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Abstract. Over the past couple of decades it has become
apparent that air-land-sea interactions in the Arctic have a
substantial impact on the composition of the overlying atmo-
sphere (ACIA, 2004). The Arctic Ocean is small (only∼4 %
of the total World Ocean), but it is surrounded by offshore
and onshore permafrost which is thawing at increasing rates
under warming conditions, releasing carbon dioxide (CO2)
into the water and atmosphere. The Arctic Ocean shelf where
the most intensive biogeochemical processes have occurred
occupies 1/3 of the ocean. The East Siberian Sea (ESS) shelf
is the shallowest and widest shelf among the Arctic seas, and
the least studied. The objective of this study was to high-
light the importance of different factors that impact the car-
bon system (CS) as well as the CO2 flux dynamics in the
ESS. CS variables were measured in the ESS in September
2003 and, 2004 and in late August–September 2008. It was
shown that the western part of the ESS represents a river- and
coastal-erosion-dominated heterotrophic ocean margin that
is a source for atmospheric CO2. The eastern part of the ESS
is a Pacific-water-dominated autotrophic area, which acts as
a sink for atmospheric CO2.

Our results indicate that the year-to-year dynamics of the
partial pressure of CO2 in the surface water as well as the
air-sea flux of CO2 varies substantially. In one year the
ESS shelf was mainly heterotrophic and served as a mod-
erate summertime source of CO2 (year 2004). In another
year gross primary production exceeded community respira-
tion in a relatively large part of the ESS and the ESS shelf
was only a weak source of CO2 into the atmosphere (year
2008). It was shown that many factors impact the CS and
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CO2 flux dynamics (such as river runoff, coastal erosion, pri-
mary production/respiration, etc.), but they were mainly de-
termined by the interplay and distribution of water masses
that are basically influenced by the atmospheric circulation.
In this contribution the air-sea CO2 fluxes were evaluated in
the ESS based on measured CS characteristics, and summer-
time fluxes were estimated. It was shown that the total ESS
shelf is a net source of CO2 for the atmosphere in a range of
0.4× 1012 to 2.3× 1012 g C.

1 Introduction

The Arctic has undergone dramatic change during the past
decades. Climate change has led to remarkable environ-
mental alterations in the Arctic Ocean and its surrounding
permafrost (ACIA, 2004; Macdonald et al., 2010). Climate
parameters that have changed include atmospheric sea-level
pressure, wind fields, sea-ice drift, ice cover, length of melt
season, and variation in precipitation patterns and in land
hydrology and marine hydrography. It is likely that these
primary changes impact the carbon cycle and the biologi-
cal systems (Vetrov and Romankevich, 2004; Macdonald et
al., 2010). The Arctic Ocean’s role in determining the re-
gional CO2 balance has largely been ignored, because of its
small size (only∼4 % of the world ocean area) and because
its continuous sea-ice cover is usually considered to impede
gaseous exchange with the atmosphere so efficiently that no
global climate models include CO2 exchange through sea ice.
But recent findings have demonstrated the importance and
complexity of ice-related processes in term of CO2 exchange
(Anderson et al., 2004; Semiletov et al., 2004, 2007; Rys-
gaard et al., 2007; Nomura et al., 2010; Miller et al., 2011;
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Papakyriakou and Miller, 2011), and the Arctic Ocean has
attracted increased attention from researchers of the carbon
cycle in the context of rapid climate change (e.g. Bates and
Mathis, 2009; McGuire et al., 2009; Anderson et al., 2010,
2011).

The coastal ocean plays a disproportionately important
role in the ocean’s biogeochemical cycle despite its small
areal fraction because it acts as a link between terrestrial, at-
mospheric, and oceanic carbon reservoirs. Input, production,
degradation, and export of organic matter (OM) into and out
of the coastal ocean are several times higher than in the open
ocean (Wollast, 1998). Consequently, it can be expected that
the CO2 exchange between the atmosphere and coastal envi-
ronments is more intense than in the open ocean and thus is
significant for the global carbon budget despite the relatively
small surface area of the coastal oceans (Borges et al., 2006).
This is especially the situation in the Arctic Ocean where
terrestrial and coastal permafrost is a huge reservoir of bio-
available organic carbon (Stein and Macdonald, 2004) that is
already involved in the modern biogeochemical cycle (Guo
et al., 2004; Semiletov et al., 2007; van Dongen et al., 2008;
Anderson et al., 2009; Vonk et al., 2010). The land-shelf-
air interaction in the Arctic has a substantial impact on the
composition of the overlying atmosphere; as the permafrost
thaws, a significant amount of old terrestrial carbon becomes
available for biogeochemical cycling and oxidation to CO2
(Semiletov, 1999a, b; Semiletov et al., 2007).

The Arctic Ocean has the world’s largest continental shelf
(about 53 % of its area) where the East Siberian Sea (ESS) is
its largest and shallowest shelf sea. The issue of whether con-
tinental shelves are a sink or a source of atmospheric CO2,
i.e. whether continental shelves are net autotrophic or net het-
erotrophic, is far from certain (Cai et al., 2003; Macdonald et
al., 2010), even for low and temperate latitudes. Despite the
vastness of the Arctic shelves, few CS data are available for
the ESS except from our previous studies (Olsson and An-
derson, 1997; Semiletov, 1999a, b; Pipko et al., 2005, 2008a,
b, 2009; Semiletov and Pipko, 2007; Semiletov et al., 2007;
Anderson et al., 2009, 2010).

The harsh polar climate and difficulties of logistical sup-
port have limited most studies to opportunistic icebreaker
surveys conducted on the Arctic shelves during the summer-
time sea-ice retreat with a couple of transpolar surveys across
the deep basin (Bates and Mathis, 2009; Jutterström and An-
derson, 2010). As a result, even summer observations of car-
bon chemistry in the Arctic Ocean are highly sporadic and
the absence of repeat hydrographic surveys has considerably
constrained our knowledge of the CO2 sink and source terms
in the Arctic Ocean.

In this study we present CS data from the ESS surface wa-
ter based on surveys conducted in three years (September of
2003 and 2004 and late August–September 2008). The data
set obtained is the result of the first and the most compre-
hensive multiyear study of the CS and CO2 flux dynamics on
the ice-free ESS shelf which was performed using the same

methods. Oceanographic stations were carried out over the
whole extent of the open sea, from the coast to the ice edge
(except for the investigations in September 2003, when sta-
tions were placed far south of the ice edge in the western
part of the sea). We aim to quantify the importance of indi-
vidual factors governing CS and CO2 flux dynamics in the
ESS. The spatial and interannual variability of CS character-
istics (together with new photosynthetically active radiation
(PAR), colored dissolved OM (CDOM), and suspended par-
ticulate matter (SPM) data) and metabolic status in the ESS
are discussed in relation to variable meteorological regimes,
river discharge, and intensity of coastal erosion. Based on the
air-sea CO2 difference and measured wind speed, we com-
pute the air-sea CO2 flux over the ESS and evaluate its in-
terannual variability. To date, this is the first estimate of the
overall CO2 budget based on multi-year direct summertime
measurements of CS parameters.

