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Abstract This large-scale quasi-synoptic study gives a comprehensive picture of sea-air CO2 fluxes
during the melt season in the central and outer Laptev Sea (LS) and East Siberian Sea (ESS). During a
7 week cruise we compiled a continuous record of both surface water and air CO2 concentrations, in total
76,892 measurements. Overall, the central and outer parts of the ESAS constituted a sink for CO2, and we
estimate a median uptake of 9.4 g C m�2 yr�1 or 6.6 Tg C yr�1. Our results suggest that while the ESS and
shelf break waters adjacent to the LS and ESS are net autotrophic systems, the LS is a net heterotrophic
system. CO2 sea-air fluxes for the LS were 4.7 g C m�2 yr�1, and for the ESS we estimate an uptake of
7.2 g C m�2 yr�1. Isotopic composition of dissolved inorganic carbon (δ13CDIC and δ13CCO2) in the water
column indicates that the LS is depleted in δ13CDIC compared to the Arctic Ocean (ArcO) and ESS with an
offset of 0.5‰ which can be explained by mixing of δ13CDIC-depleted riverine waters and 4.0 Tg yr�1

respiration of OCter; only a minor part (0.72 Tg yr�1) of this respired OCter is exchanged with the
atmosphere. Property-mixing diagrams of total organic carbon and isotope ratio (δ13CSPE-DOC) versus
dissolved organic carbon (DOC) concentration diagram indicate conservative and nonconservative mixing
in the LS and ESS, respectively. We suggest land-derived particulate organic carbon from coastal erosion as
an additional significant source for the depleted δ13CDIC.

1. Introduction

Permafrost in the Northern Hemisphere stores some 30–50% of the world’s soil carbon [Hugelius et al., 2014].
It has been proposed that reactive C redistributed from permafrost soils on land and subsea permafrost
might contribute a significant positive feedback to global warming. Siberian rivers draining these high lati-
tudes discharge more than 10% of the global riverine organic carbon into the Siberian Shelf Sea [Dittmar
and Kattner, 2003]. As most river systems and many inner estuarine and nearshore coastal regimes behave
heterotrophically, i.e., respiration of additional terrestrial organic matter (OCter) leads to a net outflux of
CO2 [Bauer et al., 2013; Raymond et al., 2013], concerns about accelerated C cycling in these regions have
been raised, especially due to the Arctic amplification of climate warming, permafrost thaws, increased river
discharge [Peterson et al., 2002], and potential redistribution of old OCter from land to the sea [e.g., Guo and
Macdonald, 2006; McGuire et al., 2009].

Numerous studies [Semiletov et al., 2007, 2012; Pipko et al., 2011a, 2011b] have described the overall patterns
of CO2 sea-air exchange along the East Siberian Arctic Shelf (ESAS). CO2 supersaturation has been reported
for the inner and shallow parts of the Laptev Sea (LS) and of the western parts of the East Siberian Sea
(ESS). Undersaturation in the outer LS, the eastern ESS, and outer shelf areas along the continental slope is
thought to be due to autochthonous formation of marine organic matter by phytoplankton during the
growth period in summer. Model studies suggest that the LS is a sink in some years and in other years a
source for atmospheric CO2 [Wåhlström et al., 2012, 2013]. In total, Anderson et al. [2009] estimate a dissolved
inorganic carbon (DIC) excess of 10 Tg C for the upper 50 m water column in the LS and ESS during summer
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and suggest that this excess mainly is caused by OCter decomposition. Various potential sources and degra-
dation states of dissolved, particulate, and sedimentary organic matter along ESAS have been described
[Bröder et al., 2016; Karlsson et al., 2016; Tesi et al., 2014]. In fact, many studies suggest that land-derived par-
ticulate organic matter (POC) exported through coastal erosion is a major driver for CO2 supersaturation
[Semiletov et al., 2012] and that land-derived dissolved organic carbon (DOC) behaves conservatively during
estuarine mixing [Cauwet and Sidorov, 1996; Dittmar and Kattner, 2003; Semiletov et al., 2013]. Other studies
do suggest that DOC is removed during estuarine mixing along the Arctic shelf seas though degradation rate
constants are in the range of month to years [Alling et al., 2010; Hansell et al., 2004]. However, the relative
share of OCter to the sea-air exchange has not been estimated yet. More specifically, the question arises which
fraction of the DIC excess is the result of decomposition processes occurring in the extended mixing zone
covering the entire LS and parts of the western ESS, and/or which fraction of the DIC excess is just a mixing
signal mainly from the Lena River. Further, the fate of the observed DIC excess remained to be explored by
high-resolution field measurements, i.e., which fraction of the DIC excess escapes to the atmosphere and
which fraction is exported and entrained into the water masses of the wider Arctic Ocean (ArcO).

The inner part of estuaries is often highly supersaturated with CO2, whereas the outer parts at higher salinities
are often undersaturated due to degassing during mixing and net primary production occurring at higher
salinities where the light regime improves and still sufficient nutrients are available. Net primary production
has been observed for the large stratified river plumes as formed by the Changjang, Mississippi, Amazon, and
Danube [Humborg, 1997]. Most major river plumes are a sink for CO2 [Cai et al., 2014]; however, they are dif-
ficult to quantify with respect to biogeochemical fluxes, because they are not geographically constrained and
their spatial extensions are highly variable in time and space and mainly forced by local wind conditions. The
river plume of the Lena River is also highly vertically stratified [Alling et al., 2010] and resides on the Siberian
Shelf and mainly influences the LS and western parts of the ESS. Due to the ephemeral character and variable
spatial delineations of the Lena plume, we will adopt the geographical delineations of the regional seas along
the ESAS to quantify biogeochemical fluxes.

We addressed the dynamics and fate of marine (OCmar) and terrestrial carbon in the water column along the
ESAS by means of (i) bulk inorganic carbon biogeochemistry (DIC), total alkalinity (TA), O2, and pH, bulk
organic biogeochemistry (total organic carbon (TOC) and DOC) and nutrient biogeochemistry (N, P, and Si).
We applied a stable isotope approach to the inorganic carbon variables (δ13CDIC and δ13CCO2) and dissolved
and particulate organic carbon (δ13CSPE-DOC and δ13CPOC) enabling us to constrain the contribution of OCter
and OCmar sources and their degradation products along the central and outer estuarine gradient of the LS
and ESS. Continuous CO2 measurements in both surface waters and in the air during the cruise transect
allowed us to estimate sea-air exchange of CO2 over a 6 849 km long transit. This large-scale quasi-synoptic
sampling scheme allows for the first time to get a comprehensive picture of sea-air CO2 fluxes during the
peak of the melt season (July–August) along the central and outer ESAS. Thus, in this paper, we will both esti-
mate the instantaneous production and respiration patterns and sea-air fluxes as well as the longer-term
fluxes as imprinted in the isotopic signatures that are directly related to net mass fluxes of biogeochemical
elements. We will present detailed calculations on sea-air CO2 fluxes for the central and outer parts of the
ESAS that cover water depth between some 35 to 80 m in the LS, ESS, and the adjacent shelf break waters
covering water depth down to 500 m; in addition, we focus on C isotopic signatures to disentangle riverine
mixing from respiration of OCter within the central and outer LS.

