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Abstract—The values and direction of carbon dioxide f lux in the area of the continental slope in the north of
the Kara Sea (St. Anna Trough) are calculated based on field studies in 2020 within the Siberian Arctic Sea
Ecosystems program. The existence of a stable frontal zone in this area has been confirmed, which is formed
by an alongslope current and limits the northward spread of surface waters freshened by the continental run-
off. The simultaneous analysis of the carbonate system in the upper sea layer and the CO2 concentration in
the surface air layer shows the CO2 flux with a rate of 0.2 to 22 mmol/m2 day to be directed from the atmo-
sphere into the water in the area of the outer shelf, which is affected by the river runoff, and in the area of the
continental slope, which is beyond this effect. The highest rates of CO2 absorption by the sea surface layer are
localized above the continental slope. Local processes in the area of the slope frontal zone determine the CO2
emission into the atmosphere with a rate of 0.34 mmol/m2 day.
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INTRODUCTION
The CO2 effect on Earth’s climate and on the living

conditions of marine organisms causes high interest in
the study of the carbonate system of ocean waters,
which becomes of particular importance in connec-
tion with the increasing anthropogenic emissions of
CO2 into the atmosphere. Recent data corroborates
the beginning of a change in the carbonate equilibrium
of the World Ocean water due to the increase in the
atmospheric CO2 content [17]. Most researchers
believe that an increase in atmospheric CO2 in the
upper ocean layer can result, and already results in
some regions, in changes in the chemical composition
of waters and their acidification, which will be unfa-
vorable or even fatal for some marine animal species.
On the other hand, the ocean can play a significant
role in the CO2 cycle, absorbing it from the atmo-
sphere and reducing the impact of its anthropogenic
emissions.

To forecast the global response of the atmosphere
and hydrosphere to an increase in the CO2 content in
air, the question of the direction and intensity of the
exchange of CO2 between the ocean and the atmo-
sphere is of great importance. CO2 f luxes in the atmo-

sphere–ocean system can differ in the same ocean
areas depending on the season, time of day, and
hydrophysical and biological processes [22]. The gen-
eral prevalence of carbon dioxide absorption by the
ocean over its emission is now considered proven [12].
However, there are large discrepancies in the assess-
ments of CO2 f luxes and contributions of individual
oceans and large oceanic regions into the global bal-
ance of CO2 exchange.

The current climate changes are most pronounced
in the Arctic, and the greatest variability of the car-
bonate system of waters can be expected in the Arctic
Ocean (AO) [10, 16, 21]. To understand the complex
interaction between the main factors of water acidifi-
cation in the Arctic Ocean and its marginal seas
(growth of atmospheric CO2, freshening, and terrige-
nous runoff), it is necessary to understand the current
state of the carbonate system of waters of the Arctic
seas of Russia and their differences according to the
natural conditions of the water areas.

Inorganic carbon compounds are found in the
ocean in the form of carbonic acid and its derivatives,
including carbon dioxide CO2, carbonic acid H2CO3,

and hydrocarbonate  and carbonate  ions.3HCO− 2
3CO −
625
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Fig. 1. Positions of hydrological stations (circles) and stations where hydrochemical sampling was performed (crosses) during the
81st cruise of Akademik Mstislav Keldysh near the continental slope in the Kara Sea. 
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These compounds are closely connected with each
other and form the carbonate system [1]. The report of
the Intergovernmental Panel on Climate Change
(IPCC) released in September 2019 on the basis of
7000 scientific publications has shown possible conse-
quences of increases in the air temperature and
anthropogenic CO2 emissions into the atmosphere for
polar regions and their population [15]. Changes in
the CO2 balance parameters in the atmosphere–ocean
system are of fundamental importance for marine eco-
systems, since their functioning, first of all, the phyto-
plankton composition and primary production of
organic matter, is directly related to the content of dif-
ferent forms of carbon in water.