2 Study area

The ESS is the shallowest marginal sea of the Arctic Ocean.
Its average depth is about 54 m, its area is about 913×

103 km2, and its volume is about 49×103 km3 (Atlas of the
Oceans, 1980). It is, or at least has been, the most inacces-
sible among all Siberian arctic seas, due to comparatively
heavy ice conditions, which often prevented navigation in
this region even throughout the summer season. Generally
by the end of summer the open sea area is at its maximum
and the drifting ice covers about 60–70 % of the area, form-
ing the so-called “Ayon ice massif” in the central ESS (Ku-
lakov et al., 2003). The hydrographical and hydrochemical
conditions in the ESS are dominated by Siberian river dis-
charge, ice-related processes (ice formation and melting as
well as brine rejection in coastal polynyas), vertical mixing,
and exchange with the deep central Arctic Ocean basin and
adjacent seas. The ESS can be characterized as an “interior
shelf”, which is highly influenced by exchanges with other
shelves (Carmack et al., 2006).

The Arctic Ocean receives the most river discharge, by far,
of the world’s oceans (Carmack et al., 2006), but the direct
river discharge into the ESS by the Kolyma and Indigirka
rivers is small and annually averages only 0.3 % of its vol-
ume. A significant part of the ESS freshwater budget is added
by Lena River water, which penetrates from the Laptev Sea
into the ESS through the Dm. Laptev Strait and straits of
the Novosibirsky Islands. Due to the extreme climate the
Lena, Indigirka, and Kolyma rivers are characterized by ex-
tensive summer floods and a low winter discharge (Fig. 1).
About 75–95 % of the discharge occurs during the warm sea-
son (http://rims.unh.edu). Note that long-term summer melt
water influx into the ESS is about 529 km3 (Dmitrenko et
al., 2008), which is significantly higher than direct river in-
flux into the ESS and is comparable to the annual discharge
of the Lena River (535 km3, http://rims.unh.edu). However,

Biogeosciences, 8, 1987–2007, 2011 www.biogeosciences.net/8/1987/2011/

http://rims.unh.edu
http://rims.unh.edu


I. I. Pipko et al.: Interannual variability of air-sea CO2 fluxes and carbon system 1989

0

10000

20000

30000

40000

50000

60000

70000

80000

1 2 3 4 5 6 7 8 9 10 11 12

D
is

ch
a
rg

e

Month

Indigirka

Kolyma

Lena

 
Fig. 1. Monthly average river discharge (m3 s−1) of the three rivers
that dominate the runoff input to the East Siberian Sea.

its annual variability is substantially larger than that of the
runoff.

The shallow ESS shelf has the largest gradients in all
oceanographic parameters observed for the entire Arctic
Ocean (Semiletov et al., 2005). The highest rates of coastal
erosion with attendant consequences for offshore flux of
eroded material occurs here (Dudarev et al., 2003; Stein and
Macdonald, 2004; Grigoriev et al., 2006).

For a major portion of the year, ice cover prevents light
from penetrating deep into the water column and thus limits
primary production (PP). The ESS has a shorter season of
PP mainly because of harsh ice conditions (the ice-free pe-
riod is about 60–75 days) (Vinogradov et al., 2000). Coastal
erosion and river discharges provide a major source of sus-
pended matter and nutrients. The Lena River annually adds
substantial amounts of nutrients to the Laptev Sea (2.2×106,
2.2×104, 2.1×104, and 4.2×103 tons of SiO2, NO−

3 , NH+

4 ,
and PO3−

4 , respectively), resulting in a negligible limitation
of PP by nutrients (Gordeev et al., 1996). However, over the
western ESS shelf substantial input of terrestrial matter leads
to low light conditions in the water column even during sum-
mer season (Semiletov et al., 2007; Pipko et al., 2008b).

At the present time no consensus exists on the productivity
of EES water due to the limited amount of data. The ESS is
considered as an oligotrophic or a low-productivity ecosys-
tem (Sorokin and Sorokin, 1996; Vinogradov et al., 2000).
Anderson et al. (2011) computed the ESS annual PP based
on consumption of dissolved inorganic carbon and evalu-
ated its magnitude to be∼ 4(±10)× 1012 g C if integrated
over half of the ESS area. Other estimations of the ESS an-
nual PP are between 10 and 15× 1012 g C (Vinogradov et
al., 2000; Vetrov and Romankevich, 2004; Berger and Pri-
makov, 2007). The maximal value of total PP in the ESS

was estimated to be 45×1012 g C (Sakshaug, 2004), but the
latter number is highly uncertain because it was calculated
by extrapolating data from the highly-productive surround-
ing shelf seas.

The ESS shoreline is one of the shortest among the arc-
tic seas (Grigoriev and Rachold, 2003; Rachold, 2004)
but the ESS receives the largest organic carbon input,
originated from eroded coastal permafrost deposits (2.2×

1012 g C yr−1) (Grigoriev et al., 2006). The ESS is the
only arctic shelf sea into which coastal organic carbon input
slightly exceeds riverine input (1.86×1012 g C yr−1) (Stein
and Macdonald, 2004). Thus, the terrestrial input of OM is
similar in magnitude to PP and likely has increased lately
due to permafrost thawing and the retreat of seasonal sea-
ice coverage, which increases wave-based shoreline erosion
(Serreze et al., 2000).

Models and geophysical data indicate that large areas of
the Arctic shelves (including the ESS) are thought to be al-
most entirely underlain by subsea permafrost from the coast-
line down to a water depth of about 100 m, as a result of their
exposure to the atmosphere during the Last Glacial Maxi-
mum (Romanovskii et al., 2005; Shakhova et al., 2010a). It
has been found that the ESS sub-sea bottom permafrost is
eroding at quite a high rate, ranging from 1 to 15 cm yr−1

(Grigoriev, 2006; Razumov, 2010). As a whole, the dynam-
ics of sub-sea permafrost is still poorly known, due mainly
to the lack of direct observations (Rachold et al., 2007;
Gavrilov, 2008).

The geographic location of the ESS is unique; it is situated
on the eastern Siberian Arctic shelf within the zero vorticity
contour separating two dominant large-scale centers of atmo-
spheric circulation over the Arctic Ocean (Nikiforov and Sh-
paikher, 1980; Proshutinsky and Johnson, 1997; Johnson and
Polyakov, 2001). During anticyclonic circulation phases the
high sea level pressure (SLP) centered in the western Arc-
tic (the Siberian High) is well developed and the Icelandic
Low is suppressed. During cyclonic phases the SLP in the
western Arctic is weaker and the Icelandic Low is stronger,
extending farther into the Barents and Kara seas (Johnson
and Polyakov, 2001). Therefore, the oceanographic state of
the ESS is sensitive to the dominant atmospheric circulation
mode. The response of the ESS to changes in atmospheric
pressure is manifested by the redistribution of surface wa-
ters (Nikiforov and Shpaiher, 1980). Under the anticyclonic
regime along-shore easterly winds dominate the ESS, result-
ing in an influx of more saline waters from the Chukchi Sea
into the ESS; an absence of the Siberian Coastal Current has
been detected (Weingartner et al., 1999). Under the cyclonic
regime dominant along-shore westerly winds over the entire
Laptev Sea and the western ESS introduce an influx of Lena
River runoff into the ESS (Dmitrenko et al., 2005); during
this period freshened Siberian Coastal Current water was ob-
served in the Chukchi Sea.

Wind-caused waves are comparatively weakly developed
in the ESS due to the ice cover extent and the shallow water.
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Table 1. Dates of cruises in the ESS.