2. Methods
2.1. Study Area, Cruise Track, and Stations

The Laptev Sea is located between about 110°E (Severnaya Zemlya) and 140°E (New Siberian Islands) and
covers some 498 × 103 km2 and has an average water depth of 48 m [Jakobsson, 2002]. The East Siberian
Sea (average depth, 58 m) is the largest, most icebound, and least explored Arctic marginal sea [Stein and
Macdonald, 2004]. It covers 987 × 103 km2 and stretches from 140°E to 180°E. The ESS can be divided into
two distinct oceanographic provinces with a frontal zone fluctuating at around 160°E [Semiletov et al.,
2005]. In the western part of the ESS the influence of the Lena River is strong, whereas in the eastern part
Pacific water masses become more prominent.
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The IB/Oden entered the LS from the north starting with the deepest shelf break station of some 3000 m; con-
tinuous sampling during cruising and station sampling (15 stations) on the shelf were performed in the per-
iod 18–24 July 2014 (average water depth was some 60 m). In the period 27 July to 12 August 2014 we
applied the same sampling scheme in the ESS (average water depth about 55 m) with a total of 24 stations.
Two additional samplings across the shelf break between the ArcO and LS (from 3000 m up to 80 m water
depth), as well as between the ArcO and ESS (from 500 m up to 80 m water depth), were performed over
8 days in the period 15 July to 9 August 2014 (in total 21 stations). Figure 1 shows the water column stations
along the transect grouped by the following sea areas: LS blue dots; ArcO and shelf break waters adjacent to
the LS (ArcO-LS shelf) red dots; ESS green dots; and shelf break waters adjacent to the ESS (ArcO-ESS shelf)
black dots.

For the description of biogeochemical regimes and sea-air fluxes of CO2 we follow the sea area delinea-
tions and hypsographic information by Jakobsson [2002] and Thornton et al. [2016] who recently esti-
mated methane fluxes based along the same cruise track (Figure 1). The average water depth the
IB/Oden operated in during the SWERUS cruise was 56 m for the LS and 49 m for the ESS, and the
shallowest investigated parts were 37 m and 35 m for the LS and ESS, respectively. For the calculations
of CO2 sea-air fluxes in this study we used an area of 154 × 103 km2 for the central and outer LS which
corresponds to a water depth between 37 down to 80 m, where 80 m is the inflection point separating
the shelf and the shelf slope. Correspondingly for the central and outer ESS, we used an area of
315 × 103 km2 which corresponds to a water depth between 36 down to 80 m. The area covering the
continental slope between 80 m and 500 m water depth covers an area of 60 km2 and 178 km2 adjacent
to the LS and ESS, respectively. Thus, the ESAS areas covered in this study from the shelf break (500 m) to
a water depth of some 35–37 m correspond to about 43% of the entire LS and 50% of the entire ESS area
as inferred from their hypsographic curves [Jakobsson, 2002].

2.2. Overall Sampling Strategy

Seawater samples were collected both from Niskin bottles on a rosette attached to a Seabird® conductivity-
temperature-depth (CTD) and from a continuously flushed seawater intake system during transit. For the
latter water was pumped from 8 m depth at about 60 L min�1 through stainless steel and plastic tubes
and further distributed within the main lab for the onboard analysis of CO2 and δ13CCO2. Depth profiles were
collected at about 60 stations over the entire transect (Figure 1) and analyzed for biogeochemical variables in
the water column. Water samples for all constituents were drawn within half an hour after the rosette was
secured in the CTD container.

Figure 1. Water depth and water column sampling stations along the SWERUS-C3 Oden cruise track, 11 July to 17
August 2014. LS blue dots, ArcO-LS shelf break red dots; ESS green dots, and ArcO-ESS shelf break black dots (see also
Figures 3 and 6–7).
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2.3. pH

The determination of pH was done on the total scale applying a spectrophotometric method using the
indicator m-Creosol Purple (mCP). Pure mCP was purchased from the laboratory of Bob Byrne, University of
South Florida, USA. A 0.2 mM indicator solution was prepared by dissolving preweighted mCP indicator in
0.5 L filtered seawater of about 34 salinity. The indicator was adjusted to a pH in the same range as the samples,
approximately ±0.2 pH units, by adding a small volume of concentrated HCl or NaOH. An automatic system
was used where the sample and indicator were mixed in a syringe (Klohnen) before injection into a 1 cm cuv-
ette of a diode array spectrophotometer (Agilent 8453), where the absorbance was measured at wavelengths
434 and 578 nm. Indicator corrections weremade according to the recommendations from Chierici et al. [1999].

2.4. Oxygen

Measurements of dissolevd oxygen were performed with an Oceanographic Data Facility (ODF)-dessigned
automated oxygen titrator (https://scripps.ucsd.edu/ships/shipboard-technical-support/odf) using photo-
metric end point detection based on the absorption of 365 nmwavelength ultraviolet light. Before each titra-
tion session the system blanks were determined by addition of reagents to Milli-Q water. The titrations were
performed in the same flasks as those used for the collection of the samples from the rosette after the MnO
(OH)2 was dissolved by sulphuric acid. A sodium thiosulphate solution was used for the titration, and its con-
centration was calibrated each day using preweighted KIO3 standard. The titration of the samples and the
data logging were controlled by PC software. Thiosulfate was dispensed by a Dosimat 665 buret driver fitted
with a 1.0 mL buret. ODF used a whole bottle modified-Winkler titration following the technique of Carpenter
[1965] with modifications by Culberson et al. [1991] but with higher concentrations of potassium iodate stan-
dard (approximately 0.012 N) and thiosulfate solution (50 mg L�1). Precision was determined using replicates
from the same depth and was better than 0.5 μmol kg�1.

2.5. Total Alkalinity

TA was measured after pH from the water of the same Pyrex© bottle. It was determined using an open cell
potentiometric TA method using a GRAN point determination [Haraldsson et al., 1997]. The system measures
TA in μmol L�1 using the nominal acid concentration of 0.05 mol L�1. Certified reference material (CRM) as
supplied by A. Dickson, Scripps Institution of Oceanography, was used to determine accuracy and precision.
The TA determination had a precision better than 2.0 μmol kg�1. For all samples and CRM analysis the TA in
μmol kg�1 was calculated using the salinity and the temperature measured at the beginning of the titration.
Sample results were then multiplied with the factor determined from the CRM measurements at each indivi-
dual station, and the correction was always below 0.5%.

2.6. Calculations of DIC, pCO2 From Water Column pH and TA Measurements

For the vertical water column samples, we derived CO2 concentrations; note that these calculations are dif-
ferent from the continuous CO2 and δ13CCO2 measurements in the surface water and atmosphere (see below).
DIC and the partial pressure of carbon dioxide (pCO2) was calculated from the combination of pH and TA,
using CO2SYS version 1.1 [van Heuven et al., 2011] with the stoichiometric dissociation constants of carbonic
acid (K1* and K2*) and bisulfate (KHSO4*) given by Millero [2010] and Dickson [1990], respectively. Input data
included salinity, temperature, PO4, and SiO2.

2.7. Nutrients, Total, and Particulate Organic Carbon

Nutrient samples were retrieved directly from the Niskin bottles into 100 mL high-density polyethylene
bottles (Kautex). Nutrients (NH4, NO2/3, PO4, and H4SiO4) were determined colorimetrically onboard using
a four-channel continuous flow analyzer (QuAAtro system from SEAL Analytical). Each analysis run was
preceded by running standard samples of prepared from stock solutions of NH4Cl, KNO3, K2HPO4, and a com-
mercial stable silica-compound solution. Analysis quality was further assured by automatic drift control using
standard solutions and always including CRM solutions prepared from commercial ampoules (QC RW1, Batch
VKI-9-3-0702) in the analysis run.