Model calculations [23] and analysis of field data [20]
have shown high variability of the parameters of the
carbonate system of the Kara Sea, a decrease in pH of
its water, and its saturation with aragonite, which is an
indicator of the acidification process. The dynamics of
the runoff of the largest Siberian rivers, Ob and Yeni-
sei, has been ascertained to be an important factor of
this variability [13, 20]. However, the direction and
intensity of CO2 f lux at the ocean–air boundary has
been insufficiently studied for different regions of the
Kara Basin. We believe this study to be important for
understanding the cycle of inorganic carbon in the
Arctic seas and its effect on the carbonate system of
waters and sea–air f luxes.
MATERIALS AND TECHNIQUES

Data on the hydrophysical and hydrochemical
water parameters were received during the 81st cruise
of the Akademik Mstislav Keldysh research vessel (RV)
in the Kara Sea within the Siberian Arctic Sea Ecosys-
tems program. In the region of the outer shelf and the
continental slope of the western trough of the St. Anna
Trough, a quasi-meridional section of nine hydrolog-
ical stations was performed (September 2–4, 2020);
samples for hydrochemical analysis were sampled at
six of them (Fig. 1). The temperature and salinity were
measured with a SBE19 CTD profiler. The carbonate
system parameters (pH and total alkalinity, Ta) were
determined in water samples with the Rosette complex
at layers selected while accounting for the hydrological
structure.

The pH values in the samples were potentiometric
estimated with a HANNA 2210 device (USA), and Ta
values, with a semi-automatic TitroLine easy titrator
(Italy) with visual determination of the end point of
titration by techniques adopted at the Shirshov Insti-
tute of Oceanology, Russian Academy of Sciences [6],
in accordance with international practice [11]. The
content of dissolved carbon dioxide and derivatives
(carbonate and bicarbonate ions), CO2 partial pres-
sure (pCO2), and saturation with calcite and aragonite
were calculated by the pH-Alk technique by thermo-
dynamic equations of carbonate equilibrium in the
OCEANOLOGY  Vol. 61  No. 5  2021
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Fig. 2. Sectional distribution of the (a) temperature, °С, and (b) salinity, PSU, in the St. Anna Trough in September 2020. 
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CO2sys software [14]. Data on the CO2 content in the
surface air layer were received using a Picarro G2132-i
gas analyzer (USA); the measurement technique is
described in [19]. The CO2 f lux was calculated from
the difference between pCO2 in water and air using the
wind speed measured at the sampling point by the
technique described in [24].

RESULTS AND DISCUSSION
The section performed covered the region of the

outer shelf and continental slope with depths from 200
to 500 m. A feature of this region is a high-power con-
tour current jet strongly related to the slope topogra-
phy, the core of which is formed by warm Atlantic and
Barents Sea waters [3, 7]. The presence of the current
determined the formation of the frontal slope area,
clearly pronounced in the temperature and salinity
data [3, 7–9]. Our data once again confirmed these
features of the water circulation and structure in the
area of the continental slope of the St. Anna Trough.
The current jet and the frontal slope zone were well
identified in the temperature and salinity fields in the
upper 50–100 m layer and were localized over the upper
part of the continental slope (Fig. 2, station 6885).

The specific alkalinity index (the ratio of total
alkalinity to salinity) is an indisputable marker of the
presence of a river signal in the waters of the Kara
Basin [5]. The isoline of the specific alkalinity index
equal to 0.07, which points to the river runoff influ-
ence in the 0–20 m layer, is traceable in the southern
part of the section up to the northern periphery of the
frontal slope zone (Fig. 3, station 6884).

The regression analysis with the alkalinity and
salinity data in the upper layer of the section has
shown dependence

= +40.922350 854.79,Y X
OCEANOLOGY  Vol. 61  No. 5  2021
where Y is the alkalinity; X is the salinity; and the free
term characterizes the alkalinity at the starting point of
mixing, i.e., in the river water.

The total alkalinity value equal to 854 μМ is char-
acteristic of Yenisei river water in summer [5]. These
numbers and the free term in the above equation allow
us to conclude with a high probability that the freshen-
ing of the water area under study during the period of
our research was the result of the impact of the Yenisei
runoff. This is not a unique situation for the Kara Sea,
Yenisei waters have been repeatedly observed far to the
north of the source [5]. This fact is due to the high-
power Yenisei water discharge during the spring f lood
and the contribution of the Yenisei waters to the for-
mation of the surface fresh “lens” in the Kara Sea,
which is transported by prevailing winds, including in
the northern direction [2, 18].

