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We present observation based estimates of the transport of dissolved inorganic carbon (DIC) across the
four main Arctic Ocean gateways (Davis Strait, Fram Strait, Barents Sea Opening and Bering Strait).
Combining a recently derived velocity field at these boundaries with measurements of DIC, we calculated
a net summertime pan-Arctic export of 231 +49 Tg C yr~'. On an annual basis, we estimate that at least
166 + 60 Tg Cyr—! of this is due to uptake of CO, from the atmosphere, although time-dependent
changes in carbon storage are not quantified. To further understand the region’s role as a carbon sink, we
calculated the volume-conserved net DIC transport from beneath a prescribed mixed layer depth of 50 m,
referred to as ‘interior transport’, revealing an export of 61 + 23 Tg Cyr~ . Applying a carbon framework
to infer the sources of interior transport implied that this export is primarily due to the sinking and
remineralisation of organic matter, highlighting the importance of the biological pump. Furthermore, we
qualitatively show that the present day Arctic Ocean is accumulating anthropogenic carbon beneath the
mixed layer, imported in Atlantic Water.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

The fate of the Arctic Ocean carbon cycle in the face of rapid
climate change is of global importance. Observations suggest that
despite extensive ice coverage, the Arctic Ocean presently acts as a
sink for atmospheric CO, and even plays a disproportionate role in
global oceanic uptake, relative to its surface area (Bates and
Mathis, 2009). High levels of primary production over extensive
shelf seas (Fransson et al, 2001; Kaltin and Anderson, 2005),
surface water cooling (Kaltin et al., 2002; Murata and Takizawa,
2003), and sea-ice dynamics (Anderson et al, 2004; Rysgaard
et al,, 2007; Else et al., 2011) have all been observed to induce
locally significant CO, uptake. These processes are already under-
going measurable change as a consequence of regional warming
(Bates et al., 2006; Arrigo et al., 2008; Lalande et al., 2009a; Cai
et al., 2010; Brown and Arrigo, 2012), while further changes such
as greater wind-induced mixing (Mathis et al., 2012) and higher
inputs of terrigenous organic matter (McGuire et al., 2009) perturb
the region’s carbon cycle in unquantified ways. As such, opinion
remains divided on what will be the net effect of environmental
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change on the Arctic Ocean CO, sink (Cai et al., 2010; Jutterstrom
and Anderson, 2010; Else et al., 2013b).

In spite of its global importance and the likelihood of signifi-
cant change, the Arctic Ocean carbon cycle remains poorly quan-
tified. The spatial and temporal variability of the carbon system
means that localised, largely summertime measurements are not
easily extrapolated to wider regions or long timescales. This is
particularly true of important parameters such as surface water
pCO, (e.g. Fransson et al., 2009) and vertical export of organic
carbon out of the mixed layer (e.g. Lalande et al., 2009b). Conse-
quently, most research remains regional, while little is understood
about processes on a pan-Arctic scale.

Appreciation for the importance of the Arctic Ocean has
resulted in increased effort to understand the pan-Arctic carbon
budget. A comprehensive sampling strategy has led to more
accurate estimates of annual river inputs (Holmes et al., 2012;
Tank et al., 2012) while year-round measurement of coastal ice-
covered regions has improved understanding of the role of
polynyas in CO, uptake (Else et al., 2011, 2013a) and satellites
are increasingly invoked to understand phytoplankton bloom
dynamics (Perrette et al., 2011) and quantify primary production
(Brown and Arrigo, 2012). Nevertheless, attempts to quantify pan-
Arctic CO, uptake remain inhibited by a lack of measurements to
constrain budget estimates (Lundberg and Haugan, 1996;
Anderson et al., 1998) or to validate empirical and numerical
models (Arrigo et al., 2010; Manizza et al, 2011, 2013). A
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Fig. 1. Map of the Arctic Ocean and the four main gateways. Black dots denote the location of CTD stations, while red squares correspond to where carbon data were
collected. Measurement stations through the centre of the Arctic are the locations of the Beringia cruise data. CAA stands for Canadian Arctic Archipelago. (For interpretation
of the references to colour in this figure caption, the reader is referred to the web version of this paper.)

widespread effort to quantify air-sea CO, fluxes across the Arctic
and North Atlantic concluded that Arctic data are too sparse, and
the region too poorly resolved by global models, to make accurate
estimates (Schuster et al., 2013).

This study establishes baseline estimates for the transport of
dissolved inorganic carbon (DIC) across the main Arctic Ocean
boundaries. A recently developed physically consistent velocity
field (Tsubouchi et al., 2012; hereafter T2012) across Davis Strait,
Fram Strait, Barents Sea Opening (BSO) and Bering Strait (Fig. 1)
was combined with measurements of DIC. Net imbalances, across
the full depth range and beneath the mixed layer, were then
considered in the context of a pan-Arctic DIC budget, allowing
complex and variable processes within the Arctic Ocean to be
estimated from comparatively simple boundary observations.

The structure of the paper is as follows: Section 2 outlines the
methodology, including a derivation of the Arctic Ocean DIC
budget and a summary of the carbon framework used to interpret
interior transports; results of the carbon framework and transport
calculations are presented in Section 3 and discussed in Section 4;
conclusions are drawn in Section 5.

2. Methods

Transports across the main Arctic Ocean gateways are derived by
combining a velocity field with measurements of DIC (throughout
this paper, the notation DIC refers to concentration, unless specified
otherwise). The velocity field of T2012 is a best-estimate for the
summer of 2005, while measurements of DIC were taken from as
close to this time as possible (Sections 2.2 and 2.3). As such, the

primary results of this study are representative summertime trans-
ports. In a further step, we assume these to be representative of
annual transport, enabling comparison with previously established
terms in the Arctic Ocean DIC budget. We appropriately deal with the
uncertainty of this assumption in Section 2.5.