Total organic carbon (TOC) analyses were performed continually on board by high-temperature catalytic oxi-
dation (Shimadzu TOC-L). Inorganic carbon was removed by acidifying the samples to pH 2 with 37% HCl and
sparging for 8 min with carbon dioxide-free synthetic air prior to sample injection and quantification of the
total carbon content (non-purgeable organic carbon method). The response factor was determined using a
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five-point calibration with potassium, hydrogen, and phthalate dissolved in Milli-Q water, and its stability
was checked daily with standard solutions. Milli-Q blanks and consensus reference materials (CRM,
obtained from University of Miami) of low carbon content water (LCW, 1–2 μmol C kg�1) and deep-sea
reference water (DSR, 41–44 μmol C kg�1) were run prior to and after every 10–15 samples within every
analysis batch. We obtained a mean ± SD of 3.1 ± 2.7 μM (n = 99) and 46.8 ± 7.0 μM (n = 112) for LCW
and DSR, respectively, for all onboard measurements. DOC samples that were filtered through GF/F filters
(Whatman), and TOC samples were very close, i.e., DOC made up 96.7% of the TOC concentrations
(R2 = 0.866); thus, we report in this study TOC concentrations. However, note that this variable represents
by far the dissolved organic fraction.

In general, particulate organic carbon (POC) concentrations in seawater are one order of magnitude lower
than DOC concentrations and could not be inferred from the minor differences between TOC and DOC con-
centrations as a result of the high-temperature catalytic oxidation method that uses only milliliter aliquots for
the determination. We therefore analyzed much larger water volumes for POC. Water samples for (POC) were
vacuum filtered (250–2000 mL) through 25mm glass fiber filters (Whatman GF/F: pore size range 0.7 μm; pre-
combusted to 450°C for 3 h), and measured using a Carlo Erba elemental analyzer (NC2500).

2.8. δ13CDIC, δ13CSPE-DOC, and δ13CPOC Measurements

For the determination of δ13CDIC values in water, we followed similar sampling and preservation techniques
to those described in Alling et al. [2012] to minimize the possibility of contamination by CO2 from air and from
biological processes in stored samples. Water samples were directly injected with a syringe into 12 mL
septum-seal glass vials (Labco Limited), which had been flushed with argon gas (75 mL min�1) for 5 min.
To each vial, 100 μL of 85.5% H3PO4 was added to act as a preservative and to transform all the HCO3

�

and CO3
2� ions to CO2(g).

For the determination of δ13C in DOC surface samples (8 m depth) were taken from the vessel’s seawater
intake. Samples from larger water depths were taken from the Niskin bottles. All samples were prefiltered
via Whatman GF/F filters (pore size range 0.7 μm; precombusted at 450°C for 3 h) and stored cold in acid
washed 10 L canisters until further preparation. DOC concentrations were measured by high-temperature
catalytic oxidation (Shimadzu TOC-L). Solid phase extraction (SPE) was performed following the procedure
described in Dittmar et al. [2008] with Bond Elut-PPL cartridges (1 gm 6 mL); this extraction method recovers
about half of the DOC. Elution of the DOC extracts was done with methanol and the δ13C values of the SPE-
DOC were analyzed—after methanol evaporation—with a Thermo Finnigan DeltaV advantage isotope-ratio
mass spectrometer after combustion in a CarloErba NC2500. The latter instruments were also used to analyze
the δ13C values of POC.

2.9. Continuous CO2 and δ13CCO2 Measurements in the Surface Water and Atmosphere
(WEGAS System)

Continuous measurements of CO2 and δ13CCO2 were made in both the surface water and air in the period 10
July to 9 August 2014; in total 238,864 data points for both air and water were recorded. Cavity ring-down
spectrometer (CRDS) measurements were used to continuously monitor CO2 concentrations and δ13CCO2
composition of gas stripped via headspace equilibration from the water column using the Water
Equilibration Gas Analyzer System (WEGAS). Measurements were taken continuously, i.e. also during station
time when Oden was not steaming. Therefore, to avoid bias toward the station positions, we built a spatially
normalized data set by rounding all records’ GPS coordinates to 0.001° then binning and averaging air and
water observations which had the same rounded GPS coordinates; this approach is described in more detail
by Thornton et al. [2016]. Wind speed and direction were used to filter the atmospheric data to avoid contam-
ination by the ship. We included data collected when the relative wind speed was >2 m s�1 and the wind
direction was>280° and<80° relative to the ship’s bow. Any remaining data with CO2 concentrations above
450 ppm were also removed.

The WEGAS system consists of three major components: (i) water handling system including a shower-
head equilibrator (headspace volume 1 L) fed by Oden’s seawater intake system, continuous pH measure-
ments by E&H electrode probe, and T and salinity measurements by Seabird TSG 45; (ii) CRDS gas
analyzers for CO2 stable carbon isotopes (model G2131-i, Picarro, Inc.) and CO2 concentrations (model
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G2301, Picarro Inc.); and (iii) gas handling system with circulation pumps for headspace and ambient air
from meteorological tower.

Water was pumped from the seawater intake through spray nozzles into the open headspace equilibrator at
~4.5 L min�1. By creating a fine spray of droplets, the exchange surface between headspace and water is
maximized and an optimal equilibration is achieved. The gas of the headspace was analyzed using the two
Picarro CRDS analyzers. The second analyzer was operated in parallel, and its flow (~25 mL min�1) was not
fed back into the closed cycle. Instead, it created a defined vent flow. This vent flow is compensated by a flow
of ambient air (AA) taken from an inlet at the top of the bow-mounted meteorological tower (20 m above sea
level height). To be able to correct the data for vent flow, the concentration of CO2 and δ13CCO2 in AA is mon-
itored by frequent switching between the ambient air and headspace gas.

2.10. Continuous Atmospheric CO2 Measurements (LGR System)

Additionally, CO2 concentrations in air were measured continuously during the cruise from four separate
inlets at various heights above sea level (9, 15, 20, and 35 m) via an independent system. The lowest inlet
(9 m) was positioned in front of the bow deck rail. A 10 m meteorological tower was also mounted at the
bow of the ship, hosting inlets at 15 m and 20 m heights. The 35 m inlet was positioned on top of the ice-
breaker’s bridge. Air was continuously pumped from all inlets to a lab container, where CO2 concentrations
were determined at 1 Hz using a CRDS (Model 0010, FGGA 24EP, Los Gatos Research (LGR), Mountain
View, California, USA). This instrument provides a precision of 0.25 ppm and an accuracy of 0.25 ppm for
CO2. Standard gases were measured every 2 h for calibration. The inlets were monitored in sequence, each
for 2 min, with the last 70 s being used to calculate the average values reported in this study (to avoid con-
tamination from the previous inlet). The same filtering was applied as above (relative wind speed >2 m s�1,
wind directions between >280° and <80° relative to the ship’s bow, and CO2 < 450 ppm). After filtering,
atmospheric CO2 averaged 391.51 ± 0.58 ppm (2σ). The reason for measuring at four different heights was
that the system was also used for monitoring possible large vertical gradients in CH4 in the vicinity of seafloor
gas seeps in the ESAS [Thornton et al., 2016].