The sectional distribution of CO2 partial pressure is
connected with the regional hydrophysical structure
(Figs. 2 and 3b). In the freshening surface layer on the
outer shelf between stations 6879 and 6883, pCO2 was
above 400 ppm, which is typical for the Kara Sea
affected by river runoff [20]. At the seaward stations of
the section (stations 6884–6887), in the upper biolog-
ically active layer 0–60 m, pCO2 was 252–353 ppm.
Below 100 m and in the bottom layer, pCO2 signifi-
cantly exceeded an equilibrium value of 400 ppm and
attained 500–600 ppm in all areas crossed by the sec-
tion (Fig. 3b). These high values are associated with
the oxidation of organic matter coming from the upper
layer. The northern periphery of the frontal zone
above the upper part of the continental slope (Fig. 3b,
station 6884) was an exception; there, the absence of
pronounced vertical stratification in the pCO2 distri-
bution and deepening of the 400 ppm isoline almost to
the bottom (180 m) were noted. This character of
pCO2 distribution confirms the specificity of local
processes associated with the frontal slope zone.
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Fig. 3. Sectional distribution of the (a) specific alkalinity and (b) СО2 partial pressure, ppm in the St. Anna Trough in Sep-
tember 2020. 
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Fig. 4. CO2 concentration, ppm, in the surface air layer in the studied Kara Sea region in September 2020. 
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The seasonal minimum in the CO2 concentration is
observed in the Arctic in late June–early August; thus,
the measurement period over the Kara Sea almost
coincided with the annual minimum. The CO2 con-
centration measured ranged from 389 to 430 ppm with
a mean of 396 ppm. High CO2 values were determined
by polluted air carried from the mainland (long-term
maxima) or from the ship’s chimney (short-period,
jumping values). Figure 4 shows the series of CO2 con-
centration with filtered out events of the ship’s chim-
ney effect (~5% of the total number of measurements).
The data received in July 2019 (the 76th cruise of the
RV) show the pCO2 minimum to be at least 380 ppm,
which is explained by the seasonal variability of this
parameter and the general increase in the CO2 content
in the atmosphere. In addition, 2020 became a record
hot year in the Arctic; the temperature exceeded the
average over 1981–2010 by 4.3°С in the Siberian part;
an increase in the activity of wildfires in summer and,
hence, an increase in the CO2 concentration in the
atmosphere were noted.

The direction and rate of the CO2 f lux at the
water–air boundary were calculated for the area of the
continental slope of the St. Anna Trough, where sev-
eral specific hydrophysical, hydrochemical, and bio-
logical phenomena were observed, and for the area of
the outer shelf (Fig. 5). These calculations showed the
OCEANOLOGY  Vol. 61  No. 5  2021
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Fig. 5. Calculated CO2 f lux (mmol/m2 day) at the stations
of the section (numbers on the left); the arrows show the
flux direction, and numbers on the right, the f lux rate;
negative values show the gas f lux direction from the atmo-
sphere into the water.
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Fig. 6. Variations in the temperature, °С, and CO2 partial
pressure, ppm, in the surface sea layer and in the surface air
layer at the section through the St. Anna Trough. 
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The highest rates of CO2 absorption by the sea surface
layer were noted at the northern periphery of the fron-
tal slope zone and above the continental slope (sta-
tions 6884, 6886, and 6887). That area was not affected
by the continental runoff and, as a consequence, there
was no rigid stratification, which limited the vertical
mixing. Station 6883 stands out from the general patter;
there, the CO2 flux (0.34 mmol/m2 day) had the oppo-
site direction, from water to air. That station was per-
formed at the southern shelf periphery of the frontal
slope zone, which limits the northward spread of
waters freshened by river runoff (Figs. 2 and 3).