2.1. Arctic Ocean DIC budget

The four main gateways enclose the Arctic Ocean in a box
(Fig. 1). Conservation of DIC requires that net transport across
these gateways, including DIC transported in sea-ice, is balanced
by processes occurring within the boundary. These processes
comprise changes in the DIC inventory of the ocean over time (i.
e. storage), transformation of DIC into other forms of carbon
(organic carbon and particulate inorganic carbon) and surface
fluxes. This can be written as

0
// VDICdXdZ:i/DICdv_T_FDIC )
bot at )y s

where v is the water velocity normal to the gateway, DIC is the
concentration of DIC at the gateways, V is the enclosed volume of
the Arctic Ocean, x is the along section dimension, z is the depth,
dV is the volume element, T is the net transformation and F,”/C is
the surface flux term, composed of freshwater input (Fs,”'¢) and
air-sea gas exchange (Fs™'©). The summertime flux of DIC at the
gateways was evaluated using the velocity field from the inverse
model of T2012 (Section 2.2) and measurements of DIC from the
CARINA dataset (Section 2.3). Integrating this vertically from
the bottom of the water column (bot) to the surface (z=0)
and horizontally across the width of all four gateways gives net
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full-depth transport of DIC from the Arctic Ocean. Note that in this
and subsequent equations in which there is a double integral along
dx dz (i.e. horizontally across gateways and vertical through the
water column) limits in x are not displayed, but are always around
the full, closed boundary.

The upper water column in the Arctic Ocean has a strong
seasonal cycle in DIC that is primarily the result of biological
activity, but is also influenced by air-sea gas exchange, river inputs
and sea-ice melt and formation. Consequently, synopticity of DIC
measurements is an important factor in transport calculations. For
our calculations we used the most appropriate data that are
publicly available, however the measurements are asynoptic and
the uncertainty resulting from this must be considered in relation
to full depth transport estimates (Section 2.5). At greater depths,
nominally beneath the mixed layer, the seasonality of DIC is
dampened or absent, meaning that measurement asynopticity is
less of an issue. This has been observed in the Norwegian Sea at
Ocean Weather Station M where, between 2001 and 2007, a strong
seasonal cycle of DIC was observed in the upper 50 m but no
equivalent signal existed below 100 m (Skjelvan et al., 2008).

In addition to transport across the full depth range, net
transport of DIC from beneath the mixed layer, hereafter referred
to as ‘interior transport’, was considered. DIC transported in this
range is removed from immediate contact with the atmosphere.
Thus with careful consideration, interior transport can reveal the
extent to which CO, taken up from the atmosphere is transported
beneath the mixed layer, relating it to carbon sequestration and
improving understanding of the Arctic Ocean carbon sink. To
achieve this we apply a carbon framework that infers the sources
of DIC (Section 2.4), and again consider net transports within a
carbon budget.

To derive a conservation equation for interior transport, the
Arctic Ocean box is separated into a surface and interior layer by
the base of the mixed layer (Fig. 2), and the terms in Eq. (1) are
split accordingly. Gathering everything on the left hand side and
collecting terms relating to the surface and interior boxes gives

0
/ / VDIC dx dz+ FP + Ty — 2 [ DICAV
mld at

surfV
mld 0
+ / / VWDIC dx dz+ Ty —2 [ DIcavi—o0 2)
J bot ot Jinty
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1t )
Tsuri 0
fa——— <———" || vDICdxdz
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—>fvaICdxdz
bot

bot

Fig. 2. Schematic of two layer ocean showing transport terms associated with the
Arctic Ocean DIC budget. See Egs. (2) and (3) for definition of transport terms and
variables. TOC - total organic carbon (dissolved and particulate); PIC - particulate
inorganic carbon.

where mid is the mixed layer depth, Ty, and Ti, are the net
transformation terms in the surface and interior box respectively
and surfV and intV are the enclosed volumes of the surface and
interior boxes respectively. The first four terms in Eq. (2) define
DIC in the surface box. If the sum of these is non-zero, conserva-
tion of DIC requires that the imbalance moves vertically across the
mixed layer, into the interior box. This can be written as

wDIC dA

3

where mldA is the surface area of the Arctic Ocean at the mixed
layer depth, w is the vertical component of water velocity defined
such that upward is positive and dA is the horizontal surface area
element. Note that this step is only valid because the path of the
horizontal boundary integrals is closed and thus DIC cannot be
transported anywhere except vertically.

For the vertical flux of DIC across the mixed layer base, velocity
and DIC concentration can be defined as the mean value (overbar) at
this depth plus a perturbation (prime) from the mean, i.e. w =w+w’
and DIC = DIC + DIC'. Applying this to the vertical flux term in Eq. (3),
dropping double integrals and limits for simplicity, gives

0
// VDIC dx dz+F2S + Tour— 2 [ DICdV = _/
J Jmid ot

surfV JmldA

/ WDIC dA = / (WDIC +w'DIC +WDIC +w'DIC’) dA
- / WDIC dA+ / wDIC' dA 4)

where, by construction, [w'dA = [ DIC'dA = 0. This equation defines
the vertical flux of DIC as a mean transport, associated with the net
movement of water across the mixed layer base, and an ‘eddy’
transport, for which there is zero net volume transport but where
there may be a correlation between DIC and the direction of vertical
motion across the mixed layer base.

The net movement of water across the mixed layer base is
equal to the net volume imbalance beneath the mixed layer at the
ocean boundaries:

- - rmld
// WdA:// vdx dz (5)
J JmldA J bot

Applying this to Eq. (4), the vertical flux term can be redefined as

mld
/ / wDIC dA = DIC / / vdx dz+ / / wDIC' dA )
JmldA J bot J JmldA

Thus, replacing the surface terms in Eq. (2) with the vertical flux
given by Eq. (6), an expression for the conservation of DIC beneath
the mixed layer is

mld mld
/ / VDIC dx dz—DIC / vaxdz=2 [ DICAV_Ty+ / WDIC' dA (7
J Jbot bot ot Jinev .

where the left hand side is what we define as interior transport.
This definition preserves volume conservation for the interior box
and allows net interior transport to be related to processes
occurring within the Arctic Ocean boundaries. Thus, Eq. (7) states
that net interior transport of DIC is controlled by three processes:
the change in DIC storage over time, the net transformation of DIC
between other forms of carbon and the ‘eddy’ contribution of
vertical transport. These latter two terms represent biological and
(volume conserved) physical sequestration of carbon out of the
mixed layer, respectively. A schematic of the terms in the two-
layer box formulation is presented in Fig. 2.