For the data set used in this study, the atmospheric measurements of CO2 from the LGR system were used.
For atmospheric δ13CCO2 we use the data from the WEGAS system. Waterside CO2 and δ13CCO2 data are from
the WEGAS system. As a result of the spatial normalization and exclusion of data that could have been con-
taminated by the ship, we utilize in this study 76,892 data points for both air and water concentrations.

2.11. CO2 Sea-Air Flux Calculations

We calculated the turbulence-driven diffusive water-air CO2 flux with a widely applied wind speed-
dependent model [Wanninkhof, 1992]. This model has been recently updated [Wanninkhof, 2014], and we
use the updated model here. The model depends on four factors: water temperature, wind speed, concentra-
tion of CO2 in the water, and concentration of CO2 in the air. This turbulence-driven diffusive flux model is
especially suited for regions of long fetches, such as the open sea. Measured wind speeds were adjusted from
measurement height (35 m) to 10 m standard height required by the model. In total, we used 52,670 data
points for CO2 sea-air flux calculations.

2.12. Compilation of Existing River Data for Budget Calculations

River water data were extracted from the R-ArcticNET (http://www.r-arcticnet.sr.unh.edu/v4.0/index.html),
PARTNERS, and Arctic-GRO databases (http://arcticgreatrivers.org/data.html), respectively. Based on these
data, the total runoff in the period 2012–2014 was 781 km3 yr�1 to the LS and 174 km3 yr�1 to the ESS.
During that period the average riverine DIC loads to the LS and ESS were 7.77 and 1.22 Tg C yr�1, respectively,
while the DOC loads were 7.48 and 1.18 Tg C yr�1, respectively. These riverine loads that were used for the
budget calculations are well in the range for the long-term average DIC and DOC loads to the LS and ESS
calculated for the period 2000–2014 (DIC and DOC loads to the LS 7.31 ± 0.63 Tg C yr�1 and
7.34 ± 0.87 Tg C yr�1, respectively; DIC and DOC loads to the ESS 1.24 ± 0.10 Tg C yr�1 and
1.18 ± 0.20 Tg C yr�1, respectively). POC loads from the Lena and Kolyma rivers (the major rivers entering
the LS and ESS) have in addition been estimated to 0.81 and 0.12 Tg C yr�1, respectively [McClelland et al.,
2016], thus contributing by some 10% to the riverine TOC loads.
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Figure 2. SWERUS-C3 Oden cruise track, 11 July to 17 August 2014, with study regions indicated for (a) CO2 in surface sea-
water, (b) δ13C-CO2 in surface waters, (c) CO2 in air, and (d) ice coverage at time of Oden passage (%). Dotted purple curve
indicates approximate limits of Arctic Ocean proper. Yellow dotted lines indicate approximate top of continental slope
when crossed by Oden. Red dotted line indicates division between Laptev and East Siberian Seas. Depth scale as in Figure 1
in black and white.
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3. Results
3.1. CO2 Surface Concentrations and Fluxes Along the Central and Outer East Siberian Arctic Shelf

The continuous CO2measurements revealed typical patterns with CO2 undersaturation in the ArcO, along the
Shelf breaks, and the eastern ice covered part of the ESS (Figure 2). In contrast, the ice-free LS (median
445 ppm, Table 1) and adjacent western parts of the ESS (median 473 ppm) that were ice free as well showed
supersaturation (Figure 2). However, for the entire ESS we calculated a median CO2 concentration of
341 ppm, i.e., undersaturation. For the ArcO-LS shelf break waters we calculated a median CO2 concentration
of 352 ppm and for the ArcO-ESS shelf break waters a median CO2 concentration of 305 ppm. The corre-
sponding sea-air fluxes indicate CO2 uptake between 71 and 286 mg C m�2 d�1 in shelf break waters and
ESS (ArcO-LS, ESS, and ArcO-ESS, Table 2); for the ESS alone we calculated a median uptake flux of
80 mg Cm�2 d�1. In contrast, integrated sea-air fluxes for the LS resulted in positive fluxes, 39 mg Cm�2 d�1

(Table 2). Note that also in the western parts of the ESS positive fluxes have been observed, though as shown
above the ESS as a whole was a sink for CO2. Outgassing was even highest along the entire IB/Oden transect
in the ice-free western parts of the ESS (437 mg C m�2 d�1) mainly due to higher wind speeds (median
of 8.2 m s�1).

Figure 3a shows the surface water CO2 concentrations plotted against salinity and reveals typical estuarine
patterns with higher concentrations at lower salinities; note that we focused on the central and outer shelf
areas, and thus, we were able to resolve the higher salinity end of the mixing gradient (>22 practical salinity
unit (psu)). Supersaturation in the LS spreads over the entire salinity gradient (about 22–34 psu), whereas in
the ESS (ESS + ArcO-ESS) most samples show undersaturation. Figure 3b shows the CO2 concentrations
plotted against bottom depth and shows that along the ArcO-LS transect higher CO2 were detected at lower
depth; however, highest CO2 (519 ppm) were detected at some 50 m depth and not at shallowest depth of
some 37 m. Along the ArcO-ESS transect lowest CO2 concentrations of 144 ppmwere detected at some 60 m
depth in the eastern part of the ESS, whereas concentrations of up to 506 ppm were detected in the western
part of the ESS at similar depth.

3.2. Salinity, Temperature, Nutrients, Oxygen, DIC and TOC Along the Central and Outer East Siberian
Arctic Shelf

The cruise track followed the central and outer shelf area along the Siberian Shelf seas and covered the outer
plume area of the Lena with lowest detected salinity of 21.9 psu in the west near the Lena Delta. Salinity and

Table 1. Water and Air CO2 Concentrations (ppm) in the LS, ArcO-LS Shelf Break, and ESS, ArcO-ESS Shelf Breaka

Region Max Water Min Water Mean Water Median Water Max Air Min Air Mean Air Median Air

LS 519 336 433 445 399 390 393 393
ArcO-LS shelf break 437 321 363 352 397 391 394 394
ESS 506 144 337 341 395 374 389 390
ice-free 506 379 456 473 395 391 392 392
ice-covered/melt 429 144 302 308 395 374 388 388

ArcO-ESS shelf break 314 204 297 305 392 386 390 390

aThe ESS is further divided into ice-free and ice-covered/melt areas.

Table 2. Sea-Air CO2 Flux (mg C m�2 d�1) and Wind Speed (m s�1) in the LS, ArcO-LS Shelf Break, and ESS, ArcO-ESS
Shelf Breaka

Region Maximum Flux Minimum Flux Mean Flux Median Flux Mean Wind Median Wind

LS 693 �139 54 39 2.9 2.5
ArcO-LS shelf break 377 �541 �86 �71 4.7 4.5
ESS 1438 �2043 �131 �80 5.7 5.7
ice-free 1438 �131 468 437 8.3 8.2
ice-covered/melt 273 �2043 �338 �225 5.0 5.0