Cruise Date

Ivan Kireev 2003 12–20 September
Ivan Kireev 2004 1–14 September
Yakob Smirnitskiy 2008 29 August–5 September

9–16 September

With ice retreating northward during the period from July to
September, the frequency of strong waves increases and is
at a maximum in September. At this time the wave heights
can be up to 5 m (our observations); waves of this size have
the potential to mix the water column from top to bottom
in the shallow areas (depth<30 m), causing resuspension of
fine bottom material. Along with the increasing frequency
of Arctic cyclones and strong storm events (Serreze et al.,
2000; ACIA, 2004) and less ice coverage, this mixing might
be a factor contributing to additional warming of surface sed-
iments and causing further thawing of permafrost, leading to
bottom erosion.

3 Materials and methods

Hydrographic observations and sampling were carried out
in the ESS during September 2003 and 2004 and August–
September 2008 (Table 1, Fig. 2). Seawater samples were
collected in Niskin bottles mounted on a conductivity-
temperature-depth (CTD) rosette and then transferred into
smaller bottles for chemical analysis. pH was determined
potentiometrically and reported on the total hydrogen ion
concentration scale (DOE, 1994). The precision of the pH
measurements was about±0.004 pH units. Direct compari-
son between potentiometric and spectrophotometric pH mea-
surements (both in “total” scale) was carried out in Septem-
ber 2008. Potentiometric analyses were performed at tem-
perature 20◦C and the spectrophotometric data were recalcu-
lated to 20◦C. Results of this comparison demonstrate a good
coincidence between two methods (r = 1.00, n = 45). Fur-
thermore in 2008 the CO2-system was over determined, dis-
solved inorganic carbon (CT), total alkalinity (AT) and pH,
and computations using the different constituents showed
good pH accuracy as CT and AT were calibrated versus certi-
fied reference materials (CRMs), supplied by Andrew Dick-
son, Scripps Institution of Oceanography.

In September 2003 and 2004 samples for total alkalinity
(AT) were determined as proposed in DOE (1994). The AT
samples were poisoned with a mercuric chloride solution at
the time of sampling. Samples were kept in the dark and
were analyzed in the lab within one month using an indicator
titration method in which 25 ml of seawater was titrated with
0.02 M HCl in an open cell according to Bruevich (1944).
In 2000 the Carbon Dioxide in the Ocean working group of

the North Pacific Marine Science Organization (PICES) per-
formed an intercalibration of AT in seawater using CRMs.
The results of the intercalibration showed that the alkalin-
ity values obtained by the Bruevich method are in agreement
with the standard within±1 µmol kg−1 when state-of-the-art
analytical practice is applied (Pavlova et al., 2008).

In August–September 2008 AT was determined after pH
from the same sample on board the “Yakob Smirnitskiy”,
using an open-cell potentiometric titration method. HCl of
0.05 M concentration was used and the endpoint was deter-
mination by a Gran function (Haraldsson et al., 1997). The
concentrations thus obtained were calibrated against CRMs.
The precision of both titration methods was similar at about
0.1 %.

During the 2003–2004 cruises a Seabird SBE19plus Pro-
filer (www.seabird.com) was used for measurements of con-
ductivity, temperature, PAR (by LI-193SA Spherical Quan-
tum Sensor), turbidity (by OBS-3 Sensor), and fluorescence
(a WetStar fluorimeter was used to assess the in situ CDOM
concentration; this instrument has a single excitation (Ex =

370 nm)/emission (Em = 460 nm) wavelength pair); these
measurements characterized the distribution of CDOM at
0.20 m vertical intervals at the oceanographic stations. Dis-
solved oxygen (O2) concentrations were obtained using a
Winkler titration system, giving a precision of∼3 µmol kg−1

for 2003–2004 data and∼1 µmol kg−1 for 2008 data. These
values were then converted to a percent saturation, following
Weiss (1970).

The seawater partial pressure of CO2 (pCO2) was com-
puted from pH-AT using CO2SYS (Lewis and Wallace,
1998). The carbonic acid dissociation constants (K1 and
K2) of Mehrbach et al. (1973) as refit by Dickson and
Millero (1987) were used. The uncertainty in computed
pCO2 was about 10 µatm.

In the 2003 and 2004 cruises atmospheric CO2 concen-
tration was measured using the non-dispersive infrared LI-
820 CO2 analyzer with accuracy better than 3 % (www.licor.
com), while in the 2008 cruise the high-precision open-path
LiCor-7500 was used.

The equation published by Wanninkhof and McGillis
(1999) was used to calculate the CO2 flux (FCO2):

FCO2 = K0 ·k ·(pCOsw
2 −pCOair

2 ),

k = 0.0283·u3(660/Sc)0.5,

whereK0 is the solubility of CO2 at the in situ temperature
(mol m−3 atm−1), k is the gas transfer velocity (cm h−1), u is
the 10 m wind speed (m s−1), andScis the Schmidt number
for CO2 defined by Wanninkhof (1992). The wind speeds
used in the calculation of transfer velocity were daily aver-
aged values measured on board during each cruise.

Air-sea flux rates were calculated at each hydrocast sta-
tion. For calculating the integrated CO2 flux of the ESS
the station data were interpolated onto a uniform grid (Krig-
ing algorithms) using the grid-based graphics program Surfer
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Fig. 2. Map of the stations in the East Siberian Sea during the 2003, 2004, and 2008 surveys.

8.0, and then a modified grid was created using the digitized
positions of ice-edge and sea borders (www.aari.ru). Finally,
the mean value of the daily CO2 flux for ice-free sea was
evaluated. Note that in 2003 hydrographic station positions
were far south of the ice edge, so interpolated data from 2003
were extrapolated to the entire open ESS.

Errors in the integrated CO2 flux estimations arise from a
combination of interpolation and extrapolation errors, from
uncertainties in flux parameterizations, and also from errors
in the computedpCO2. Sea ice has to be considered when
the total flux of CO2 is computed because a large fraction
of the region is covered by ice. Therefore, additional uncer-
tainties in CO2 flux computation are caused by the ice edge
position.

4 Results

The marine carbon cycle is largely determined by forcing
factors such as wind, sea ice, and runoff and hence these con-
ditions are described first.

4.1 Meteorological situation

The National Centers for Environmental Prediction (NCEP)
SLP data were employed to describe the atmospheric circu-
lation over the Arctic Ocean (www.esrl.noaa.gov). The SLP
fields, averaged over the summer season (July–September)
for each year, are shown in Fig. 3 and have substantial inter-
annual variability. During the 2003 summer season cyclonic
atmospheric circulation dominated over the central Arctic

Ocean. SLP down to 1005 mbar extended into the Laptev
and the East Siberian seas. In 2004 the summer low pressure
north of the ESS was weaker while an anticyclone, located
above the Canadian Arctic Archipelago, formed. In contrast
to the situation in 2003–2004, during the 2008 warm season
an anticyclone dominated over the Canada Basin of the cen-
tral Arctic Ocean and a low pressure center was present over
Siberia.

4.2 Ice conditions

Our investigations were carried out in the late August-
September period of maximal seasonal sea-ice retreat. Dur-
ing all cruises the ice edge was well north of its 1979–
2000 median September position and well off the coast of
Siberia. The second-lowest sea-ice extent shown in the satel-
lite record occurred in 2008 (http://nsidc.org/news/press/).
Figure 4 illustrates sea-ice extent in the ESS during the pe-
riod of the three expeditions (ice charts were obtained from
www.aari.ru). In September 2008 the ice-free area covered
about 95 % of the ESS area, in September 2003 it covered
about 70 %, and in September 2004 it covered about 50 % of
the ESS.

