to 1000 kg/m? (¢) at Section-VI

Puc. 9. BeptukanbHoe pacnpenenenue Temmneparypsl, °C (a), conenoctu, ETIC (b) n anomanuu mo-
TEHLUAJIBHOMN IIOTHOCTH, KI/M> oTHOCcHTeNbHO 1000 kr/m3 (¢) Ha paspese-VI
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Transformation of the FAW, entering through Franz-Victoria channel, is shown
at the 75-diagram in Fig.10. Contrary to changes, typical for other AW branches in the
Barents Sea, temperature decrease in this case is accompanied by salinity increase. In the
TS-plane such changes are directed almost along potential density gradient. Hypothetical
explanation of this sort of changes may be mixing with cold and salty waters, which
originate through haline convection under growing ice over shallow areas to the west
of FJL [26]. Corresponding mixing line (thin dashed line) with such waters is shown in
Fig. 10. However, to fit with this mixing line, shelf waters have to gain salinity over 35
PSU. Although salinification of shelf water up to 35.1 PSU in this region as a result of
recurrent ice formation in polynyas is not impossible [27], during the survey the shelf
water with such high salinity was not detected. Possible explanation of this fact is that
by March, Franz-Victoria channel and surrounding shelves were completely covered by

15

-0,5-

Temperature, °C

T T T T T
34,7 34,75 34,8 34,85 34,9 34,95 35 35,05

Salinity, PSU
Fig.10. TS-diagram, illustrating transformation of FAW, entering from the Nansen Basin, between
sections V, IV and VI. Color dots show mean temperature and salinity in the FAW core at sequential
sections: red (section-V (S_V)); green (section -IV eastern part, (S_IV-E)); blue (section-VI (S_VI).
The range of spatial variation in each point is shown by horizontal and vertical lines, which represent
sample standard deviation (SSD). Navy-blue line shows freezing point temperature. Dashed line shows
possible trajectory of FAW transformation between sections (see explanation in the text)

Puc. 10. 7S-nuarpamma, mwutoctpupyromias Tpancdopmannio @AB, nocrynaroreii yepes xenobd
®Opann-Buxropus, mexny pazpezamu V, IV u V1. I[BeTHbIE TOUKH 10KA3BIBAIOT CPEIHIOI0 TEMIIEPATYPY
u cosleHocTh B sape @AB Ha nocnenoBaTenbHbIX pazpes3ax: KpacHbli (paspes-V (S_V)); 3eneHsblit
(pa3pes-1V Bocrounslii cermeHt, (S_1V-E)); cunnii (pazpes-VI(S_VI)). [lnana3on npocTpaHCTBEHHBIX
M3MEHEHHH B 1<a>1<)10ﬁ TOYKE OIr'paHUY€H IrOPU30OHTAJIbBHBIMU U BEPTHUKAJIbHBIMH JIMHUAMU, KOTOPBIC
HOKa3bIBaloT cpeanekBaaparndeckoe otkinonenne (CKO). TemHo-cuHsist TMHASL 0003HAYACT TEMIIe-
parypy 3amep3anus. [lyHKTHpHBIC JIMHUHU IT0Ka3bIBAIOT BOSMOKHYIO TPAEKTOPHIO TpaHC(HOpMALUK
DAB mexay paspe3amu (CM. 0ObSICHEHHE B TEKCTE)

260 [IPOBJIEMbBI APKTHUKH U AHTAPKTHUKH * 2020 * 66 (3)




B.B. UBAHOB, U.E. ®POJIOB, K.B. ®UJIPYYK V.V. IVANOV, L.E. FROLOV, K.V. FILCHUK

ice [28]. Under ice-covered conditions dense water production on shelves is suppressed.
Thence, one possible option is that the observed transformation of the FAW entering
through Franz-Victoria channel could happen in early winter, when the ice was actively
forming on and intensive ejection of salt in the water column could produce dense water
with required properties over the vast shelf around Bely island. The other possibility is
that the warm FAW observed near the bottom at sections IV and VI actually represents
the remnants of FAW, which came from the north long before the survey. This hypothesis
is in line with features of bottom topography (see Fig.1), showing that warm bottom
water may be “trapped” in the deep southern and south-western corners of Franz-Victoria
channel. In this case the observed changes actually represent temporal (annual/interannual?)
variability of FAW properties.

