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The growing interest in the investigation of the car-
bon cycle in the Arctic region is caused, first of all, by
the climatic changes that are best manifested in the
northern latitudes as an increase in the annual mean air
temperature, intensity of the atmospheric circulation,
melting of permafrost and mountain glaciers, and scale
of coastal erosion and river discharge, which finally
lead to an increase in the greenhouse gases emission
(carbon dioxide CO, and methane CH,) from the north-
ern ecosystems and intensification of global warming
[1]. Up to the present time, the eastern sector of the
Russian Arctic seas (EAS), which includes the Laptev
Sea, East Siberia Sea (ESS), and Chukchi Sea, was con-
sidered the least studied geographical region. Previous
studies and data were characterized by the following
major drawbacks: poor investigation of gas compo-
nents in the carbon cycle (CO, and CH,) in the water
surface—atmosphere and ice—water surface systems,
mismatches and contradictions in the calculated data on
the structure and quantitative relation between the main
components of the carbon cycle, and an insufficient
amount of data needed to generalize the total pattern of
the fluxes and mass budget of carbon in the Arctic
Ocean (AO) [2].

Analysis of the literature data shows that the role of
the AO is not even considered in the atmospheric CO,
budget in modern studies [3]. Until now, the enormous
amounts of organic matter (OM) buried in the land and
underwater permafrost surrounding the AO have not
been taken into account [4]. Climate warming and the
consequent degradation of land and underwater perma-
frost can lead to the additional involvement of an enor-
mous amount of OM (CO, and methane) into the mod-
ern biogeochemical cycle and intensification of lateral
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transport of dissolved and suspended OM due to
enhanced coastal erosion and increase in the river run-
off. Moreover, if we assume that approximately 89% of
the organic carbon accumulated in the EAS is mineral-
ized at the bottom [2], it becomes clear that the dynam-
ics of the carbonate system plays an important role in
the regional carbon cycle. The available historical data
on the dynamics of the carbonate system in the Arctic
seas are very limited and nonuniform. Unfortunately,
Soviet polar researchers at the drifting stations Severnyi
Polyus measured only pH and total alkalinity (Alk).
The methods and errors of pH and Alk analyses were
different in different expeditions. Hence, we cannot
estimate correctly errors of the calculation of the partial
pressure (pCO,) in water not only in individual years
but even in individual expeditions. Therefore, the
known estimates of annual absorption of the atmo-
spheric CO, by the Arctic waters are based on episodic
measurements by hardly comparable methods. They
differ by almost an order of magnitude from 24 Tg C-
CO, (1 Tg=10"g) [5] to 176 Tg C-CO, [6].

In this paper, we present the results of the first direct
precise measurement of pCO, in water in the ice-free
basin in summer and under ice in winter (n = 7000) and
concentrations of CO, in the air carried out in 2002-
2005 in the EAS within the framework of the agree-
ment about the cooperation between the Pacific Insti-
tute of Oceanology (Far East Division of the Russian
Academy of Sciences) and the International Arctic
Research Center (University of Alaska, Fairbanks). The
new data demonstrate the high variability and mosaic
character in the pCO, distribution and give grounds for
revising the role of the AO in the atmospheric CO, budget.

Summer measurements in ice-free water. Direct
measurements of pCO, in the surface water layer were
carried out with a time interval equal to 30 min using a
high-precision autonomous instrument (SAMI-CO,
sensor, error <1% of the measured value [www.sun-
burstsensors.com, 7] on the alongshore route of the ship
(Fig. 1). The water was taken by a powerful pump
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Fig. 1. Alongshore transect in the East Siberia Sea made by hydrographic vessel Ivan Kireev in September 2003 and 2004. Dots

indicate the locations of multidisciplinary oceanographic stations.