ArcO-ESS shelf break �74 �917 �316 �286 5.5 5.3

aThe ESS is further divided into ice-free and ice-covered/melt areas.
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temperature patterns revealed a significant influence of the Lena River in the LS overlaying water from the
Arctic Ocean halocline of mostly Atlantic origin entering the shelf from the north (Figures 4a and 4c). The
influence of halocline waters diminishes in the ESS north and east of the New Siberian Islands. Here the bot-
tom salinity was generally lower than in the LS. East from the New Siberian Islands salinity increased again,
and at the easternmost stations the influence of Pacific water became evident. Note that the entire ESAS is
vertically stratified though less pronounced in the east due to the diminishing influence of the Lena River
(Figure 4a). Nutrient patterns along the ESAS revealed N depletion in surface waters throughout the cruise
trajectory (Figure 4d). Phosphate concentrations (Figure 4e) were also depleted in the LS, whereas in the
ESS concentrations between 0.5 and 1.2 μmol kg�1 were detected, except one station in the central ESS where
even phosphate was depleted. Oxygen (Figure 4b) showed slight undersaturation in surface waters of the LS,
whereas supersaturation was detected in the ESS. DIC concentrations showed an opposite pattern with higher
values in the LS compared to the ESS (Figure 5a), mainly due to the higher salinity. Especially deeper water
below the halocline showed concentrations up to 2300 μmol kg�1. TOC concentrations showed highest values
in the LS (Figure 5c) and can be attributed to the Lena plume with highest concentrations of 360 μmol kg�1

measured at the station located closest to the Lena Delta where the lowest salinity was recorded during the
cruise. POC concentrations (Figure 5e) were an order of magnitude lower with concentrations between 5
and 10 μmol kg�1 in all areas except the ESS where concentrations up to 30 μmol kg�1 have been recorded.

3.3. Stable Isotope Composition of Carbon Along the Central and Outer East Siberian Arctic Shelf

The most depleted δ13CCO2 values of �12.4‰ were recorded near the Lena Delta (Figure 2b). The median
δ13CCO2 values for the LS were �11.1, 0.4–0.6‰ more depleted than in the open waters adjacent to the LS
(ArcO-LS shelf break) and the ESS (ArcO-ESS shelf break) that showed median values of �10.7 and �10.5,

Figure 3. (a) Surface water pCO2 versus salinity distribution and (b) bottom depth from the Laptev Sea, East Siberian Sea,
and adjacent shelf break water masses. LS blue dots, ArcO-LS shelf break red dots; ESS green dots, and ArcO-ESS shelf
break black dots.
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respectively (Table 3). δ13CSPE-DOC showed an increasing trend from �28‰ near the Lena Delta in the LS to
�23‰ in the easternmost end of the cruise trajectory (Figure 5d); similar patterns were observed for δ13CPOC
(�29‰ in LS surface waters to�25‰ in ESS; Figure 5f). δ13CDIC isotopes increased from�0.5‰ to 2‰ from
west to east (Figure 5b).

3.4. Regional Patterns in δ13CDIC Values as Inferred From O2 and CO2 Concentrations

δ13CDIC isotope compositions varied significantly between the LS, ESS, and adjacent shelf break waters
(Table 4). The median δ13CDIC value in the LS (0.49‰) was 0.3–0.7% lighter than in the ESS and shelf break
waters adjacent to the LS (ArcO-LS) and the ESS (ArcO-ESS), respectively (Table 4). However, the biological
processes primary production and respiration exert significant impact on δ13CDIC values and lead to enriched
and depleted δ13CDIC values, respectively, due to isotope fractionation. Especially primary production by phy-
toplankton blooms does not occur simultaneously in the LS and ESS and fractionation patterns progress as
the blooms develop, and therefore, the observed instantaneous median δ13CDIC values are only of limited
use to estimate regional patterns in δ13CDIC isotope compositions. Therefore, we compared the δ13CDIC values
with oxygen and CO2 values that indicate both minimum net primary production and respiration.

In Figure 6a pCO2 concentrations are plotted against apparent oxygen utilization (AOU) and indicate that
when oxygen utilization equals 0, in other words primary production equals respiration, CO2 values in surface
waters are 384 and 387 ppm (Y intercept) for the LS and ESS, respectively, which is close to the CO2 air con-
centrations that in averagewere 392 ppm along the trajectory (Table 1). Note that the pCO2 concentrations in
Figure 6a are derived from the entire water column and therefore have been calculated from pH, tempera-
ture, and alkalinity. Most data from the LS indicate positive AOU values, O2 undersaturation, or respiration,
whereas most data from the ESS and ArcO-ESS transect show negative AOU values, indicating O2 oversatura-
tion or primary production. Plotting δ13CDIC values against AOU (Figure 6b) indicates that positive values
between 1 and 2‰ were apparent in the ESS and shelf break waters (ArcO-LS and ArcO-ESS), whereas

Figure 4. (a) Salinity, (c) temperature, and concentrations of (b) oxygen, (d) nitrate, and (e) phosphate along the central and outer shelf of the Laptev and East
Siberian Seas. Positions of the sampling points are indicated by black dots in the contour maps; the white dashed line indicates the border between Laptev Sea
and East Siberian Sea.
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more depleted values between 0 and 1‰ were characteristic for the LS. Notably, the Y intercept indicates
that when AOU equals 0 in the ESS and the shelf break waters north of the LS (ArcO-LS), δ13CDIC is about
1‰. In contrast, the corresponding δ13CDIC for the LS is about 0.5‰, i.e., the Laptev has a significant more
depleted δ13CDIC value.

3.5. Estimated Respiration Rate of Terrestrial Organic Carbon in the Laptev Sea

The 0.5‰ offset in the LS compared to the outer northern and eastern water bodies is caused by either mix-
ing of 13CDIC-depleted riverine waters especially from the Lena, which are about �10‰ [Alling et al., 2012;
Semiletov et al., 2016] or by respiration of OCter within the LS. OCter has an isotope value of �28‰
(Figure 5d), and because most of the DIC is HCO3

�, this isotope value has to be adjusted for the isotope frac-
tionation between CO2 and HCO3

�, a fractionation factor of about +10.8‰ at 0°C [Zhang et al., 1995]. This
means that OCter will be respired to DICter with a δ13CDIC value of about �17‰. The amount of respired
OCter to deplete the DIC stock in the LS can be estimated from a simple isotope mixing model. First, we cal-
culate the effect of riverine fluxes on the δ13CDIC values, i.e., we estimated how much the depleted δ13CDIC

Figure 5. Concentration of (a) DIC, (c) TOC, (e) POC, and isotopic composition of (b) δ13CSPE-DOC, (d) δ
13CDIC, and (f) δ13CPOC along the central and outer shelf of the

Laptev and East Siberian Seas. Positions of the sampling points are indicated by black dots in the contour maps; the white dashed line indicates the border between
Laptev Sea and East Siberian Sea.

Table 3. Water and Air δ13CCO2 Values (‰) in the LS, ArcO-LS Shelf Break, and ESS, ArcO-ESS Shelf Breaka

Region Maximum Water Minimum Water Mean Water Median Water Maximum Air Minimum Air Mean Air Median Air

LS �10.4 �12.4 �11.1 �11.1 �9.2 �10.4 �9.7 �9.7
ARCO-LS shelf break �10.4 �11.4 �10.7 �10.7 �8.9 �10.3 �9.7 �9.7
ESS �10.2 �12.1 �11.1 �11.1 �8.7 �10.7 �9.5 �9.5
ice-free �10.5 �11.4 �11.0 �11.0 �9.1 �10.0 �9.6 �9.6
ice-covered/melt �10.2 �12.1 �11.1 �11.1 �8.7 �10.7 �9.4 �9.4

ArcO-ESS shelf break �10.2 �11.1 �10.6 �10.5 �8.8 �9.8 �9.2 �9.2

aThe ESS is further divided into ice-free and ice-covered/melt areas.
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values of terrestrial inorganic carbon from rivers with a given water discharge in theory will decrease an open
sea end-member with a given volume, DIC stock and with an assumed δ13CDIC value of about +1‰ (δ13Cm).
Second, we estimate how much the internal fluxes contribute to the observed δ13CDIC values, i.e., how much
OCter in theory should be respired to explain the remaining offset in δ13CDIC observed in the Laptev Sea.