4.3 Hydrography

As stated earlier by Proshutinsky and Johnson (1997) the cir-
culation in the ESS is driven by dominating winds, which
can be deduced from the pressure field shown in Fig. 3.
Dmitrenko et al. (2005) also note that at the average shelf
depth of about 20–25 m the wind-forced flow is essentially
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Fig. 3. Sea level pressure fields (mbar), averaged over the summer
season (July–September) in 2003(a), 2004(b), and 2008(c), from
NCEP data.

controlled by wind stress and bottom friction; the Coriolis
force becomes insignificant, and the surface current aligns
almost completely with the wind direction. The spatial dis-
tribution of sea-surface salinity and temperature obtained in
2003, 2004, and 2008 is shown in Fig. 5. In Fig. 6 sections
of density, expressed as sigma (σ = 1000× (density-1)), are
shown for the along-shore transects.

The overall hydrographic conditions in the coastal zone
were mainly characterized by the interaction of warm
and fresh waters from the Indigirka (152◦ E) and Kolyma
(162◦ E) rivers with brackish waters from the Laptev Sea and
the relatively cold and saline water of Pacific origin from
the Chukchi Sea (Fig. 5). The sea-surface salinity showed a

general eastward increasing trend. Summer observations of
salinity varied between 8.49 (2004) and 30.39 (2008), but the
latter was to the northeast at the shelf break. Surface temper-
ature values ranged from−0.99◦C (2008) to 6.59◦C (2008),
increasing, in general, from Long Strait to Dm. Laptev Strait,
and also near the river mouths. The freshwater signal from
the Kolyma and Indigirka rivers was detected by minimum
salinity (∼8.49, 2004) and high temperature (up to 6.17◦C,
2004). The 25 isohaline has been reported to be a “conven-
tional” boundary of river water propagation (Antonov, 1957).
The maximum eastward spreading of river water was de-
tected in September 2004 when the freshwater signal was
found in the vicinity of Long Strait. In contrast, in the sum-
mer of 2008 freshened waters were shifted in the opposite
direction, to the western part of the ESS. The lack of a low-
salinity band along the coast in 2008 showed that the Siberian
Coastal Current was not established this year, which was a
result of changes in the atmospheric circulation pattern as
shown in Fig. 3. The spreading of freshened ESS shelf wa-
ters is also seen in the strong horizontal and vertical density
gradients in the eastern part of the ESS in September 2003
and 2004 (Fig. 6). In contrast, sharp vertical and horizontal
gradients were observed in the western ESS in late August–
September 2008. In September 2003 and 2004 the water col-
umn in the western ESS near Dm. Laptev Strait was found to
be almost homogenous, whereas in 2008 density increased
with depth.

4.4 Distributions of surface water carbon system
parameters

The distributions of the CS parameters (pHin situ, AT, to-
tal alkalinity normalized toS = 35 (nAT), and pCO2) in
the ESS surface waters are shown in Figs. 7 and 8. The
concentration of surface AT values ranged widely (0.867–
2.221 mmol kg−1) with similar spatial gradients as surface
salinity, i.e. the lowest values at stations where large amounts
of river water diluted AT and salinity. There were also large
variations in surface seawater pHin situ distribution on the
ESS shelf (7.48–8.34 units). Maximum values of AT and
pHin situ were observed in the eastern part of the ESS, and
values measured in September 2008 were the highest values
obtained during all three surveys (Fig. 7). The lowest sur-
face values of AT and pH were found over the ESS shelf
in the summer of 2004. Variations in nAT were greatest in
the summer of 2008 when these values ranged from 2.336
up to 3.641 mmol kg−1. The observed features in the CS pa-
rameters largely reflect the hydrological characteristics as de-
scribed above.

The pCO2 data show strong and varying deviation from
atmospheric CO2 in the summer, both between the years and
in space. In September 2003 thepCO2 values in the sur-
face layer varied from 252 to 521 µatm, in 2004 from 272
to 1033 µatm, and in 2008 from 198 to 905 µatm (Fig. 8).
The observations showed a clear and stable tendency in the
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Fig. 4. Sea-ice extent in the Eurasian Arctic Seas during expeditions dated: September 2003(a), 2004(b), and 2008(c), from AARI data.
Blue is open water, green is 1/10 to 6/10 ice coverage, and orange is 7/10 to 10/10 ice coverage.

 

Fig. 5. Spatial distributions of sea surface temperature (◦C) (a, c, e)and salinity(b, d, f) in the ESS during the 2003, 2004, and 2008 surveys.
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Fig. 6. Profiles of density, expressed asσ = 1000× (density-1), (kg m−3) on the alongshore transects in September 2003(a), 2004(b), and
2008(c).

spatial distribution ofpCO2 in the surface layer of the ESS;
a decrease from the west to the east and considerable fluctu-
ations near estuaries and eroding shorelines. In the western
part the surface water was oversaturated with CO2, and in
the east thepCO2 values were significantly lower than atmo-
spheric values (Fig. 8).

4.5 Air-sea fluxes of CO2

The distributions of computed air-sea fluxes of CO2 are il-
lustrated in Fig. 9, and the statistics for positive and negative
CO2 fluxes, calculated from individual flux values at each
station, are listed in Table 2. The general characteristics of
the CO2 flux distributions measured during the three cruises
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Fig. 7. Spatial distributions of surface water pHin situ (a, c, e), and total alkalinity, AT (mmol kg−1) (b, d, f), in the ESS during the 2003,
2004, and 2008 surveys.

Table 2. Averaged values of the difference in partial pressures of CO2 between the surface water and atmosphere (1pCO2) for the regions
of under- (invasion, inv) and over- (evasion, ev) saturation relative to the atmosphere, the CO2 flux for these two regions (FCO2), and the
daily average wind speed (U ), for all oceanographic stations visited in the ESS in 2003, 2004, and 2008.

Year 1pCO2inv, 1pCO2ev, FCO2inv, FCO2ev, U ,
µatm µatm mmol m−2 day−1 mmol m−2 day−1 m s−1

2003 −44±42,n = 9 69±47,n = 32 −0.8±0.8, n = 9 1.6±1.5, n = 32 4.0±0.8, n = 41
2004 −35±44,n = 4 196±103,n = 62 −1.7±2.1, n = 4 10.2±8.1, n = 62 5.7±1.7, n = 66
2008 −95±68,n = 32 135±163,n = 33 −1.7±1.4, n = 32 5.0±5.3, n = 33 4.4±1.3, n = 65

can be summarized as follows: in the shelf waters the CO2
fluxes tended to be positive (CO2 out-gassing) in the western
part of the ESS and negative (CO2 absorption) in the eastern
part.

In September 2003 air-sea CO2 flux rates in the
ESS were close to neutral and varied between 4.2 and
−2.0 mmol m−2 day−1 (negative values denote an ocean
CO2 sink). The CO2 flux averaged for the ice-free zone was
slightly positive and equal to 0.9±0.8 mmol m−2 day−1.
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Fig. 8. Spatial distributions of surface waterpCO2 (µatm)(a, c, e)and normalized total alkalinity, nAT (mmol kg−1) (b, d, f), in the ESS
during the 2003, 2004, and 2008 surveys.

In September 2004 the ESS shelf had changed from mostly
neutral conditions to a modest/strong source of CO2, and the
CO2 flux into the atmosphere reached 33.2 mmol m−2 day−1.
The exception was a small region of CO2 influx in the
easternmost part of the ESS in the vicinity of Wrangel
Island, where downward CO2 flux varied from −0.1 to
−4.8 mmol m−2 day−1. The maximum CO2 efflux was de-
tected near the Kolyma River mouth (where the highest
rates of coastal erosion are also known to occur). The av-
erage CO2 efflux rate from the ESS shelf was a modest
11.5±7.5 mmol m−2 day−1.