For the purpose of this calculation, a prescribed mixed layer
depth was defined. In most regions of the Arctic Ocean, the mixed
layer depth is thought to be between 30 and 50 m (Schlosser et al.,
1995). This is supported by the density gradients in this study
which are highest around these depths (Fig. 4). In addition, this is
the depth range where there is the greatest depletion of DIC
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Table 1
Data sources for CTD, DIC and §'®0 measurements.

Data type Gateway Location Date Number of Reference Notes
stations
CTD Davis Full Sep 2005 16 Lee et al. (2004)
Fram Full Aug-Sep 2005 74 Fahrbach and Lemke (2005)
BSO 70 to 74°N and 76 to 77°N Aug 2005 29 Skagseth et al. (2008)
Missing locations 16 NEMO GCM
Bering Full Aug 2005 12 Woodgate et al. (2008)
DIC Davis Full Sep 2005 11 Azetsu-Scott et al. (2010)
Fram West of 0°W May 2002 10 Anderson (2007)
East of 0°W June 2002 7 Bellerby and Smethie (2007)
BSO Full June 2002 18 Bellerby and Smethie (2007)
Bering East of 169°W July 2004 5 Codispoti and Swift (2007)
Central Arctic see Fig. 1 Aug-Sep 2005 48 Tanhua et al. (2009) Beringia Cruise
DIC Davis Full Aug 1997 7 Jones et al. (2007)
(secondary dataset) BSO South of 74°N Sep 2003 8 Johannessen and Olsen (2007)
Bering East of 169°W July 2002 5 Bates et al. (2007)
5'80 Davis Full 2005 1 Lee et al. (2004)
Fram Full 1998/2004/2005 58 Rabe et al. (2009)
BSO Full 2000 20 Schmidt et al. (1999)
Bering Full 2004 5 Woodgate et al. (2008)

(Fig. 4), presumed to be due to biological activity. Recent observa-
tions suggest that the mixed layer in the central basin is shallower,
ranging from just 16 m in summer to 24 m in winter (Toole et al.,
2010). For the primary results of this study, a mixed layer depth of
50 m was chosen. The transport uncertainty induced by prescrib-
ing a fixed mixed layer depth is considered in Section 2.5. It should
also be kept in mind throughout this paper that discussion of
below mixed layer DIC transport and sequestration are in refer-
ence to a fixed depth of 50 m and not the true mixed layer depth.
Mean DIC at the mixed layer depth, DIC, is estimated as the mean
of measurements within + 10 m of this depth, at the ocean
gateways and in the central Arctic Ocean.

2.2. Velocity field

The velocity field is the inverse model solution of T2012.
Geostrophic velocities were determined using hydrographic CTD
measurements from the summer of 2005 supplemented by a small
quantity of output from a general circulation model, NEMO (see
Table 1 for data sources). Reference velocities were determined by
moored current meters and ship based ADCP measurements and
were adjusted by the inverse model with a priori uncertainties to
satisfy mass and salinity conservation constraints within the Arctic
Ocean. The resulting velocity field is considered to be representa-
tive of the circulation in the summer of 2005. See T2012 for details.

Figure 3 shows the velocity field for the four gateways and the
cumulative volume transport evaluated from the west of Davis
Strait to the east of Bering Strait, with absolute values for specific
regions presented in Table 3. The main inflows to the Arctic Ocean
are Atlantic Water entering in the southern half of BSO (3.4 +
0.5 Sv) and in the West Spitsbergen Current to the east of Fram
Strait (3.8 + 0.6 Sv) as well as Pacific Water entering through
Bering Strait (1.0 + 0.1 Sv). Water leaves the Arctic primarily
through the western side of Davis Strait (—4.0 + 0.3 Sv) and the
East Greenland Current at the western side of the deep section in
Fram Strait (—5.0 + 0.9 Sv). Across the Arctic Ocean there is net
lateral divergence of —0.15 Sv (Table 2), balanced by surface input
of freshwater across the Arctic Ocean surface (the net of river run-
off, precipitation and evaporation) and to the export of sea ice
across Fram Strait (T2012). The minor discrepancy (0.01 Sv)
between this divergence and that of T2012 is due to different
adopted methods of bottom triangle formulation.

When considering the ocean interior only (below 50 m; dashed
line in Fig. 3b), there is a divergence of —1.29 Sv due to water
sinking from the near-surface ocean. As a result of this volume
imbalance, the second term on the left hand side of Eq. (7) is non-
zero, and the net transport of DIC from beneath the mixed layer is
altered thereby to preserve volume conservation in the ocean
interior.

2.3. Dissolved inorganic carbon

Dissolved inorganic carbon data, with the exception of Davis
Strait, were taken from the publicly accessible CARINA (CARbon
dioxide IN the Atlantic ocean) database (Jutterstrom et al., 2010,
see Table 1 for sources of component datasets). To ensure
consistency with the velocity field, data from years as close to
2005 as possible were used, with all measurements being from
spring/summer (Table 1).

Davis Strait data were obtained in September 2005 and consist
of 11 stations across the whole gateway, with 73 measurements of
DIC. Fram Strait data came from two different cruises in April
(western side) and May (eastern side) of 2002 and, in total,
comprise 17 stations and 242 DIC measurements. Data for BSO
were collected on the same cruise as for the eastern side of Fram
Strait and consist of 18 stations and 127 DIC measurements. Bering
Strait data are from July 2004 and consist of 5 stations (44 DIC
measurements) covering only the eastern half of the channel.
A total of 51 stations and 476 measurements of DIC enclose the
Arctic Ocean box. All data were optimally interpolated along isobars
(Roemmich, 1983) onto the higher resolution 2005 hydrographic data
grid so that they could be combined with the velocity field.