DISCUSSION AND CONCLUSIONS

Hydrographic observations, carried out in March-May, 2019 during “Transarktika-2019”
expedition allowed revisiting the issue of the Atlantic water transformation in the Barents
Sea. Although this topic is rather traditional theme of oceanographic studies, based on
field data and modelling there are still a number of questions, which are not perfectly
clear. Among these questions is deeper understanding of the AW transformation in
specific regions in winter, when the coverage by observations is scarce. In this study we
performed analysis of CTD-data, collected in late winter-early spring in the north-eastern
“corner” of the Barents Sea — the area with difficult access in the cold season due to
high concentration of drifting ice.

Obtained results allowed specification of areas along the pathways of AW branches,
where various types of open sea convection and cascading are likely to be the main
agents in charge of AW properties change. The pathways of AW branches, which are in
line with high resolution model simulation [29], along with proposed location of zones,
where definite acting process is dominant, are schematically shown in Figure 11. The
suggested scheme is based on the presented analysis and supplemental knowledge from
existing publications, which considered AW transformation in the north-eastern part of
the Barents Sea.

We distinguish several driving mechanisms, which control modification of the waters
of Atlantic origin. These mechanisms are identified and discussed further on.

(1) Thermal convection, driven by fall-winter temperature decrease at the surface.
This driver effectively works in the central and southern regions of the Barents Sea, which
are located to the south of the winter ice edge. Intensive heat loss to the atmosphere
decreases water temperature, but does not affect salinity. As a result, water cools down,
its density increases and convection mixing penetrates deeper. Along the central branch
of BAW, this thermal convective mixing reaches the seabed, producing a homogeneous
water column with low temperature and high salinity.

(2) Thermohaline convection, driven by salinity increase in the surface waters as
a result of salt ejection in the water column. This process is typical for the ice-covered
regions, where temperature decrease to the freezing point is insufficient to overcome
stable density stratification in the underlying water. Additional density increase occurs
under growing ice. In the studied area this process is likely to play the key role in the
modification of the FAW, entering from the Kara Sea. It is important to stress that density
excess, required for convection, is mostly caused by cooling, while salinity increase
provides only small addition to density increase. However, this small contribution by
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Fig. 11. Scheme of the AW branches in the Barents Sea and proposed location of zones, where definite
transformation mechanism is dominant: (/) thermal convection; (2) thermohaline convection; (3)
cascading of dense waters, originated through differential cooling; (4) cascading of dense waters,
originated through ice formation and export; (5) enhanced lateral mixing over specific features of
bottom topography; (6) cascading of excessively salty water, originated through ice formation in
polynyas. Mean location of the ice edge with concentration 50 % in April, 2019 is shown by thick
black line [28]

Puc. 11. Cxema BetBeii AB B bapeHueBom Mope 1 nipeanonaraeMoe pacioiokeHHe 30H, B KOTOPBIX J10-
MHHHPYET OIpe/IeIeHHbII MexaHn3M Tpancdopmanuu: (/) TepMuueckast KOHBEKLUsL; (2) TepMOXaInH-
Hast KOHBEKLHs; (3) KaCKaIMHT IUIOTHBIX BOJ, COPMHUPOBABILHXCS B pe3y bTare 1udhepeHIHatbHOro
OXJIXIeHUST; (4) KaCKaJHHT IUIOTHBIX BOJ, COPMHUPOBABIINXCS B Pe3yJibTare JIeJ000pa3oBaHus U
[OCJIE/IYIOIIEro BEIHOCA JIb/Ia HAa OTKPBITYIO BOAY; (5) ycuiieHHOE OGOKOBOE IepeMeIINBaHIe HaJl Xa-
PaKTepHBIMHE 0COOCHHOCTSIM penbeda Ha; (6) KaCKaAMHI BBICOKOCOJICHON BO/BI, COPMHUPOBABILIEHCS
B pe3yJbTare J1e1000pa30BaHus B OJIBIHBAX. CpeHee NON0KEeHNEe KPOMKH JIbJIa CO CINIOYEHHOCTHIO
5 6amos B anpesne 2019 r. noka3aHo XUPHOI YepHOit nHuei [28]

salinization is crucial to initiate mixing through the FAW and changing its properties
between sections III and IV (see Fig. 7).