In late August–September 2008 the CO2 flux values
ranged from−5.0 to 19.4 mmol m−2 day−1 and the invasion
area was the largest measured among the surveys (Fig. 9).
The resulting CO2 flux was close to neutral and equal to
0.8±2.9 mmol m−2 day−1.

5 Discussion

The seawater CS is a highly dynamic natural phenomenon
which is strongly influenced by many physical and biolog-
ical processes. As summarized by Bates et al. (2011), the
major factors governing seawater CS dynamics are warm-
ing/cooling, the balance of evaporation and precipitation,
vertical and horizontal mixing, biological uptake/release of
CO2 and alkalinity, and the process of air-sea gas exchange.
The CS features of the shallow, biogeochemically-active
shelf sea environments reflect strong terrestrial discharge and
close interaction between the sedimentary, aquatic, and at-
mospheric compartments (Thomas et al., 2009). In the po-
lar seas ice-related processes significantly modify the carbon
chemistry of seawater. Moreover, another factor influencing
the CS dynamics is a strong influx of bioavailable OM as re-
sult of coastal (and bottom) permafrost erosion (Semiletov
et al, 1999a, b; Guo et al., 2004). This process is especially
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Fig. 9. Spatial distributions of air-sea CO2 fluxes (mmol m−2

day−1) over the ESS shelf during the 2003(a), 2004 (b), and
2008(c) surveys (“+” – evasion, “−” – invasion).

important for the ESS where the highest rates of coastal ero-
sion in the arctic seas were observed (Grigoriev et al., 2006).

A diversity of processes determines CS dynamics and the
exchange of CO2 on the ESS shelf. We consider some of
them below, based on the data set collected over the ESS
shelf during the 2003, 2004, and 2008 summer seasons.

5.1 Spatial variability of carbon system parameters

Two hydrological regimes dominate in the ESS, one in the
west and one in the east (Semiletov et al., 2005). The distri-
bution of the carbon parameters in the surface water supports
this conclusion, but this distribution demonstrates significant
year-to-year variability in the location of the invasion/evasion

zonal boundaries. In some years the zonal boundary devi-
ates significantly from the long-term (climatic) location of
the sediment geochemical boundary and the major reasons
determining this variability will be discussed below.

ThepCO2 field largely follows the hydrological regimes,
with values decreasing from high over-saturation values in
the west to under-saturation in the east of the study area
(Fig. 8). This decrease inpCO2 is accompanied by a de-
crease in temperature and an increase in salinity (Fig. 5). The
temperature contribution to the west-to-eastpCO2 decrease
due solely to the temperature reduction (calculated using
CO2SYS; Lewis and Wallace, 1998), was 0.041–0.043◦C−1.
Hence, about half of thepCO2 change in 2008 can be ex-
plained by the temperature variability. For instance the dif-
ference between surface waterpCO2 in the Dm. Laptev
Strait and in the vicinity of Wrangel Island was∼300 µatm,
while the temperature impact (1T ∼ 7 ◦C) caused about
147 µatm of this difference. In September 2003 the sur-
face waterpCO2 decreased from 491 to 252 µatm over about
the same distance while the temperature dependent decrease
(1T ∼ 2 ◦C) was equal to∼42 µatm. In September 2004
the temperature effect (1T ∼ 2.5 ◦C) was responsible for
∼63 µatm of thepCO2 decrease of∼387 µatm. The di-
rect impact inpCO2 by salinity is small but there could be
other effects from the chemical composition of the freshwa-
ter added.

The river runoff has an excess of AT (e.g. Anderson et al.,
2004; Pipko et al., 2008b) as well as of CDOM (Pugach et al.,
2009, 2010), where the first is a result of HCO−

3 content and
the last a result of dissolved organic carbon (DOC) content.
For example, in September 2003 and September 2004 coeffi-
cients of linear correlation of AT-S values and CDOM-S val-
ues in surface water along the near-shore transect (position
of transects is shown in Fig. 6) were 0.99 and 0.93 (AT-S)
and−0.96 and−0.86 (CDOM-S), respectively. For all data
sets the coefficients of linear correlation of AT-S values in
2003, 2004, and 2008 were 0.99, 0.98, and 0.99, respectively
(Fig. 10). Such strong correlation of AT and CDOM values
with salinity, together with the offset at zero salinity, sug-
gests that rivers are strong sources of these components to
the ice-free ESS.

However, at least two other freshwater sources, melted sea
ice and in-situ precipitation, are also components of the ESS
freshwater budget, which complicates the analysis of runoff
transport using salinity alone (Cooper et al., 2008). It has
been reported that sea ice formation or melting under natu-
ral conditions does not fractionate AT (Anderson and Jones,
1985; Nedashkovsky et al., 2009). Since the AT in precipi-
tation also is negligible (Cooper et al., 2008) we regard nAT
as a tracer of river water dispersion over the ice-free Arc-
tic shelf. Figures 8 and 11 illustrate that the western part of
the ESS was strongly influenced by river input of dissolved
inorganic and organic carbon and its annual variability.
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Fig. 10. Relationship between AT (mmol kg−1) and salinity for samples collected in the ESS in September 2003(a), September 2004(b),
and August–September 2008(c).

The impact of runoff on seawater composition is not
limited to lowering salinity and increasing nAT and DOC.
Runoff is also characterized by low pH and highpCO2
(Figs. 7 and 8), the result of decaying terrestrial OM in the
drainage basins as well as in the river and its estuaries (Guo
et al., 2004; van Dongen et al., 2008; Alling et al., 2010;
Sanchez-Garcia et al., 2011; Gustafsson et al., 2011).

The ESS coast line is characterized by the occurrence of
ice-rich deposits containing old organic carbon and these de-
posits are most prevalent in the western part of the sea (Grig-
oriev et al., 2006). As mentioned above, the erosion rate
of these deposits is among the highest in Arctic seas, and
remineralization of the eroded OM adds to anomalously high
pCO2. The fact that the OM buried in the permafrost is bio-
available has been confirmed (Semiletov, 1999a, b; Guo et
al., 2004; van Dongen et al., 2008; Anderson et al., 2009;
Vonk et al., 2010; Sanchez-Garcia et al., 2011). It has been
suggested that the major part of the dissolved OM that enters
the sea with the river discharge is not biodegradable (Dittmar
and Kattner, 2003). However, recent findings suggest that the
lability of terrestrial DOC is variable (Alling et al., 2010).
Thus, the observed surface water oversaturation relative to
the atmospheric CO2 level in the western part of the ESS is a
result of the inflow of warm and turbid, more acidic (in com-
parison to ocean) river waters with a high CO2 concentration,
as well as to intensive heterotrophic processes taking place
because of the large amount of allochthonous bio-available
OM added mainly by erosion.

Primary productivity rates in seawater are dependent on
the nutrient availability as well as the light (PAR) which pen-
etrates the water column. It is known that attenuation of PAR
in the open water column is caused by SPM backscattering as
well as adsorption by phytoplankton and CDOM. In regions
with considerable river runoff, absorption by CDOM may be
ten times greater than that of absorption by phytoplankton
(Burenkov et al., 2001). In the western part of the area there
was a sharper vertical extinction of PAR compared to in the
east and the depth at which the PAR intensity decreased to
1 % of the surface layer values (H1) deepened from 4–7 m in

the western area to 45 m in the eastern area (Fig. 12). This
observation coincides well with the decrease in SPM and
CDOM concentrations moving from the Dm. Laptev Strait
to Long Strait (Fig. 11).