The distribution of DIC across the four gateways is shown in
Fig. 4. Concentrations exhibit the characteristic oceanic profile of a
positive gradient with depth. The most striking feature is the range
of values measured in Davis Strait, where concentrations increase
from 2050 pmol kg~! in the surface ocean to greater than
2300 pmol kg’1 at depth. This deep concentration is considerably
higher than in the intermediate and deep waters of Fram Strait
and BSO, where DIC values rarely exceed 2220 pmol kg~ '. How-
ever, surface concentrations are notably higher in these regions,
ranging from 2120 to 2200 pmol kg~ '. Concentrations as low as
1900 pmol kg ! are seen in the surface waters of Bering Strait.
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(Norwegian Coastal Current) and ACC (Alaskan Coastal Current).

Extrapolation of limited data from the eastern side of Bering
Strait across to the western side potentially misrepresents DIC
concentrations across this gateway. The 2009 RUSALCA cruise
covering the full width of Bering Strait found subsurface DIC
values between 150 and 200 pmol kg~ ! greater in the Russian
part of the strait (Bates, pers. comm. 2013). This east-west contrast
was also measured in nutrient profiles from 2005 (Chierici and
Fransson, 2009; Torres-Valdés et al., 2013) suggesting that it is a
persistent feature of Bering Strait. Since we do not have access to
full-width Bering Strait data, we maintain the DIC field shown in
Fig. 4, but consider the potential bias in our results (Section 3.2.1).

Data for the central Arctic Ocean (from the transpolar Beringia
cruise in 2005; Fig. 1) were used in determining DIC for interior
transport calculations. These consist of 1043 DIC measurements
from 48 stations across the Canadian and Eurasian basins (Table 1).

2.4. Carbon framework

According to the framework outlined in Williams and Follows
(2011), DIC can be written as the sum of five components:

sat

DIC = DICE!, ++ DICE 4 ADIC + DICyof; + DIC ®)

preformed regenerated

The first three components denote the preformed element (DIC
when the water left the surface) while the latter two are the
regenerated element (added since subduction).

DICP,, and DICY are the preindustrial and anthropogenic satu-
rated components respectively. They equate to the DIC that the water
would have if it were in equilibrium with atmospheric pCO,. They are

separated into a preindustrial and anthropogenic part due to the fact

that atmospheric pCO, is not constant, meaning that present day
surface waters are equilibrated to higher levels than older waters.
In the present analysis, DICE, was calculated using the CO,SYS
software in MatLab (van Heuven et al., 2009) with a preindustrial
pCO, of 278 ppm and an estimation for preformed alkalinity (see
below). Due to the long equilibration time of the carbonate system,
surface waters are rarely saturated in DIC. This is accounted for in the
disequilibrium component, ADIC. Both DIC% and ADIC are difficult
to evaluate directly and are thus collected together in a residual
component, DIC,.; (see Eq. (11)).

The regenerated components, DIC;y5; and DICcqp, are the result
of remineralisation of organic matter and dissolution of CaCOs
respectively. The remineralisation of organic matter consumes
oxygen and its contribution to DIC is calculated as

DICsnft = —Tco *AOU 9

where rco = —117/170 is the stoichiometric ratio of carbon to
oxygen (Anderson and Sarmiento, 1994) and AOU (Apparent
Oxygen Utilisation) is the difference between the saturated oxygen
value, derived from temperature and salinity, and the observed
oxygen value (all taken from the CARINA dataset) and so is defined
as AOU = 0y 54t — O3 ops. The dissolution of CaCOs3, as well as releas-
ing DIC, also releases alkalinity. Thus it is determined by

DIC 4 = 0.5 = (Alkobs —Alkpre —Tno % A0U) (10)

where Alkops and Alky,. are the observed (measured) and preformed
alkalinity respectively, ryo = —16/170 is the stoichiometric ratio of
nitrogen to oxygen, AOU is defined as above and the factor of
0.5 accounts for the fact that one unit increase in alkalinity corre-
sponds to a half unit increase in DIC. The AOU term corrects the
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calculation for the fact that alkalinity is also released, in the form of
nitrate, by the remineralisation of organic matter.

Preformed alkalinity (Alkp) was estimated using the close-to-
linear relationship between alkalinity and salinity in the surface
ocean (Fig. 5). A linear regression was used on measurements in
the upper 100 m of the water column across the four gateways.
The easternmost station in Bering Strait was omitted from the
regression, due to its abnormally high alkalinity and low salinity.
While the overall trend is linear (Fig. 5a), with reasonable
correlation (R~ 0.83), there is considerable scatter around the
regression line and individual gateways, particularly Davis Strait
and Fram Strait, exhibit a non-linear relationship due to the effect

of sea—ice melt/formation on alkalinity and salinity. Consequently,
oxygen isotope data (6'30; Table 1) were used to determine the
fraction of water resulting from sea-ice melt/formation
(Yamamoto-Kawai and Tanaka, 2005). Except in Davis Strait, these
data were not aligned, spatially or temporally, with the primary
bottle data used. However, interpolating the 5'®0 data onto the
primary bottle locations before calculating the sea-ice fraction
reproduced regions of major sea-ice influence that closely corre-
sponded to the regions where the relationship between alkalinity
and salinity deviated significantly from the linear trend (i.e. in
Davis Strait and over Belgica Bank in Fram Strait). This suggests
that the sea-ice effect in these regions is a persistent feature and
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that, despite being separated in space and time, the 5'%0 data can
be used to broadly correct salinity and alkalinity measurements
for the influence of sea-ice melt/formation. This was done using
end-member concentrations for alkalinity and salinity of 269.3
pmol L~! (Anderson et al, 2004) and 3 (Yamamoto-Kawai and
Tanaka, 2005), respectively, and the relationship between cor-
rected measurements showed increased linearity (Fig. 5b). This
improvement of the regression strengthens our resolve that the
applied correction captures the effect of sea—ice melt/formation on
the salinity-alkalinity relationship despite using 580 measure-
ments from different datasets. The relationship was subsequently
applied to all of the bottle salinity data and the sea-ice correction
was reversed to derive Alkpye.