Figure 6 shows the joint spatial variability of pCO2
in the atmosphere and the upper sea layer at the sec-
tion. The pCO2 value varied from 340 to 415 ppm in
the water area near the outer shelf, under the river
freshening effect (stations 6879–6883), at a sea surface
temperature of 9–9.5°С. The maxima were noted at
the southern periphery of the frontal slope zone (sta-
tion 6883), which is marked out by a relatively sharp
decrease in the temperature from 9 to 5–6°С
(0.18°С/km) in the upper sea layer. At the same time,
pCO2 in the surface air layer in this part of the section
slightly varied, about 395 ppm. In the frontal zone
(station 6884 and the water area immediately adjacent
from the south, Fig. 2), pCO2 in the atmosphere
increased to 433 ppm. To the north of the frontal zone
in the area of the continental slope, at a relatively low
surface water temperature, pCO2 in water and in air
decreases to 312–347 and 395 ppm, respectively.

Our results make it possible to estimate the CO2
exchange in the sea–air system in the region of the con-
tinental slope and their relationship with the hydro-
physical and hydrochemical structure. The frontal zone
above the continental slope of the St. Anna Trough is
formed as a result of interaction of surface shelf waters
with low (28–29 PSU) salinity, due to the continental
runoff, with winter waters of the Kara Sea with nega-
tive temperatures, which lies beneath the pycnohalo-
cline, and transformed Atlantic waters with a higher
surface salinity than in the Kara Sea and a higher tem-
perature in the core. The frontal slope zone of the
St. Anna Trough is well marked out by the distribution
of hydrochemical characteristics, for example, nitrate
and ammonium nitrogen [4], chlorophyll, and phyto-
and zooplankton [8, 9]. In our studies, it is detected by
the CO2 partial pressure in the water depth and in the
surface air layer. Low pCO2 values (relative to the
equilibrium 400 ppm) in the upper sea layer above the
continental slope (stations 6884, 6886, and 6887) are
probably connected with the photosynthetic activity of
phytoplankton, as indicated by high saturation of
water with dissolved oxygen (>100% in the 0–20 m
layer). In this area, the CO2 f lux is directed from air,
where pCO2 varies within 395–430 ppm, to water,
OCEANOLOGY  Vol. 61  No. 5  2021
where pCO2 is much lower than 311–346 ppm. In the
area of the outer shelf, where the surface layer is fresh-
ened by the river runoff (stations 6879 and 6881), pCO2
in water is also lower than in air: 378 and 344 ppm and
394–396 ppm, respectively, which determines the
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CO2 absorption by the sea surface layer. Station 6883
at the southern periphery of the frontal slope stands
out by the pCO2 ratio in the surface sea and surface air
layers (415 and 394 ppm, respectively), which deter-
mines the CO2 f lux direction from the sea to the atmo-
sphere.

CONCLUSIONS

The processes, which run in the areas of the outer
shelf and continental slope of the Siberian epiconti-
nental seas, play a significant role in the control of the
biogeochemical conditions and matter f luxes, as well
as in the formation of biological products. These pro-
cesses are associated with the current climate trends.
Indeed, the current trends toward a decrease in the ice
cover and an increase in the ice-free period length in
the Arctic are most pronounced in the region of the
Arctic continental slope.

One of the most important characteristics of matter
fluxes in Arctic natural systems is the CO2 exchange at
the air–sea boundary. Our study allowed us to ascer-
tain that CO2 comes from the atmosphere into the sur-
face sea layer at a rate of 0.2 to 22 mmol/m2 day in
summer over a considerable water area in the region of
the outer shelf and continental slope of the Kara Sea.
Then, it is redistributed in the water depth due to ver-
tical dynamics and chemical and biological processes.

Our study has shown that the natural systems of
individual regions of the Arctic seas can function as
active acceptors of CO2 from the atmosphere. An
increase in the CO2 f lux into seawater shifts the car-
bonate equilibrium towards an increase in the con-
tent of hydrogen ions, that is, decreases pH of the
seawater with corresponding consequences for sev-
eral components of marine ecosystems, primarily
phytoplankton [16]. This is a slow process, which can
last for decades depending on a complex of external
and internal factors. However, significant climate
changes in the Arctic region can accelerate it and
aggravate the corresponding response of the Arctic
ecosystems. Joint studies of the CO2 content in the
near-water atmosphere and the carbonate system of
waters make it possible to assess the air–sea CO2
fluxes, the role of Arctic ecosystems in the CO2
absorption from the atmosphere, and the spatial and
climatic variability of this process.
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