(3) Cascading of dense water from shallow regions, preconditioned by cooling of the
water column from surface to bottom. Typical example of this mechanism is observed over
and around the Central Bank. Due to topographic control [20], the water over relatively
shallow Central Bank in the fall-winter season cools faster than the water in the adjacent
deep basins. This differential cooling results in formation of density gradient between
shallow and deep waters, which forces gravitational leakage of dense (cold) waters down
slopes of the Central Bank. This cold water mixes up with Atlantic water (carried in the
central and northern branches of BAW). This process does not noticeably affect salinity.

(4) Cascading of dense water from shallow regions, preconditioned by salinization
of the water column from surface to bottom as a result of ice formation. This mechanism
is very well recognized as the major one for Arctic shelves [30]. In the studied area this
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mechanism efficiently works for modification of BAW on its path along the western shelf
of Novaya Zemlya. This area is located within quasi-permanent marginal ice zone (MI1Z),
which provides favorable conditions for occasional export of newly formed ice on the
open warm water [14]. Recurrent ice formation and its export leads to fast salinization/
densification of shallow waters [14]. While on summer surveys there only tracks of this
process [30], during the winter survey, the developed “tongues” of cold and dense waters
spreading from Novaya Zemlya shelf to the base of the nearby deep basins are explicitly
observed (see Figs 3 and 4). According to the obtained results, this process is the ultimate
one in changing of BAW thermohaline properties to those, observed at the entrance to the
Kara Sea (north of Cape Zhelania).

(5) Lateral mixing of BAW and FAW with surrounding waters over specific features
of bottom topography. The “dome” of warm and salty waters over the top of the bank
on the way of northern branch of BAW and southern branch of FAW, probably indicates
closed circulation (topographic eddy), formed by FAW and BAW branches (see Fig. 3).
Local closed circulation causes ascent of water over the center of the bank and descent
at its periphery. Lateral mixing of waters between warn and salty core of the Atlantic
origin waters with cold and freshened peripherical waters may provide gradual cooling
and freshening in the AW core over the bank.

(6) Cascading of dense water from shallow regions, preconditioned by excessively
strong salinization of the water column from surface to bottom as a result of ice formation.
This process may be in charge of modification of FAW entering to the Barents Sea from
the North through Franz-Victoria channel. Although, during the expedition shelf waters
with required salinity (over 35 PSU) were not found at shallow shelves around Franz-
Victoria channel, the possibility of formation of extremely salty shelf waters in this region
was substantiate in earlier studies [27]. Hypothetical explanation is that the observed
transformation of the FAW entering through Franz-Victoria channel could happen in early
winter, when the ice was actively forming on and intensive ejection of salt in the water
column could produce dense water with required properties over the vast shelf around
Bely island. Another hypothesis is that FAW entering through Franz-Victoria channel is
“trapped” in the deep southern and south-western corners of Franz-Victoria channel in the
bottom layer. In this case the observed during the cruise changes of this branch of FAW
actually represent temporal (annual/interannual?) variability of properties.

Based on the shipborne winter measurements in the Barents Sea we identified specific
areas in the north-eastern part of the sea, where particular mechanisms might contribute
to the Atlantic Water transformation. An advantage of winter measurements is that action
of several of the discussed transformation mechanisms was explicitly revealed in the
CTD-data at sequential sections. However, some of the proposed conclusions are only
hypothetical (cannot be directly confirmed by the obtained data), and, therefore, should
be considered with caution.
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Tpancdopmanus aTIIaHTUYECKOI BOIbI B C€BePO-BOCTOYHOM YacTH
BapeHueBa Mopsi B 3MMHUI Ce30H
(pacmiupeHnHblii pedepar)