Finally, the aforementioned residual component, comprising
the anthropogenic and disequilibrium components, was calculated
as

DICyes = DICE -+ ADIC = DIC yps — DIC, — DICyo5 — DICcqr (11)

where the subscript obs denotes total measured DIC. Decomposing
DIC into this framework can be used to improve understanding
about the processes and mechanisms governing carbon transport
in the Arctic Ocean. Net interior (below mixed layer) transport of
these components can be equated, with caveats, to terms in the
interior transport budget given by Eq. (7). In particular, the
combined transport of DICs and DIC.,p is equivalent to the net
transformation term, T;,.. Due to the complications of applying the
carbon framework in the mixed layer (Section 3.1), we do not
evaluate full depth transports of the components of DIC. For a
more detailed explanation of this framework, see chapter 11 of
Williams and Follows (2011) or chapter 8 of Sarmiento and Gruber
(2006).

2.5. Uncertainties

The major uncertainties in our transport calculations are
(i) velocity and DIC variability, (ii) the prescription of a fixed
mixed layer depth (interior transport only), (iii) measurement
asynopticity (full-depth transport only) and (iv) assumptions of
the carbon framework (DIC component transports only). We
carried out a sensitivity analysis to assess the robustness of our
net transport estimates to changes in the velocity field, DIC field
and mixed layer depth, thus addressing points (i) and (ii). We
addressed asynopticity by considering the effect of variability in
mixed layer DIC concentrations (point iii), and dealt with the
assumptions of the carbon framework independently (point iv).
The derived uncertainties from these analyses are presented in
Table 2.

The sensitivity analysis is similar to that adopted by Torres-
Valdés et al. (2013). A set of modified velocity fields was prepared
in order to represent volume transport uncertainty. A prescribed

Table 2
Independent uncertainties for net full depth and interior transports for DIC and
carbon framework components. All values are in Tg Cyr—!'.

Uncertainty Full depth Interior

DIC DIC chg;[ DICsor¢  DICeqrpy DICres
Sensitivity analysis +15 +10 +12 +15 +8 +12
Fram Strait +31 +21 +11 +21 +11 +21
Asynopticity +35 NA NA NA NA NA
AOU assumptions NA NA +3 +41 +3 + 47
Total summer uncertainty +49  +23 +17 +48 +14 +53

Total annual uncertainty +60 +23 +17 +48 +14 +53

increase or decrease, corresponding to + 1 standard deviation of
mooring velocities over 3 months (T2012), was imposed on the
volume transport of the three main Arctic Ocean inflows,
through the West Spitsbergen Current, BSO and Bering Strait,
and the two main outflows, through Davis Strait and the East
Greenland Current. This generated ten different velocity fields in
addition to the standard run. Next, a secondary DIC concentration
dataset for each gateway (employing measurements from different
years) was substituted into DIC transport calculations for each
gateway in turn, in order to represent the influence of DIC
uncertainty. This approach was not possible for Fram Strait, for
which the primary data are the only available full-section mea-
surements, so the impact of DIC uncertainty in this gateway was
considered separately (see below). Eleven velocity fields (10
modified, plus the standard) were combined with five DIC con-
centration fields (the primary and secondary, plus the three
available alternates) to give a total of 55 permutations of DIC
transport. For interior transport, the prescribed mixed layer depth
was also varied in steps of 10 m between 30 and 80 m while using
the primary velocity and DIC fields, giving another six calculations.
The DIC transport uncertainty is then taken as the standard
deviation of all calculations (55 for full-depth transport and 61
for interior transport).

The DIC transport uncertainty for each of the individual inflow
or outflow components is larger than the net Arctic DIC transport
uncertainty by about an order of magnitude: a few hundred
Tg Cyr—' compared with a few tens of Tg Cyr—' (Table 3). This
is a direct consequence of the sensitivity analysis described in the
preceding paragraph. Each (independent) permutation of velocity
field and DIC concentration field starts from the ‘standard solution’
velocity field. The increase or decrease to the inflow or outflow
volume transport is equivalent to 10-30% of the total. This
alteration puts the net pan-Arctic volume transport out of balance,
but there is good reason to expect this balance to be closely
maintained on timescales longer than a month (see T2012). To
allow the components to vary while maintaining net balance,
therefore, the inverse model is run again with just two constraints,
of total volume and total salinity transport balance. This represents
the physical reality that any increase or reduction in component
volume transports must (on timescales longer than a month) be
balanced by corresponding reductions or increases (respectively)
elsewhere. The impact on DIC transports is that a change in one
sense in the volume transport of one component will be at least
partly offset by the change required by the inversion constraints
elsewhere in the opposite sense. The component uncertainties in
Table 3 are, therefore, purely local uncertainties. In a pan-Arctic
sense, they are not independent and thus do not add in a root-
sum-square sense. Indeed, component transport uncertainties
within each permutation are strongly anti-correlated. Therefore,
net Arctic DIC transport uncertainties are smaller than component
uncertainties.

The uncertainty associated with DIC variability in Fram Strait is
considered separately to the sensitivity analysis due to a lack of
data. Comparison with interannual DIC variability in other gate-
ways, Station M data in the Norwegian Sea (Skjelvan et al., 2008)
and interannual nutrient variability in Fram Strait (Torres-Valdés
et al, 2013) suggests that DIC in Fram Strait may vary
between + 10 and + 100 pmol kg™~ ! and that variability decreases
with depth. Consequently, we assume a mean DIC interannual
variability across the whole strait of 50 pmol kg™ '. We multiply
this by the volume transport through Fram Strait (full depth
—1.6 Sv; interior —1.1 Sv), giving an estimate of DIC transport
variability. We use the same concentration variability for DICs.s
and DIC,s and half the value for DICY, and DIC. based on the
comparative interannual variability of these components in the
other gateways.
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The uncertainty associated with measurement asynopticity
results from the variability of DIC concentrations in the surface
ocean. We can determine the impact of this by altering the DIC
concentration of the upper 50 m of the water column across a
range of values representative of summertime DIC variability. By
this method, we calculate a plausible range of full-depth summer-
time transports which we can use to ascribe an uncertainty for
asynopticity. This approach is also used to determine the uncer-
tainty associated with adopting our summer transport value as an
estimate of annual transport. As for measurement asynopticity, the
uncertainty in this assumption is due to surface ocean DIC
variability and we can calculate a plausible range of annual
transports through altering the upper 50 m DIC concentration
across a representative seasonal range.