The SPM values (calculated from the turbidity data ac-
cording to Shakhova and Semiletov, 2008) and CDOM con-
centrations in the surface waters of the western part of the
ESS were one order of magnitude higher than in the east-
ern part, a result of the high contribution by river runoff
and coastal erosion in the west. Intensive wave- and wind-
mixing, typical for the shallow south-western ESS, lead to
sediment resuspension and might also have added to the
observed high SPM concentration (Semiletov et al., 2005;
Dudarev et al., 2006). Furthermore, resuspension of het-
erotrophic bacteria along with SPM can increase the CO2
concentration in the water column via OM decomposition
(Amon and Benner, 1996). In addition to sediments that are
resuspended off the seabed, SPM may also originate from
a “benthic fluff” layer (Verspecht and Pattiaratchi, 2010)
which contains low-density OM that is available for degrada-
tion and remineralization. This thin (up to 1 m) near-bottom
layer (also called the “nepheloid” layer) enriched in organic
carbon has been found in the ESS (Dudarev et al., 2009), and
in the Barents Sea (Romankevich et al., 2000). Concentra-
tion of organic carbon in this layer is one order of magni-
tude higher relative to the overlying water (O. V. Dudarev,
personal communication, 2010). During a wind event typi-
cal of the western part of the ESS during August–September,
when seabed shear stress and turbulence are high, the benthic
fluff can become homogeneously distributed through the wa-
ter column and may add a source of SPM (Grigoriev, 2006;
Dudarev et al., 2008).

Correlation ofH1 depth against the mean CDOM and
SPM values in thisH1 layer along the near-shore transect in
2004 were−0.92 and−0.73, respectively (n = 16). More-
over, the rate of the PAR extinction in theH1 layer showed
a close relationship with those parameters (Fig. 13). At sta-
tions with similar turbidity but with higher CDOM, the de-
crease in PAR with depth was greater, which illustrates the
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Fig. 11. Spatial distributions of surface water CDOM (µg l−1) (a, c)and SPM (mg l−1) (b, d) over the ESS shelf during the 2003 and 2004
surveys.

significant role of fluorophores in changing PAR absorption.
Thus, in the western part of the ESS a sharp attenuation of
PAR was observed within the first several meters of the wa-
ter column that significantly reduced the depth of the photic
layer.

There were some PP measurements done in early Septem-
ber 2000 showing an approximately 7-fold increase from the
west to the east: in the west, near the Dm. Laptev Strait, PP
was 0.05 g C m−2 day−1 while in the eastern part of the ESS,
near Long Strait, it was 0.30–0.41 g C m−2 day−1 (unpub-
lished data from I. Umbrumaynts, Institute of Global Climate
and Ecology of Roshydromet and RAS). During the sum-
mer of 2000 the atmospheric circulation pattern was similar
to that in the summer of 2008 (anticyclonic regime) and the
eastern ESS was strongly affected by inflow of Pacific-origin
water (Savel’eva et al., 2008). Therefore, we can consider
these PP values and the spatial distribution in the ESS to be
typical of years when high atmospheric pressure dominates
over the adjacent Arctic Ocean.

The homogenous density distribution in the western ESS
(excluding the near-river-mouth zone) during September
2003 and 2004 (Fig. 6) indicate extensive vertical mixing and
was thus an important causal factor for the highpCO2 values
in the surface layer. Note that gas transfer across the thermo-
cline is a major rate-limited process (Matthews, 1999).

As a result of the factors mentioned above, waters in the
western region of the ESS were oversaturated in CO2 com-
pared to atmospheric values and were characterized by net
production of inorganic carbon and by CO2 release to the at-

mosphere (Fig. 9). Thus, the western part of the ESS repre-
sents a river- and thermo-abrasion-dominated heterotrophic
area.

The eastern part of the ESS was strongly influenced by wa-
ters from the Chukchi Sea, whose biogeochemical conditions
were determined by the inflow of transformed waters from
the Pacific Ocean (clear, salty, and highly productive, with
high nutrient and inorganic carbon content). In the eastern
part of the ESS the surface waterpCO2 values were lower
than atmosphericpCO2 values (Fig. 8) as a result of high PP.
This is confirmed by high pH and O2 saturation values (Pipko
et al., 2008b; Anderson et al., 2009). The water column ex-
hibited a double-layer structure with a well-defined pycno-
cline (Fig. 6). Concentrations of all CS parameters differed
distinctly between the surface and the bottom layers, as is
typical when PP is active in the surface water and decay prod-
ucts from OM mineralization are added to the bottom water.
Hence, seawaterpCO2 values in the surface water were low
(about 200–270 µatm), while thepCO2 values in the bottom
waters were about 5 times higher, up to 1200 µatm.

Minimum values of about 150–195 µatm were observed
in subsurface waters (10–20 m). The O2 saturation reached
a maximum of 138 % at these depths in Long Strait, a re-
gion much influenced by high nutrients and clear water from
the Pacific Ocean. Such a subsurface maximum of photo-
synthetic activity is typical for the Chukchi Sea shelf where
the upper layer is very clear and light penetrates to the lower
layer with sufficient intensity to allow phytoplankton to grow
rapidly at depth (Springer and McRoy, 1993). CO2 fluxes in
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Fig. 12. Profiles of PAR in the ESS in September 2003(a) and September 2004(b).
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Fig. 13. Correlation of the PAR extinction versus CDOM (µg l−1) (a) and SPM (mg l−1) (b) in theH1 layer.

the eastern part of the ESS were into the sea and ranged from
−0.1 to −5.0 mmol m−2 day−1 (Fig. 9). The intensive PP
with the resulting absorption of atmospheric CO2 is evidence
of autotrophy in the ESS eastern region.

5.2 Interannual variability

Despite the fact that trends of the spatialpCO2 distribution
in the surface water were the same during the summers of
2003, 2004, and 2008 (decrease from west to east), values
of pCO2 showed significant interannual variability (Fig. 8).
The highestpCO2 values were observed in September 2004
and reached 1033 µatm. The lowest values were obtained in
September 2008 in the eastern part of the ESS. The position
of the zero CO2 flux curve also varied substantially between
September 2003, 2004, and 2008 (Fig. 9).

The largest year-to-year variability of CS parameters was
observed in the central coastal zone of the ESS (Figs. 7, 8,
14). This area is the most dynamic and is distinguished by the
interaction of waters with extreme characteristics, from river
waters with close-to-zero salinity to typical seawaters (with
salinity up to 30 in the surface layer). Strong interannual

variability in this area is clearly illustrated in Fig. 14, where
profiles of hydrological parameters at the closely-positioned
stations are shown. CS characteristics of surface and bottom
layers at these stations are presented in Table 3.

The AT in the river runoff was calculated, using linear re-
gression, as the intercept at zero salinity from the AT-S re-
lationship obtained using data from the ESS shelf (Fig. 10).
The intercept from linear regression estimates the mean AT
for all runoff entering the ESS shelf and the values are very
close: 0.50, 0.49, and 0.50 mmol kg−1 from surveys in 2003,
2004, and 2008, respectively. The major rivers contribut-
ing to the ESS are the Lena and Kolyma rivers, and the
average annual AT values in these rivers are about 0.85
and 0.47 mmol kg−1, respectively (Gordeev et al., 1996).
The observed values primarily reflect the influence of late
spring/summer riverine waters, taking into account that dur-
ing this season river waters are characterized by minimal AT
values. Thus, the river end-members are as strongly influ-
enced by the volume of river runoff as they are by the frac-
tions of water from different sources (the Lena or Kolyma
rivers).
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Fig. 14. Profiles of temperature (◦C) (a), salinity (b), CDOM (µg l−1) (c), and turbidity (Nephelometric Turbidity Units, NTU)(d) at the
stations 20, 67 and 33 in September 2003, 2004, and 2008. Coordinates of the stations are pointed in Table 3.