T'maoponormueckne HaOIIONCHNS, BBITOTHEHHBIE B MapTe—Mae 2019 1. Bo BpeMs dKc-
neannun «Tpancapkruka-2019» uHa 6opty HOC «Axagemuk TpEmrHUKOBY, TTO3BOIHII
M3yYUTh MEXaHM3MBI TpaHC(hopManuu ATnanTiueckoit Bomsl (AB) B bapeniieBom Mope.
XoTst 3Ta Tema ABISETCS AOBOJIBHO TPAJAMIIMOHHON NP M3ydeHHH okeaHorpadum ba-
PEHIIEBAa MOPsI, COXPAHSIETCS PsZ BOIIPOCOB, KOTOPBIE TPeOyIOT MposcHeHus. Cpeau 3TuX
BOIIPOCOB MOKHO BBIJICNIUTH Oojiee TIyOOKOE MOHMMAaHNE TPOLECCOB TPaHCHOPMAIIH
AB B omnpezeneHHBIX palioHaX MOpsI B XOJOAHOE BpeMs Ioja, KOorna KOJIMYECTBO Ha-
TYPHBIX HAOMIONEHUH OTpaHMUYeHO. B naHHOM mccnenoBanny ObUT IpoBeseH 7.S-aHanms3
THIPOJIOTNYECKNX MpoduieH, BEIMOIHEHHBIX B CEBEPO-BOCTOYHOM pernone bapeniesa
Mopst — 00J1acTH, B KOTOPOH 3UMMHHE IOJIEBBIE MCCIICIOBAHNS 3aTPyAHEHBI N3-3a CJIOXK-
HBIX JICOBBIX YCIOBHH. IlomydeHHbIe pe3yabTaThl MO3BOIMIIM ONPENCINTD 30HbI, pac-
TIOJIOKEHHBIE BJIOJIb BETBEH pacripocTpaHeHus AB, rae pa3nuduHble TUIIBI BEPTHKAIBHON
KOHBEKIIMHU 1 KaCKaJAMHTa SBISIOTCS IOMUHUPYIOIINMI MEXaHU3MaMH, 00€CTIeYHBaIOIINMA
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tparchopmarmo AB o mepe ux nemwxenus. [1o pesyasraram aHanu3a ObLIH BBIICICHBI
ClIe/lyIoLMe MEXaHU3Mbl TpaHchOopMalHu:

1. TepaneCKaﬂ KOHBEKIIUSA, BbI3BaHHAA CC30HHBIM MOHUKXCHUEM TEMIIEpPATypPbL
Ha MOBEPXHOCTH. JTOT MeXaHU3M (P(PEKTUBEH B LEHTPAJIBbHBIX U IOXKHBIX paiioHax ba-
peHIieBa MOpsi, KOTOPbIE KPYIJIOTOJMYHO HaXOJATCS K IOTY OT KPOMKH Jpeiidyroiero
JbJa. IHTEeHCHBHBIE TEMIONOTEPH B arMOoc(epy YMEHBIIAOT TEMIIEPATypy BOJbIL, HO HE
BJIMAIOT Ha €€ cosleHOCTh. OxJlaX/IeHHe MOBEPXHOCTHOTO CJI0S BOJ BEJIET K BO3PACTaHHUIO
IUIOTHOCTH U KOHBEKTHBHOMY ME€PEMELINBAHUIO, KOTOPOE MOXKET PACIHPOCTPAHATHCS J10
nHa. B pesynbrare 00pasyercst OHOPOHAs 110 BEPTHKAIHM BOJHASI Macca C IIOHWKEHHOM
TEMIIEPATypOi U BBICOKOH COJIEHOCTBIO.

2. TepMmoxaJMHHasE KOHBEKLIUS, 00YCIOBIEHHAs YBEJINYEHUEM COJICHOCTH MTOBEPX-
HOCTHBIX BOJI B Pe3yJIbTaTe BhINAJICHUS COJIM B BOJLY NPH JIe1000pa30BaHuK. DTOT MpoLece
XapakTepeH JUIsl 00acTel, TOKPBITHIX JIbAOM, Il YMEHBILIEHUS TeMIIEPaTypbl 0 TOUYKU
3aMep3aHusl HeJOCTATOYHO JIJIsl IPEOJIOJICHUSI YCTOHYNBON TUIOTHOCTHOW cTparuguka-
IUu. I[OHOJIHI/ITCHI)HOG YBEJIUYCHUC TUIOTHOCTHU MPOUCXOAUT 11O0J HapaCTaroUmrM JIbAOM,
CJICACTBHUEM YCTO ABJIACTCA BEPTUKAIBHOC KOHBCKTUBHOC MEPEMCIIMBAHUC, IIPUBOAAIICE
K OXJIQKJICHUIO CJI0S BOABI, OXBAYCHHOT'O NEPEMCIIMBAHUEM, 1 HE3HAYUTCIIbHOMY pacIipec-
Henuto. [Tocnennee cBsizaHo ¢ TeM, 4To cosieHoCTh AB, kak nmpaBuito, 00JIbIIE COIEHOCTH
BEPXHEro MepeMEeIIaHHOro CJIos, Jake MOCie YBEIUUEHHUs €ro COJIGHOCTH B Ipolecce
JIe1000pa30BaHUU.