Since the timing of DIC measurements varies between May and
September, the spatial variation of concentrations in the surface
ocean of the four main gateways was used to estimate both
summertime DIC variability and a representative seasonal range.
For the summertime range, we initially calculated the mean DIC
concentration in the upper 50 m (2070 + 63 pmol kg™ "). Surface
concentrations across all four gateways were then set in one case
to a constant high value of 2134 pmol kg~! (mean plus standard
deviation) and in a second case to a constant low value of
2008 pmol kg~! (mean minus standard deviation). A correspond-
ing range of net DIC transport was then determined and the
uncertainty associated with measurement asynopticity was taken
as half of this range. To determine a representative seasonal DIC
range, we use the fact that despite all of our measurements being
taken during summer, some were made later in the productive
season than others. An annual low DIC value was calculated as the
mean upper 50 m DIC concentration at Davis Strait and Bering
Strait (measured towards the end of summer when DIC is depleted
after the productive season) minus one standard deviation and an
annual high value was calculated as the mean upper 50 m
concentration at Fram Strait and BSO (measured towards the start
of summer before DIC is significantly depleted) plus one standard
deviation. The resultant range of 1959 to 2135 umolkg ' is
similar to the seasonal range observed in the surface waters of
the Norwegian Sea (Skjelvan et al., 2008). Net full-depth transport
therefore, with surface concentrations set to these constant high
and low values across the four gateways, is assumed to give a
plausible estimate of the annual range, with the uncertainty
associated with our annual transport estimate taken as half of
this range. Due to the weaker seasonal signal beneath the mixed
layer, summertime interior transports are assumed to be repre-
sentative of annual transports without requiring an increase in the
uncertainty.

In the transport of the components of DIC, there are further
uncertainties associated with the application of the carbon frame-
work. The major uncertainty comes from the possible overestima-
tion of oxygen utilisation (and therefore remineralised DIC) due to
the assumptions in calculating AOU, namely that before water
leaves the surface, it is fully saturated with respect to oxygen.
Modelling studies have shown that this is often not the case at
high latitudes, where subducting deep waters are often under-
saturated in oxygen (Ito et al, 2004), and an analysis of the
CARINA database showed an undersaturation of oxygen in the
surface layer of the Nordic Seas (Falck and Olsen, 2010). As a result,
AOU can overestimate true oxygen utilisation in waters ventilated
in these regions by as much as 20 pmol kg~! (Ito et al., 2004),
translating to a possible overestimate of DICso; by 14 pmol kg ™!
(using a C:O ratio of 117:170) and of DICyy; and DIC?;t by
~ Tpmol kg~ ! (using a N:O ratio of 16:170). These overestimates
then translate to a possible underestimate of DIC.s by
16 pmol kg~'. To fully evaluate how oxygen undersaturation in
sinking waters affects our results would require a detailed

understanding of water formation regions and the degree of
oxygen undersaturation in those regions, which is beyond the
scope of this study. Thus, to deal with the transport uncertainty
associated with these potential errors, we consider a worst case
scenario in which AOU overestimates oxygen utilisation in major
outflows from the Arctic but is accurate in inflows, leading to the
maximum possible discrepancy in net transport of the carbon
components. We consider specifically the Davis Strait outflow and
the East Greenland Current (EGC, western side of deep Fram
Strait). The outflows in Davis Strait and the upper waters
(<200 m) of the EGC partially consist of waters ventilated within
the Arctic Ocean (Jahn et al., 2010; Azetsu-Scott et al., 2012), while
the deep waters of the EGC were likely to be partially ventilated in
the Nordic Seas and modified as they circulated around the Arctic
Ocean (Rudels, 1987; Rudels et al., 2005; Marnela et al., 2008). The
rapid surface cooling and/or variable ice conditions in these
ventilation regions make it plausible that the waters in these
outflows were at least partially undersaturated in oxygen when
they left the surface, and indeed this has been noted in the Nordic
Seas (Falck and Olsen, 2010). To determine the transport uncer-
tainties associated with this, we multiply the combined volume
transport of these two outflows beneath 50 m (7.7 Sv; the upper
50 m is not relevant for the transport of the framework compo-
nents) with the maximum concentration uncertainties given
above. The resulting transport uncertainties are presented in
Table 2. It should be emphasised that these are conservative
estimates of this uncertainty as, in reality, the concentration
uncertainty may be lower for many of the water masses. Further-
more, it is likely that inflowing waters would have a similar degree
of undersaturation as those in the outflows we identify, since
many of them were ventilated in similar regions (e.g. the deep
waters of the West Spitsbergen Current or the BSO inflow, both
likely to have been partially ventilated in the Nordic Seas),
resulting in a lower net effect on the transport of the components
than that derived by our calculations.

Further uncertainties associated with the carbon framework
include uncertainty in the calculation of preformed alkalinity and
the definition of fixed stoichiometric ratios. Variability of pre-
formed alkalinity is induced in the sensitivity runs by the use of
alternative datasets for DIC, which alters the salinity—alkalinity
relationship that is used. The influence of adopting fixed stoichio-
metric ratios is small in comparison to the uncertainties associated
with the sensitivity runs and the assumptions in calculating AOU.

Summertime and annual transport results are presented as the
value calculated using the primary velocity field and primary DIC
dataset (and a mixed layer depth of 50 m for interior transports)
with an uncertainty that is derived by combining the independent
uncertainties in a root sum of squares sense (Table 2).

3. Results
3.1. Carbon framework at the Arctic gateways

Here, we present the results of the carbon framework outlined
in Section 2.4. The framework allows us to determine the sources
of measured DIC, thereby revealing what processes, such as the
remineralisation of organic matter, have led to elevated or
depleted concentrations. Figures 6 and 7 show the vertical profiles
and cross-sections of the carbon components for each of the four
gateways.

In the surface layer, the release of oxygen during primary
production leads to negative AOU and consequently to negative
DIC,op (Fig. 7b). Furthermore, uncertainty in the estimation of
Alkyre results in non-zero values of DICe,, in the surface layer
where this component should be negligible, by its definition



G.A. MacGilchrist et al. / Deep-Sea Research I 86 (2014) 39-55 47

(Fig. 7c). These errors feed into DIC,.s, making the carbon frame-
work unreliable in the upper layer of the water column. On the
other hand, the approach works well beneath 50 m. Consequently,
we evaluate only interior transport values, rather than full-depth
values, for the framework components.