The following is assumed:

t þm ¼ d; (1)

where t is terrestrial respired carbon expressed in DIC concentration,m is themarine DIC concentration, and d
is the total marine DIC concentration.

The general mixing equation is given by

δ13Ctt þ δ13Cmm ¼ δ13Cdd: (2)

Table 4. Medians of DIC, TOC, and POC (μmol kg�1) and δ13CDIC, δ
13CDOC, and δ13CPOC Values (‰) in the LS, ArcO-LS

Shelf Break, and ESS, ArcO-ESS Shelf Break

Region
Median
DIC

Median
TOC

Median
POC

Median
δ13CDIC

Median
δ13CDOC

Median
δ13CPOC

LS 2186 109 6.2 0.49 �25.6 �26.4
ArcO-LS shelf break 2143 84 8.0 0.85 �24.8 �28.0
ESS 2018 82 9.5 0.76 �24.4 �26.7
ArcO-ESS shelf break 2067 70 4.5 1.19 �24.4 �26.1

Figure 6. (a) pCO2 and (b) δ13CDIC against apparent oxygen utilization. LS blue dots, ArcO-LS shelf break red dots; ESS
green dots, and ArcO-ESS shelf break black dots.
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We solve the equation after t and m (mass unit of teragram), and we approximate that the mass of d is the
same as the mass of m. Because the annual river discharge into the LS and the amount of riverine DIC
added are rather low compared to the total volume and DIC stock in LS, we did not calculate an exchange
flow with the adjacent open water bodies but instead assumed the DIC mass to be constant. This simpli-
fication will give a small error in the calculations, and we estimate that this is of minor importance (the
total water input from rivers is about 5% of the total volume of water in the LS and about 2% of the
DIC stock) and that the calculated value is a minimum value because the exchange will import even more
water with higher δ13CDIC values.

The main aim of this model approach was to estimate which part of DIC excess observed in the central and
outer LS escapes to the atmosphere and which fraction is exported and entrained into the water masses of
the wider ESAS and the ArcO. High-resolution sea-air flux data in the LS were only measured in this study for
the central and outer parts as well as for the shelf break waters but not for the inner shallower parts. To relate
our measured sea-air fluxes in the central and outer LS to respiration fluxes OCter inferred from the δ13CDIC
isotopic composition in the same sea area, we have to estimate the effect of riverine mixing fluxes.
Because the Lena River does not enter directly in the central and outer parts of the LS, we estimated first
the mixing signal for a larger box, i.e., a volume corresponding to the inner, central and outer parts of the
LS, except the shelf break waters, because these shelf break waters have already similar δ13CDIC values as
the ESS and ArcO (Figure 6b). For the mixing model we assume a homogenous box with an area of
438 × 103 km2, a volume of 14.4 × 103 km3, a DIC start concentration of some 2.2 mmol kg�1 corresponding
to a DIC stock of 380 Tg (Table 5). Mixing of 781 km3 of river water with a DIC concentration of 0.94mmol kg�1

and a δ13C signature of �10‰ lowers the δ13C values in this box with 0.2‰. Thus, roughly 40% of the
observed δ13CDIC offset can be explained just by mixing of some 7.8 Tg of riverine DIC into the LS down to
80 m depth. In the next step, we estimated how much OCter in theory should be respired to explain the
remaining offset in δ13CDIC observed in the central and outer LS. As shown above, the observed offset in
DIC is, in fact, 0.5‰ between the central and outer LS and the adjacent water bodies. The remaining 0.3‰
differences must be achieved by respiration of OCter. To achieve this, 0.3‰ through respiration of OCter in
the central and outer LS with a volume of 9 260 km3 (154 × 103 km2 times 60m) holding 245 Tg of DIC accord-
ing to equation (2) some 4.0 Tg yr�1 (Table 5) of DIC with a δ13CDIC signature of �17‰ are needed.

3.6. Mixing Patterns of TOC and δ13CSPE-DOC

We tested the mixing patterns of TOC and its isotopic composition by (i) property salinity diagram (Figure 7a)
and (ii) isotope ratio versus DOC concentration diagram (Figure 7b). Overall, the TOC salinity diagram shows
conservative mixing. The slope of the TOC salinity relationship is much steeper in the LS and ArcO-LS transect
compared to the ESS and ArcO-ESS transects indicating the impact of the Lena River. Interestingly, if we extra-
polate back the TOC concentrations observed in ArcO-LS shelf break waters to zero salinity, the freshwater
end-member (829 μmol kg�1) is similar to the one derived by extrapolating back the central and outer LS
data alone (890 μmol kg�1). Along the ESS and ArcO-ESS transect data show a much shallower slope indicat-
ing a lower freshwater end-member (230 μmol kg�1). Positive deviation from the property-mixing line was
observed here at some stations between salinities 28 and 32 psu indicating addition of TOC during estuarine
mixing. The isotope value (δ13CSPE-DOC) versus DOC concentration diagram reveals a similar conservative pat-
tern suggesting small or no removal of DOC. Note that an isotope value-concentration relationship follows a
curve-linear function, and we chose 46 μmol kg�1 as the seawater end-member and 230 μmol kg�1 and

Table 5. Respiration Rate of OCter in the Central and Outer Laptev Sea as Inferred From an Isotopic Mixing Modela

Region
Area

(103 km2)
Depth

Range (m)
Volume
(103 km3)

DIC
Stock (Tg) δ13CDIC

OCter Respiration
Rate (Tg yr�1)

LS (inner) 284 0–36 5.1 135 - -
LS (central/outer) 154 37–80 9.3 245 0.5 4.0
ArcO-LS shelf break 60 81–500 9.5 252 1 -
ESS (central outer) 315 36–80 19.0 499 1.1 -

aδ13CDIC values relate to Figure 6b and correspond to measured values in the central and outer parts of the ESAS
when AOU = 0, i.e., when primary production and respiration are at minimum.
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890 μmol kg�1 as two possible river water end-member concentrations for the ESS and LS, respectively.
Overall, the property-isotope value plot indicates conservative mixing as well.

4. Discussion

This paper aims at increasing our understanding of the feedbacks among components of the Arctic Shelf
carbon system, with special emphasis on the contribution of terrestrial-derived organic carbon (OCter) as
an important C capacitor in these high-latitude coastal systems. The ESAS consisting of the LS and ESS is lar-
gely affected by riverine C fluxes supplied by the large Siberian Rivers. Therefore, we compare in the following
the ESAS with shelf waters dominated by plumes formed by discharges from other major global rivers. In this
study, we focus on C dynamics along the vast central and outer areas of the ESAS representing only an upper
salinity mixing gradient (22–35 psu); however, these high-salinity areas represent about half of the ESAS area.
The data obtained earlier from the inner shallow ESS show a similar picture as reported in this study, i.e., the
western area of the ESS as a source for CO2 and the eastern part as a sink [Semiletov et al., 2007].