(100 I min™!) from a depth of 4 m. The concentration of
CO, in the air was measured continuously using a Li-Cor
820 nondispersive infrared spectrometer [www.licor.com]
with an error within £2%. The air was taken at a height
of 10 m above the sea level using an overboard rein-
forced hose attached to a 3-m rod ahead of the ship. The
results were automatically reduced to the standard con-
ditions using the software package of the instrument.
Continuous measurements of wind direction and speed
were carried out using a Li-Cor 1440 meteorological
station. Data filtration to exclude possible air pollution
by the ship was based on the meteorological station
data. Figure 2 shows distributions of the atmospheric
CO, content and pCO, values in the alongshore transect
in 2003 and 2004. One can see that the average pCO,
value in 2004 exceeded the corresponding value in
2003 by 70-100 patm with a maximum up to 1000 patm
at the Kolyma beam.

Change in the direction of the flow between 167°
and 170° E in 2003 coincides with the location of the
hydrological frontal zone between low-productive tur-
bid shelf waters and high-productive transparent waters
of the Pacific origin [8, 9]. In 2004, the entire studied
water area practically represented a source of CO,. This
fact agrees with the pH—Alk data on samples collected
at a depth of 1 m with a Niskin bottle [10]. The location
of the frontal zone can be shifted from its climatic posi-
tion by 10° (in 2003) or more (in 2004) over longitude
depending on the predominance of the type of atmo-
spheric circulation [8, 11]. This is manifested in the
scale of its influence on the CO, budget at the shallow-
water shelf [10].

Let us consider possible causes of the increase in
pCO, in 2004 compared to 2003. Increase in river dis-
charge is among them. For example, the discharge of
the Lena River in August 2004 was 29% greater and the
discharge of the Kolyma river was 34% greater than the
corresponding values during the same period in 2003
[http://www.arctic.noaa.gov/detect/]. This situation
was responsible for a significant decrease in salinity,
warming, and concentration of CO, in the coastal water
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of the Laptev Sea and the EAS. The “erosion signal,”
which was more prominent during warm year 2004, is
another possible cause. The erosion signal designates
an increase in the mean and integral values of the distribu-
tion of dissolved organic carbon, suspended matter, and
dissolved CO, as a product of erosional OM decay [12].

In 2004, the interannual water temperature differ-
ence could have increased the pCO, by not more than
10 patm. In 2004, growth of the concentration of sus-
pended matter in the surface layer of the EAS increased
its integral content by approximately 20% compared to
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Fig. 2. Profile of pCO, (depth 4 m) and synchronously mea-
sured CO, concentration in the air (height 10 m) over the
alongshore section in (A) 2003 and (B) 2004.
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Fig. 3. Distribution of pCO, values under fast ice at a depth
of 2.5 m over the shelf of the Chukchi Sea near Cape Bar-
row (72° N). Solid line shows the trend for daytime mea-
surements, and dashed line indicates nighttime trend.

2003 [12], which caused a decrease in transparency in
the surface water layer in September 2004. We can sup-
pose that variation in the transparency of waters owing
to intensification of erosion is one of the important
causes responsible for the decrease of primary produc-
tivity in 2004 and, correspondingly, the increase of
pCO, compared to 2003.

The results allowed us to distinguish the typical dis-
tribution patterns of the parameters of EAS carbonate
system in the summer—autumn season. Decrease of
pCO, in the surface waters from west to east is the main
feature. In 2004, the mean values of CO, flux based on
pCO, calculated from the measured pH and Alk values
(10.9 mmol m per day) were one order of magnitude
higher than in 2003 (1.0 mmol m=2 per day). This is
explained by greater differences in pCO, (between
water and air) and wind velocity in 2004 [10]. If we
suppose that the shallow shelf of the EAS and the
Laptev and Kara seas (total area ~3 mln km?) with sig-
nificant coastal erosion and river discharge served as a
source of CO, emission into the atmosphere (minimal
evasion of CO, is 1 mmol m™ per day) during the ice-
free period of 50 days, then the minimal estimate of
summer emission of CO, into the atmosphere would be
4.2 Tg C-CO,. If we assume the minimum evasion of
CO, during observations in different years (1999, 2003,
and 2004) in the EAS and Laptev Sea approximately
equal to 5 mmol m~ per day, a moderate estimate of
summer emission of CO, into the atmosphere would be
21 Tg C-CO,, which is more than two times greater
than the amount of carbon annually accumulated as
organic compounds in the bottom sediments of the EAS
[2]. At the same time, according to the estimates in [13],
the highly productive Chukchi Sea absorbs 2 Tg C-CO,
in September and approximately 10 Tg C-CO, during
the entire vegetation period. If warming continues in
the Arctic region, emission of CO, into the atmosphere
from the AO waters can increase. They would be
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enriched in CO, as a product of the decay of OM stored
in the land and underwater permafrost. The distin-
guished mosaic pattern of the distribution of sinks and
sources of CO, into the atmosphere in the summer