In interpreting the carbon framework beneath the mixed layer
in each gateway, it is instructive to consider how and why
observed DIC differs from the saturated value, DICs,”", i.e. whether
it is elevated by regenerated products or whether the difference is
encompassed in the residual component and thus is attributable to
disequilibrium or anthropogenic inputs.

The outstanding feature of Davis Strait is the high concentra-
tion of DIC,y; that increases with depth to values in excess of
100 pmol kg~ ! (Figs. 6a and 7b). These high values explain almost
all of the difference between observed DIC and DICE,,, with DIC,.s
and DIC.,p small by comparison. This suggests that the strong
gradient of DIC in Davis Strait is due to the remineralisation of
organic matter in subsurface waters. In Fram Strait, observed DIC
at intermediate depths (200 to 500 m) is significantly elevated
(ANOVA, p <0.001) in comparison to DICE, (Fig. 6b). On the
western side of the strait this is due to a contribution from
remineralised organic matter (Fig. 7b), while on the eastern side,
the difference is encompassed in a high, positive concentration of
DIC,,s (Fig. 7d). The close matching of the latter region with the
inflowing West Spitsbergen Current suggests that this signal is
contained within northward-flowing Atlantic Water. Beneath
500 m, observed DIC does not increase in the same manner as
DICP,, despite the addition of up to 40 pmolkg ' of DICsypt
Negative DIC,.s, between —10 and —50 pmol kg‘l, implies that
these waters were undersaturated in DIC when they left the mixed
layer, with DIC added since then only acting to reconcile observed
concentrations with the saturated value. As noted in Section 2.5,
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Fig. 6. Depth profiles of observed DIC (black) and its components: DICf;t (red),
DICqop¢ (blue), DICcqr (green), DIC,s (magenta) for (a) Davis Strait, (b) Fram Strait,
(c) Barents Sea Opening and (d) Bering Strait in pmol kg~ '. The height of each
profile is scaled relative to the maximum depth of the gateway. (For interpretation
of the references to colour in this figure caption, the reader is referred to the web
version of this paper.)

DIC,es could be underestimated by as much as 16 pmol kg~ in
both the deep waters of Fram Strait due to the assumption of 100%
oxygen saturation in the calculation of AOU. However, if these
waters were undersaturated with respect to oxygen, it is likely
that they were also undersaturated with respect to DIC, which has
a far longer equilibration time. Indeed, a persistent undersatura-
tion of f CO, (fugacity of CO,, similar to partial pressure) relative to
the atmosphere has been noted in the Greenland Sea throughout
winter, when most deep water formation takes place (Anderson
et al.,, 2000). As such, a combination of both processes is likely to
be responsible for the negative DIC,; in the deep waters of Fram
Strait. A similar combination of processes may explain the negative
DIC,es (between —6 and —25 pmol kg™') in the intermediate and
deep waters of Davis Strait.

The prominent feature in BSO is the uniformly high levels of
DIC;s, contributing between 10 and 50 pmol kg’l across much of
the region (Fig. 7d). Beneath 50 m, this is almost entirely due to
the difference between observed DIC and DIC,, with DICs,s and
DIC,qr», making only small contributions. This is particularly true in
the southern half of the gateway where, as in Fram Strait, high
levels of DIC,.s are seen in the inflowing Atlantic Water. The high
levels of oxygen in shallow Bering Strait, likely due to primary
production and/or mixing, mean the application of the framework
that produces erroneous results (Fig. 6d).

3.2. DIC transport

We present the transport of DIC across the main Arctic Ocean
gateways, evaluated by combining measurements of DIC with the
physically consistent velocity field of T2012. This corresponds to
the left hand side of Eq. (1) for full depth transport and the left
hand side of Eq. (7) for interior transport. In the case of interior
transport, we also present the transports of the components of the
carbon framework.

3.2.1. Full-depth transport

The cumulative full-depth transport of DIC is shown in Fig. 4,
with the values for individual sections presented in Table 3. The
Arctic outflow on the west of Davis Strait supports an export of
3320+ 250Tg Cyr—! (1 Tg=10'? g=1 Mt), with a small input of
690 + 80 Tg Cyr~—! travelling northward in the West Greenland
Current, resulting in transport through Davis Strait of —2630 +
220 Tg C yr~'. The main transports in Fram Strait are southward in
the East Greenland Current (—4190+ 730 Tg Cyr—') and north-
ward in the West Spitsbergen Current (3150+ 550 Tg Cyr—1),
leading to net transport of —1350+490Tg Cyr—' across this
gateway. Almost all of the DIC imported through BSO, totalling
2980 + 420 Tg Cyr~! is transported in the Atlantic Waters of the
middle section (2170+350TgCyr—') and in the Norwegian
Coastal Current (650 + 70 Tg Cyr—1). The Pacific inflow at Bering
Strait transports 775 + 60 Tg Cyr—! into the Arctic Ocean.

There is a possible bias in our calculation - towards low import
through Bering Strait — caused by extrapolation of DIC con-
centrations to the western side of this gateway (see Section 2.3).
Underestimated DIC of between 100 and 200 pmol kg~ ' in this
section would result in the magnitude of our derived import being
underestimated by between 16 and 32 Tg Cyr~! (volume trans-
port of 0.41 Sv through this section).