The combination of high-resolution surface water measurements of CO2 and δ13CCO2 by means of the
CRDS technique with other isotope proxies of inorganic and organic carbon species (δ13CDIC, δ

13CSPE-DOC,
and δ13CPOC) gives us the unique possibility to delineate respiration patterns of OCter versus OCmar in
coastal environments. An understanding of the former variable is pivotal, because conceptually, it is part
of the terrestrial respiration occurring along the continental shelves not yet accounted for in global biogeo-
chemical models. In general, conservative DOC mixing pattern and POC removal and respiration has been
found for many other estuaries [Abril et al., 2002]. However, if OCter in the ESAS is proven to originate in
significant quantities from permafrost soils or subsea permafrost in mainly particulate form and escaping

Figure 7. (a) TOC versus salinity and (b) δ13CSPE-DOC versus DOC concentrations. LS blue dots, ArcO-LS shelf break red dots;
ESS green dots, and ArcO-ESS shelf break black dots.
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as CO2 to the atmosphere, this redistribution of old stored C would constitute a significant positive feedback
to global warming.

Overall, we found (i) typical estuarine distribution patterns of pCO2 with supersaturation near the largest river
source in the LS and undersaturation in the ESS and adjacent shelf break water masses. (ii) Our continuous
surface water measurements show that similar to the major estuaries and river plumes of the world’s largest
rivers, the central and outer ESAS acts as a sink for CO2. Moreover, our isotope studies on δ13CDIC values relat-
ing directly to net mass fluxes suggest that the (iii) an offset of 0.5‰ in δ13CDIC in the LS compared to the ESS
and shelf break waters, which can be explained by (iv) riverine mixing and an internal respiration of
4.0 Tg yr�1 OCter within the central and outer LS. However, (v) the TOC mixing diagrams and isotope ratio
versus DOC plot indicate conservative mixing.

4.1. The Central and Outer East Siberian Arctic Shelf as a Sink for Atmospheric CO2

The first leg of the SWERUS cruise took place during a typical ice-out/melting period. The LS was completely
ice free from early June onward allowing for CO2 outgassing. Our continuous measurements reveal that the
median outgassing flux was some 39 mg C m�2 d�1, and if we assume 120 days of ice-free conditions during
summer 2014 in the LS, we end up with some 4.7 g C m�2 yr�1 or 0.72 Tg C yr�1 outgassing for the central
and outer LS (Table 6). The ESS is in general more ice covered; however, light conditions allowed for
substantial primary production, and the CO2 undersaturation translates into a potential CO2 uptake of
80 mg C m�2 d�1. Ice conditions in the ESS during the SWERUS leg 1 according to satellite images can be
described as close (7/10–8/10 ice concentration) to very close (>9/10 but less than 10/10 ice concentration)
pack ice with many openings allowing for sea-air exchange and the ESS was in ice-free conditions some
90 days during 2014 resulting in a theoretical uptake of 7.2 g C m�2 yr�1 or 2.3 Tg C yr�1 for the central
and outer ESS (Table 6). Obviously, these estimates are rather uncertain because they heavily rely on local
and current wind conditions that were generally low during the entire cruise, though the conditions were
not abnormally calm for the ESAS in summer [Thornton et al., 2016]. The influence of the current wind field
on CO2 sea-air fluxes was obvious in the western parts of the ice-free ESS where outgassing was an order
of magnitude higher compared to the LS, though the observed pCO2 values were only some 30 ppm higher
in the ice-free ESS (473 ppm), but observed median wind speeds were 8.2 m s�1 in the ice-free ESS and
2.5 m s�1 in the LS. Moreover, this western part of the ESS is still heavily influenced by the Lena river plume
as indicated by the low salinities (Figure 4a). This area became ice free just a few days prior the IB/Oden
entered, and the observed elevated CO2 outgassing fluxes of 437 mg Cm�2 d�1 may be regarded as a typical
seasonal flux maximum (short term) occurring each year just when the ice lid disappears and winds are
strong. In contrast, the situation in LS with a median CO2 outgassing flux of 39 mg C m�2 d�1 may be
regarded as a typical later ice-free phase where the phytoplankton blooms are well advanced in season dam-
pening sea-air exchange of CO2 due to significant CO2 assimilation into biomass. However, the general pat-
tern of a moderate outgassing in the LS and an uptake of CO2 in the ESS with a similar magnitude but
opposite sign is obvious, and the much larger area of the central and outer ESS (315 × 103 km2) compared
to the central and outer LS (154 × 103 km2) makes the entire central and outer ESAS as a net CO2 sink. The
shelf break waters are a sink for CO2 as reported earlier by Pipko et al. [2011a], and our high-resolution mea-
surements indicate an uptake of 0.51 Tg C yr�1 and 4.6 Tg C yr�1 for the LS shelf break and ESS shelf break,
respectively (Table 6). In total, the central and outer ESAS investigated in this study covering 707 × 103 km2,
i.e., half of the LS and ESS, was a sink for CO2, and we estimate an annual uptake of 6.6 Tg C yr�1 (Table 6). The

Table 6. Calculated Annual Sea-Air CO2 Fluxes in Central and Outer ESAS Based On Surface Area Estimated Number of
Ice-Free Days in 2014 and Measured Median Daily Fluxes

Region
Area

(103 km2)
Depth

Range (m)
Ice-Free
Days

Daily Flux
(mg C m�2 d�1)

Annual Flux
(g C m�2 yr�1)

Annual Flux
(Tg C yr�1)

LS 154 37–80 120 39 4.7 0.72
ArcO-LS shelf break 60 81–500 120 �71 �8.5 �0.51
ESS 315 36–80 90 �80 �7.2 �2.3
ArcO-ESS shelf break 178 81–500 90 �286 �25.7 �4.6
Total central/outer ESAS 707 36–500 90–120 �9.4 �6.6
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area-weighted median uptake would be 9.4 g C m�2 yr�1 (Table 6). For comparisons, the shelf waters domi-
nated by the plumes of the Amazon, the Mississippi, and the Changijang show similar uptake rates of 6, 12,
and 23 g C m�2 yr�1, respectively [Borges and Abril, 2012; Cai et al., 2014; Körtzinger, 2003]. To conclude, the
regional patterns with supersaturation in the inner and shallower parts of the ESAS and undersaturation
along the central and outer parts of the shelf follow the general concept of outer shelf sea CO2 pumping
as described for example for the North Sea [Thomas et al., 2004] or for the adjacent Chukchi Sea [Bates,
2006] in the ArcO. Yasunaka et al. [2016] published recently an extensive compilation of CO2 sea-air exchange
patterns in the Arctic north of 60°N and concluded that all areas of the Arctic Ocean and its adjacent seas
were net CO2 sinks; they compute the CO2 uptake of the Arctic Ocean (10.7 × 106 km2) with 180 Tg yr�1,
which translates to some 17 g C m�2 yr�1. Our estimate for the central and outer ESAS (9 g C m�2 yr�1;
Table 6) is about half this value and can be explained by the longer than average ice coverage in the LS
and ESS. The authors emphasize the large uncertainty of their estimates mainly due to the poor coverage
in pCO2 observations and the uncertainty of sea ice effects on gas exchange. Thus, there is not much knowl-
edge about interannual variability in CO2 uptake patterns. The measurement approach presented in this
study may help improving these estimates significantly.