period give grounds to revise the role of the AO in the
CO, budget.

Winter measurements under ice. In the polar night
period of February 2003,we deployed a SAMI-CO,
sensor at a level of 2.5 m under the ice over the shallow
shelf of the Chukchi Sea (72° N, Alaska, United States)
near Cape Barrow to study the dynamics of the AO car-
bonate system during the winter period. The measure-
ments were carried out with a time interval of 30 min
from February 17 to March 23 (air temperature over the
ice varied from —32 to —43°C and the wind speed was
as high as 10-12 m/s). Water temperature under ice cor-
responded to the temperature of ice formation and did
not change during the observation period [14]. The
analysis of the results of measurement (approximately
2 million measurements in situ) shows that the pCO,
value increased in the second half of February up to
400410 patm (Fig. 3), indicating significant respira-
tion under ice not compensated by photosynthesis dur-
ing the polar night. On the contrary, after the beginning
of the polar dawn in March, the values decreased to
288 uatm, which can suggest a significantly earlier
beginning of photosynthesis under ice than was consid-
ered earlier. This supposition is indirectly confirmed by
a sharp increase in the concentration of dissolved oxy-
gen in the beginning of March under 2-m-thick fast ice
in the other shelf region of the AO located in Buor-
Khay Inlet, Laptev Sea (unpublished data of the Tiksi
Hydrometeorological service).

In May 2005, our SAMI-CO, sensor equipped with
a spherical sensor (Li-Cor Li-193-SA PAR sensor,
www.licor.com) for recording photosynthetically
active solar radiation (PAR) was deployed under ice in
the central basin of the AO at the Russian drifting sta-
tion Severnyi Polyus 33 with the logistic support of the
Arctic and Antarctic Research Institute. The obtained
results based on approximately 4000 measurements
show that the under-ice water in the spring—summer
period (May—August) is characterized by high pCO,
values ranging from 425 to 475 patm (Fig. 4). This is
much greater that the equilibrium values with the atmo-
sphere (based on the data from the monitoring station
located at Cape Barrow, the pCO, value in the air dur-
ing this period of the year usually varies from 345 to
365 patm). These preliminary results indicate that the
Central Basin of the AO can serve as a source of CO,
emission into the atmosphere but not as a sink as was
commonly accepted before [15]. We note that no signif-
icant correlation was found between the pCO, and PAR
values. Hence, increase in the PAR value during melt-
ing of perennial ice is not crucial for the budget of car-
bonate system in this region of the AO. High pCO, val-
ues in the under-ice layer can be caused by the influence
of the following factors (or their combination): high
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Fig. 4. Direct measurements of pCO, under ice in the central basin of the Arctic Ocean at the Russian drifting station Severnyi

Polyus 33.

rates of bacterial respiration (exceeding the rate of pho-
tosynthesis) and import of waters of the upper halocline
or waters of the Lena River entrained in the Transarctic
drift and enriched with CO, [9, 11, 12]. Multidisci-
plinary works previously carried out on the fast ice of
the Chukchi Sea [14] should be revived to scrutinize the
role of sea ice in the regional budget of CO,.
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