Table 3. Carbon system characteristics of surface/bottom layers at stations 20, 67, and 33.

Year Station Coordinates AT, pHin situ, pCO2,
No mmol kg−1 pH units µatm

2003 20 70.001◦ N, 161.201◦ E 1.280/1.833 7.766/7.675 521/803
2004 67 70.165◦ N, 161.270◦ E 0.975/0.988 7.592/7.593 643/642
2008 33 70.168◦ N, 161.217◦ E 2.061/2.064 7.669/7.661 901/919

Table 4. Average river discharge, m3 s−1, during the summer sea-
son (June–September).

Year Lena River1 Kolyma River2

2003 38 990 6920
2004 48 564 9535
2008 49 829 7508

1 Data fromhttp://rims.unh.edu.
2 Data from the Regional Tiksi Hydrometeorological Service.

The direct river discharge into the ESS, mostly by the
Kolyma River, was maximum in the summer of 2004, and
minimum in the summer of 2003; the highest discharge of
the Lena River was registered in the summer of 2008 and the
minimum also occurred in the summer of 2003 (Table 4). At

the same time, the river plume in the ESS as traced by the
distribution of hydrological parameters, normalized AT and
CDOM, had a maximum easterly extension in 2004 and a
minimum in 2008 (Figs. 5, 7, 8, 11). The zone of change in
CO2 flux direction assumed an extreme western position in
2008 and an extreme eastern position in 2004 (Fig. 9). No
strong correlation between the volume of river discharge and
the interannual dynamics of the CO2 evasion/invasion areas
in the coastal waters of the ESS was observed.

Another factor that determines the interannual dynam-
ics of the CS in the ESS was the dominant atmospheric
SLP, which was substantially different in 2003, 2004, and
2008 (Fig. 3). Prevailing along-shore westerly winds over
the Laptev Sea and the ESS determined by the dominant
field of low atmospheric pressure over the Arctic Ocean in
summer 2003 transported the Lena River plume into the
ESS and moved the freshened water toward Long Strait.
In summer 2004 the strong off-shore winds determined by
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the interaction of low and high atmospheric pressure centers
caused intensive propagation of river waters to the north and
east in the ESS and the CO2 evasion area was at its max-
imum. In summer 2008 along-shore easterly winds domi-
nated the ESS under the anticyclonic atmospheric regime and
resulted in an influx of more saline waters from the Chukchi
Sea into the ESS. The Kolyma and Indigirka river runoff
plumes were forced to move offshore and westward to the
New Siberian Islands and the Laptev Sea. Despite the largest
Lena River discharge in September 2008 the low-salinity wa-
ters were blocked to the west of the ESS and the CO2 inva-
sion area was at its maximum (Fig. 9). In spite of consid-
erable annual variability of river discharge, the atmospheric
pressure pattern was the major factor that determined the ge-
ographic peculiarity of the CS dynamics and CO2 fluxes of
the ESS waters. The atmospheric pressure pattern not only
affected the distribution of different source waters, but also
the magnitude of coastal erosion. The strongest offshore
winds during the three years were in 2004, which along with
high riverine discharges, resulted in the highest transport of
suspended terrigenous (riverine and erosive) OM into the
ESS (Dudarev et al., 2008). The minimum measured SPM
concentrations were in 2008 when westward water transport
occurred and the input of eroded material to the ESS was the
lowest: SPM values were about two times lower in the sur-
face layer (the maximum value were measured in the western
part of the sea and reached 6.4 mg kg−1) and 4.5 times lower
in the bottom layer relative to 2004 (O. V. Dudarev, personal
communication, 2010). Note that the organic carbon content
in SPM ranges from 6 to 16.3 % (Dudarev et al., 2003, 2006).

The highest absolute CO2 flux values, calculated using a
cubic dependence of gas transport formulation for the daily
average wind speed (Wanninkhof and McGillis, 1999), were
obtained in September 2004 (Fig. 9, Table 2), the time of
maximum wind-speed and the highest difference inpCO2 in
the air and surface water (1pCO2). The lowest absolute CO2
flux was found in September 2003 under the cyclonic atmo-
spheric regime when weak winds prevailed over the ESS and
the1pCO2 was the smallest.

The CO2 evasion values calculated for the ESS shelf
in the summer (Table 2) exceed the values obtained both
for the continental shelf of high latitudes and, in the ma-
jority of cases, for the tropical/subtropical seas (Chen and
Borges, 2009). This indicates the significant role of al-
lochtonous eroded carbon in the exchange processes in the
Arctic shelves, especially in the predominantly heterotrophic
western ESS ecosystem.

Previous estimates of the net CO2 flux have relied on in-
direct mass balance considerations (Lyakhin and Rusanov,
1983; Anderson et al., 1998a, b; Fransson et al., 2001). All
these annual rates of net CO2 flux have considerable un-
certainty. The data reported here represent the first air-sea
CO2 flux considerations for the ESS shelf based on mea-
sured CS characteristics and atmosphericpCO2 during three
repeated oceanographic surveys over the ice-free ESS. How-

ever, it should be noted that these calculations have caveats
too. First, as pointed out above, there are errors in calculated
pCO2 values (<10 µatm) even if they are small compared to
the range of1pCO2 (Table 2). More significant discrepan-
cies are in the assessment of air-sea flux when using differ-
ent parameterizations of gas transfer velocity or averaging
of wind speed (Wanninkhof and McGillis, 1999; Bates and
Merlivat, 2001; Feely et al., 2001). Thus, it is important to
use the same methods for CO2 flux comparison. Additional
uncertainties arise when spatial averaging is carried out be-
cause of interpolation and extrapolation of hydrocast data.
Part of the ESS is covered by ice even during the warm sea-
son, also resulting in an uncertainty (of 5 %,www.aari.ru)
in evaluating the ice-edge position. Finally an uncertainty
is associated with scaling up the data to monthly and yearly
fluxes, an uncertainty that both is coupled to the sea ice dis-
tribution as well as to thepCO2 evolution with time in the
surface water.

The mean values of air CO2 fluxes for the ice-free ESS in
September 2003 and 2004 and August–September 2008 were
0.9±0.8 mmol m−2 day−1, 11.5±7.5 mmol m−2 day−1, and
0.8±2.9 mmol m−2 day−1, respectively. Based on these val-
ues, the ice-edge position, the duration of the ice-free period
(50, 35, and 50 days for 2003, 2004, and 2008,www.aari.ru),
and the area of the ESS 913×103 km2, we assessed the emis-
sion of CO2 from the ESS during the warm season to an out-
gassing of 0.4 to 2.3×1012 g C.