4.2. Respiration Rate of OCter in the Laptev Sea

Our isotope-mixing model indicates that 4.0 Tg C yr�1 OCter were respired in the central and outer LS. This
estimate was derived from the observed offset of 0.5‰ in the δ13CDIC signatures within the central and outer
LS. A similar offset was also observed for the continuous δ13CCO2 data (0.4–0.5‰ difference between ArcO-LS
and ArcO-ESS transects and LS; Table 3). Note that the process-integrating variable is the δ13CDIC value in DIC,
as it compensates for the T dependence of the isotope fractionation, and further, DIC represents the total
amount of inorganic C present and all inorganic C species are taken from or released to this C pool.
Whereas the δ13CCO2 value is influenced by short-term physical (sea-air exchange) and biological processes
(primary production and respiration) on the order of days (biological processes) to weeks (sea-air exchange),
the exchange of the DIC pool and related δ13CDIC signature takes decades in a coastal water body with the
volume comparable to the LS [Zeebe et al., 1999]. The assumed outer end-member in our isotope mixing
model of 1‰ for open waters appears also rather robust, since Shelf Break waters and ArcO are pretty stable
in δ13CDIC [Bauch et al., 2015]. These authors also conclude that ice melting—that had already occurred in the
LS during the SWERUS cruise—has a negligible effect on δ13CDIC signatures.

However, our simply box model calculations for the central and outer LS relates to the amount of two
depleted DIC sources (riverine mixing and OCter respiration) needed to lower the δ13CDIC values of a given
DIC stock of 245 Tg from 1‰ to 0.5‰ (Table 5). The volume of water in the central and outer LS is 9 260 km3

(Table 5), and if we would assume similar respiration rates of OCter occurring also in the inner shallow LS
having a volume of 5 110 km3, we would arrive at 6.2 Tg OCter respiration in the inner, central, and outer
LS (0–80 m depth). This estimate is not too different from the estimate of the 10 Tg DIC excess as reported
by Anderson et al. [2009] for the LS and ESS (note that the major part of the DIC excess found in this study
was in the LS). However, our estimate shows also that only a minor portion of this DIC excess is exchanged
with the atmosphere. In fact, for the central and outer LS we found that the amount CO2 outgassed is less
than 20% of the CO2 produced by respiration of OCter. This is simply a consequence of the sharp salinity stra-
tification in the LS as shown in Figure 4a showing that only the upper third of the water column is well mixed
and exchanges with the atmosphere. To conclude, we estimate an annual outgassing of some 0.7 Tg C yr�1 in
the central and outer LS; however, the respiration rate of OCter in this central and outer part of the LS is larger
than that (4.0 Tg C yr�1). Portions of these 4.0 Tg C yr�1 will either escape to the atmosphere in times of
higher wind speeds and vertical mixing, but we suggest here that larger parts will be exported to the ESS
and shelf break waters where CO2 outflux is dampened by significant phytoplankton blooms and/or exported
to the inner ArcO where a distinct layer of DIC enriched cold waters is traceable throughout the entire ArcO
[Anderson et al., 2017]. This would imply that Arctic coastal systems containing large amounts of carbon are
not automatically high sea-to-atmosphere flux areas.

4.3. Riverine TOC as a Potential Variable to Explain OCter Respiration Rates in the Laptev Sea

The question arises what the source of this respired OCter is. Our estimated OCter respiration rate of
6.2 Tg C yr�1 in the LS occurring in the waters between 0 and 80 m depth corresponds to about the

Global Biogeochemical Cycles 10.1002/2017GB005656

HUMBORG ET AL. ARCTIC SHELF CO2 SEA-AIR EXCHANGE 1188



amount of the recorded OCter input from land to the LS (7.48 and 0.81 Tg C yr�1 as DOC and POC, respec-
tively) as riverine discharge. Water residence times in the LS are difficult to estimate, but in the order of
1–3 years [Schlosser et al., 1994], thus, theoretically enough riverine DOC and POC are delivered to the LS
to explain the inferred OCter respiration rates. However, the TOC-mixing and isotope ratio-DOC concentration
diagrams presented in this study indicate conservative mixing in a salinity range between 22 and 35 psu. This
is in line with many other studies that also found conservative DOC mixing patterns [Cauwet and Sidorov,
1996; Dittmar and Kattner, 2003]. Note that we report in this study TOC concentrations that could not be
disentangled fromDOC concentrations (see section 2), and these values should be compared to DOC concen-
trations mostly reported in the literature studies discussed here. However, even the Y intercept of the mixing
diagrams for the LS data point toward a riverine end-member of 890 μM TOC, a value very close to the
reported long-term DOC average concentration in the Lena (841 μM) [Alling et al., 2010]. However,
Anderson and Amon [2014] point out some difficulties with the approach to infer a riverine end-member
by extrapolating back a conservative mixing slope found at higher salinities to the zero-salinity DOC inter-
cept. First, the samples from which the river end-member in the Lena River were derived were taken several
hundred kilometers upstream and transformation of DOC during the passage through the delta will probably
change the concentrations. Second, they point out that a negative deviation from the conservative mixing
line can be caused by ice melting adding a diluted DOC signal. In fact, the conservative mixing patterns as
found in this study for the ESS indicate a zero-salinity TOC intercept of 230 μM, which is much lower than
in the Kolyma River (annual mean of 500 μM DOC). Thus, the TOC mixing curves presented in this study give
an ambiguous answer and would indicate a conservative pattern for the LS and a nonconservative for the
ESS. Hansell et al. [2004] using a similar approach suggest an even lower theoretical DOC river end-member
concentration of 154 μmol kg�1 in the Canadian basin of the ArcO and conclude that DOC is mineralized with
a half-life of 7.1 years. Kaiser et al. [2016] recently reported much higher degradation rates based on a bioas-
say approach and conclude that some 50% of the riverine DOC input is mineralized along the Siberian shelves
annually. Thus, literature values of DOC decay rate constants span still a wide range and needs to be further
addressed in future studies. However, if we would apply a decay rate constant of riverine DOC of some
0.1 yr�1 [Hansell et al., 2004], 0.3 yr�1 [Alling et al., 2010], or even 0.5 yr�1 [Kaiser et al., 2016], we could only
explain an OCter removal of some 0.7–3.7 Tg C yr�1, which is much less than our inferred OCter respiration rate
of 6.2 Tg yr�1 for the LS (0–80 m). Another variable to explain the δ13CDIC in the LS depletion is POC, because
the δ13CPOC values in the LS were similar depleted as the δ13CSPE-DOC values. The POC concentrations in the LS
are an order of magnitude lower compared to the TOC concentration, and if we assume an average POC con-
centration of 10 μM, we may calculate a stock of some 2.9 Tg POC in the water column of the LS. Note that the
residence time of POC is much higher compared to DOC residence time, because POC undergoes multiple
resuspension cycles. However, the annual supply from land is not only from riverine inputs but also from
coastal erosion. This flux is much higher and estimated between 4 Tg yr�1 [Stein and Macdonald, 2004]
and 44 Tg yr�1 [Vonk et al., 2012]. Vonk et al. [2012] conclude that some 30 Tg of this eroded terrestrial
POC is respired and escapes as CO2 to the atmosphere. Though our estimated OCter respiration rate is only
about 20% of this estimate, we suggest that land-derived POC as a potential key variable of similar impor-
tance as the dissolved fraction. However, increased coastal erosion has been reported [Semiletov et al.,
2011; Vonk et al., 2012], as a potential cause for accelerated OCter inputs and respiration rates in these arctic
coastal waters, but whether these fluxes are more significant than in other shelf seas remains to be studied.
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