3. KackaauHr 1I0THO# BOJIBI M3 MEJIKOBOJIHBIX 00J1acTel, 00yCIIOBICHHBIIH YCKOPEH-
HBIM OXJIQX/IEHHEM TOJILIHU BOIBI B MEIKOBOIHON 30HE. IIpu oquHakoBo# TemiaooTaade
C MOBEPXHOCTH MOPSI BEPTUKAIBLHOE IIEPEMEIINBAHNE B MEITKOBOAHOM 30HE OBICTpEE JJOCTH-
raet jiHa. BenectBye 3TOro Toua Bojibl B MEJIKOBOJAHOM 30HE OXJIaX/aeTcs ObIcTpee, YeM
B coceiHeM Oostee rTyOOKOBOIHOM paiioHe. Takoe HeoHOPOTHOE OXJIAXK/ICHHE IIPUBOUT
K 00pa30BaHUIO I'PaJMEHTa TUIOTHOCTH MEXKIY PaCIIOIOKEHHBIMHU PSIOM MEJIKOBOIHOW
1 [1yOOKOBOJIHOM 30HAMH, YTO BBI3bIBAET MPAaBUTALMOHHOE CTEKAHUE IIOTHBIX (XOJIOIHBIX )
BOJI BIIOJIb YKJIOHOB penbeda IHa.

4. KackaJiuHT TUIOTHOM BOJIBI M3 MEJIKOBOIHBIX PaHOHOB, 00YCIIOBIICHHBIH OCOIOHE-
HHEM TOJIIIHM BOJBI B MEJIKOBOJHOW 30HE B Iporecce oOpa3oBaHust jibja. HenpepbiBHOE
00pazoBaHue JIbJa U €r0 BHIHOC B IPUKPOMOYHYIO JIEIOBYIO 30HY MPUBOAUT K OBICTPOMY
OCOJIOHEHHIO U YIUIOTHEHHMIO BOJIbI B MEJIKOBOJIHOIT 30HE. B pesynbrare storo hopmupyercs
FOpH3OHTaHbeII>lI TpaIuCHT IJIOTHOCTH, O6eCHe‘-IPIBaIOHJ,Hﬁ IpaBUTAlIMOHHOC CTCKAaHUC
YIUTOTHEHHBIX BOJI BJIOJIb YKJIOHOB pesbeda IHa.

5. BokoBoe nepemenirBanue AB ¢ okpyxaromumu 0oJiee XOIOIHBIMU BOJaMH, 00-
YCIIOBJICHHOE ()OPMHPOBAHUEM 3aMKHYTHIX [IUPKYJISLUHA HaJl HEOIHOPOAHOCTSIMHU JIOHHOM
Tororpaduu.

6. KackauHT 1JIOTHOHM BOJIBI U3 MEJIKOBOIHBIX PailOHOB, OOYCIJIOBJICHHBIH O4Y€Hb
CUJIBHBIM OCOJIOHEHHMEM TOJIIIM BOABI OT MOBEPXHOCTH JI0 JHA B pe3yabTare MpoaoJi-
JKHUTCIIBHOT'O o6pa303aH1/1;1 JbJla B IEPUOANYCCKN OTKPBLIBAIOIINUXCS IMOJIBIHBAX B OJJHOM
U TOM K€ paiioHe.

B cnyuasix, onrcaHHbIX B 1. 3, 4 1 6, cTekarolas mioTHas BoJia cMemuBaeTcs ¢ AB
Ha rny61/1He, A€ MJIOTHOCTh CTeKaIOLLleﬁ BOJbI BEIPDABHUBACTCA C IJIOTHOCTBIO AB, 4qTo
MMPUBOAUT K JIOKAJIbHOMY U3MCHCHUIO TEPMOXAJIMHHBIX XAPAKTECPHUCTUK B 3aBUCUMOCTHU
OT IIyOMHBI M NapaMeTPOB CTEKAIOIIUX BOJI.
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