We could speculate that this rate is roughly equivalent to
an annual flux (0.1 to 0.4 mol m−2 yr−1), ignoring the CO2
fluxes across the sea ice and thus suggesting that sea ice pro-
vides an effective barrier to gas exchange during the major
part of the year (Bates and Mathis, 2009, and references
therein). However, recent sea-ice studies demonstrate that
sea ice is an active participant in the carbon cycle of polar
waters and that CO2 fluxes obtained over seasonal sea ice are
far greater than previously reported (Semiletov et al., 2004,
2007; Nomura et al., 2010; Miller et al., 2011; Papakyriakou
and Miller, 2011). A winter-time series of measurements of
the inorganic carbon system above, within, and beneath the
landfast sea ice of the southern Beaufort Sea identified sig-
nificant vertical CO2 fluxes, mostly upward away from the
ice but with short periods of downward fluxes as well (Miller
et al., 2011). Uptake of CO2 during spring time was gener-
ally associated with warming in the presence of high winds
(>6 m s−1), while cooling (ice temperature less than−6◦C)
and low winds gave rise to CO2 effluxes (Papakyriakou and
Miller, 2011). The next uncertainty is related to the flaw
polynyas as their combined area in the ESS is about 5 % of
the ESS total, and their lifetime ranges from 90 to 174 days
per year (Popov and Karelin, 2009). It has been reported that
polynyas, areas of high biological productivity and active ice
formation, are generally sinks of CO2 where CO2 is drawn
into the water both by coupling with organic carbon export
and by high solubility in the cold waters typical of polynyas
(Anderson et al., 2004; Miller and DiTullio, 2007). However,
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for highly river-dominated shelf waters, winter mixing with
CO2-rich subsurface waters is highly likely to create con-
ditions favouring the potential for surface waters to outgas
CO2 during winter through polynyas and leads (Bates and
Mathis, 2009) because the polynya-induced vertical mixing
may act as a drainage of the underlying layers (Dmitrenko
et al., 2010). At the same time, fall-season ice growth and
wintertime ice production in polynyas might result in an ice-
driven carbon pump (Rysgaard et al., 2007). But is this true
for the freshened waters of the shallow shelf, where close in-
teractions between sediments, water column, and atmosphere
occur?

In September 2008 when Pacific-origin water was substan-
tial in the ESS the potential CO2 out-gassing was reported to
be∼ 5.5×1012 g C (Anderson et al., 2009). This value can
significantly change from year to year depending upon the
input of eroded carbon, which is determined by river runoff
and the meteorological regime. Thus, net CO2 flux to the at-
mosphere could be strongly enhanced during fall convection.
An additional source of CO2 into the East Siberian Arctic
shelf waters might be oxidation of methane (Shakhova et al.,
2010a, b); moreover, it is expected that methane emission
will increase dramatically in response to the recent warming
which is most pronounced in the Arctic.

6 Summary and conclusions

The shelf of the ESS is among the most dynamic of the arc-
tic seas, with substantial interaction and transformation of
waters from different sources. Water dynamics is driven by
winds (direction and intensity) which are largely dependent
upon the location of the surface atmospheric pressure anoma-
lies (atmospheric active centers). This impact on water-mass
mixing and current pattern also influences the dynamics of
the air-sea CO2 exchange. The year-to-year dynamics in sur-
face water CS parameters as well as air-sea flux is highly
variable. During the period of observation the highest out-
gassing of CO2 was observed in September 2004, when
the atmospheric pressure field determined winds predomi-
nantly from the south. Thus the river waters were distributed
throughout the ESS, supporting a lateral transfer of organic
and inorganic carbon from erosion and river runoff. This
caused a combination of high air-seapCO2 gradients and
high wind speed, resulting in a large out-gassing of CO2 to
the atmosphere. The high flux was also supported by the fact
that in 2004 the largest river discharge into the ESS occurred.

The maximum CO2 uptake by the coastal waters of the
ESS was observed in September 2008 when the wind pat-
tern caused a significant inflow of highly transparent water
of Pacific origin into the eastern ESS. The hydrographic con-
ditions supported a marine-dominated ecosystem in the east-
ern ESS with significant PP, resulting in CO2 consumption
leading to lowpCO2. However, in 2008 the wind conditions
were relatively calm resulting in a modest CO2 uptake from

the atmosphere in the eastern part of the sea; the resulting
CO2 flux was slightly positive. The average CO2 air-sea flux
values were the lowest in 2003 when the low atmospheric
pressure field dominated the adjacent Arctic Ocean.

This study of the CS in the ESS, including the air-sea
CO2 fluxes, supports the existence of two biogeochemical
domains. Furthermore it shows the dominating heterotrophic
character of the coastal zone, except for the time when the
wind pattern causes substantial inflow of highly productive
waters of Pacific origin. The continental shelf pump, a mech-
anism that sequesters and transfers atmospheric CO2 into the
open ocean, was identified only in the eastern part of the
sea (Anderson et al., 2010) when productive waters of the
Chukchi Sea strongly influenced this region. The ESS shal-
low shelf as a whole is a net source of CO2 into the atmo-
sphere with the efflux ranging from∼0.4 to 2.3×1012 g C.
This pattern may be strongly modulated by recent warming
in the Arctic given the large stores of carbon in northern high-
latitude permafrost and positive feedbacks between temper-
ature rise and terrestrial bio-available OM release onto the
Arctic shelf.

Considering the dynamics of the ESS there are many un-
certainties in the present CO2 flux evaluations, especially in
the light of the rapid climate change in this part of the Arctic.
Except for the need of more comprehensive investigations in
this still under-studied region of the Arctic Ocean shelf, there
also is a need to expand the seasonal and areal coverage.
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radiocarbon constraints on sources and degradation of terres-
trial organic carbon along the Kolyma paleoriver transect, East
Siberian Sea, Biogeosciences, 7, 3153–3166,doi:10.5194/bg-7-
3153-2010, 2010.

Wanninkhof, R.: Relationship between wind speed and gas

Biogeosciences, 8, 1987–2007, 2011 www.biogeosciences.net/8/1987/2011/

http://dx.doi.org/10.1029/2007EO130001
http://dx.doi.org/10.1029/2006jc003572
http://dx.doi.org/10.1029/2010GB003862
http://dx.doi.org/10.1029/2003GL017996
http://dx.doi.org/10.1029/2005GL022490
http://dx.doi.org/10.1016/j.jmarsys.2006.05.012
http://dx.doi.org/10.1029/2009JC005602
http://dx.doi.org/10.5194/bg-6-267-2009
http://dx.doi.org/10.1029/2007GB002974
http://dx.doi.org/10.5194/bg-7-3153-2010
http://dx.doi.org/10.5194/bg-7-3153-2010


I. I. Pipko et al.: Interannual variability of air-sea CO2 fluxes and carbon system 2007

exchange over the ocean, J. Geophys. Res., 97, 7373–7382, 1992.
Wanninkhof, R. and McGillis, W. R.: A cubic relationship between

air-sea CO2 exchange and wind speed, Geophys. Res. Lett., 26,
1889–1892, 1999.

Weingartner, T. J., Danielson, S., Sasaki, Y., Pavlov, V., and Ku-
lakov, M.: The Siberian Coastal Current: A wind- and buoyancy-
forced Arctic coastal current, J. Geophys. Res., 104, 29697–
29713, 1999.

Weiss, R.: The solubility of nitrogen, oxygen, and argon in water
and seawater, Deep-Sea Res., 17, 721–735, 1970.

Wollast, R.: Evaluation and comparison of the global carbon cycle
in the coastal zone and in the open ocean, in: The Sea, edited
by: Brink, K. H. and Robinson, A. R., John Wiley & Sons, New
York, 10, 213–252, 1998.

www.biogeosciences.net/8/1987/2011/ Biogeosciences, 8, 1987–2007, 2011