We briefly compare these transports with previous studies
that have combined mean DIC concentrations with literature
values for volume flows. For a Nordic Seas DIC budget, Jeansson
et al. (2011) calculated transport through Fram Strait as —800 +
1300 Tg Cyr—! and through BSO as 1800 + 300 Tg C yr—'. These
are considerably lower than transports derived in this paper for
the same regions, although the large uncertainty for Fram Strait
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makes it quantitatively consistent with our estimate. In both cases,
the discrepancy is due to the lower volume transports used in the
Nordic Seas budget: 1 Sv in comparison to 1.6 Sv for Fram Strait
and 2.2 Sv in comparison to 3.6 Sv for BSO. Kivimae et al. (2010)
use a volume transport of 3.27 Sv to determine a transport of
2800 Tg C yr~! across BSO, consistent with our estimate. For Davis
Strait, no direct estimates of DIC transport were found. Shadwick
et al. (2011) calculated the transport of DIC through Jones and
Lancaster Sound to the north of Baffin Bay as 1160 Tg Cyr—!
(updated from the incorrect values printed in the original paper
following consultation with the lead author), using a volume
transport of 1.4 Sv. This value is quite uncertain, due to the
temporal variability of volume transports from the Canadian Arctic
Archipelago (CAA; Tang et al., 2004). Nevertheless, we can use it to
estimate total DIC transport through the CAA. Assuming that, in
2005, the volume transport through the CAA was equal to the

volume transport through Davis Strait (3.1 Sv), and that the DIC
properties of waters elsewhere in the CAA are equivalent to those
observed in Jones and Lancaster Sound by Shadwick et al. (2011),
we estimate total DIC transport through the CAA as ca.
2570 Tg Cyr—1. This is within the uncertainty of the amount of
DIC exiting Baffin Bay across Davis Strait (calculated here as
2630 +220). No comparable DIC transport estimates for Bering
Strait were found.

Integrating across all four gateways, net summertime DIC transport
from the Arctic Ocean is —225 + 49 Tg C yr ~ 1. Transport of 0.05 Sv of
sea—-ice across Fram Strait (T2012) exports a further 5.7 Tg Cyr—1!
(sea—-ice DIC concentration of 300 pmol kg'; Rysgaard et al, 2011)
giving an overall export of 231 + 49 Tg C yr—'. We adopt this as our
primary result, but if we were to account for the possible negative bias
mentioned above, this export would be reduced to «ca.
207 + 50 Tg Cyr—!. The large calculated export is in stark contrast
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Table 3
Volume (Sv) and DIC (Tg Cyr~—1) transports through the four main Arctic Ocean
gateways and different sections of each gateway.*

Section Volume (Sv) DIC (Tg Cyr—1)
Davis Strait -31+03 —2630 + 220
Fram Strait -16+0.6 —1350 + 490
BSO 3.6+0.5 2980 + 420
Bering Strait 1.0+ 0.1 775 + 60
Total —-015+0.0 —225+49
Davis Strait sections

West of 58°W —-4.0+03 —3320 + 250
East of 58°W 0.8+0.1 690 + 80
Fram Strait sections

Belgica Bank (west of 6.5°W) -0.7+0.1 —550 + 100
EGC (6.5°"W-2°W) -50+09 —4190 + 730
Middle (2°W-5°E) 03+0.6 250 + 510
WSC (east of 5°E) 3.8+0.7 3150 + 550
BSO sections

North of 74.5°N 02+0.0 160 + 40
Middle (71°N-74.5°N) 26+04 2170 + 350
NCC (South of 71°N) 0.8+0.1 650 + 70
Bering Strait sections

Middle (west of 168.4°W) 0.7+0.1 560 + 40
ACC (east of 168.4°W) 03+0.0 220+ 20

@ Uncertainty evaluated as standard deviation of 55 runs with varied velocity
field and DIC sections. Note that the uncertainties in transport through individual
sections are not independent, and thus do not combine to give the net transport
uncertainty, which is considerably smaller (see Section 2.5). For total imbalance,
uncertainties associated with Fram Strait and measurement non-synopticity are
also included (see Table 2).

to the only previous Arctic Ocean carbon budget by Anderson et al.
(1998), which calculated a net DIC import of 9 Tg C yr~!. Their very
different approach was to use a multi-box model with estimated
volume transports for the Pacific and Atlantic inflows and between
shelf sea boxes and the central basins combined with measured DIC
from three cruises in the deep Arctic Ocean, one in the Laptev and
Kara Seas and one in the Nordic Seas. Their model does not specifically
consider where outflow from the central basins occurs. Rather, the
magnitude of the outflows is chosen to balance the inflows and
conserve volume, with the outflow DIC concentration for each water
mass designated from the central basin cruises. As such, with no DIC
measurements in the waters exported across Davis Strait, their carbon
budget misses the high DIC concentrations observed in these regions,
which our calculations find to be important for net export. Other
methodological issues aside, this may contribute to explaining some of
the discrepancy between their study and this one.

3.2.2. Interior transport

Figure 8 shows the change in net interior DIC transport moving
from the surface ocean to the ocean interior — evaluated by
increasing the depth of the interface for the interior transport
calculation from the surface to the deepest measurement. The
major export of DIC is achieved in the upper 200 m of the Arctic
Ocean, with interior transport attenuating rapidly from the surface
to this depth. This implies that most of the full-depth DIC export
is achieved in the surface layers, with little net export in the
deep ocean. Prescribing a mixed layer depth of 50 m for our
primary result, we find net interior transport of DIC of —61 +
23 Tg Cyr—1 (Table 4). For the components of the carbon frame-
work, the dominant export is of DICs; for which the net
interior transport is —102+48 TgCyr~!. A transport of —46 +
17 Tg Cyr—! was observed for DICE... The positive net transport
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Table 4

Net interior transport of DIC and carbon framework components. Individual terms
in the calculation are also shown, net interior transport is the difference between
the first and third columns® All values in TgCyr~! except DIC which is in
pmol L~1.°

Component iy, pc gxdz DIC

01

DIC | f,f;id v dxdz Interior

transport
DIC —~1118+104  2168+9 —1057 + 101 —61+23
DICY, —~1093+104  2146+8 —1046 +99 —46+17
DICyop —106 + 16 9+4 —4+2 —~102+48
DICcars 1+4 2+7 —1+4 2+14
DIC,es 78+ 13 17+ 11 -84+6 87453

2 For full details of terms and explanation of calculation, see Eq. (7) in Section 2.1.

b Uncertainty evaluated as standard deviation of 61 runs with varied velocity
field, DIC sections and MLD. For interior transport, uncertainties associated with Fram
Strait and assumptions in the carbon framework are also included (see Table 2).

of DIC,.s is 87 +53TgCyr—1. The transport of DIC.,;, of 2+
14 Tg Cyr—! is small by comparison.

The cumulative transports of DICsn, DIC.s and DICeyp are
shown in Fig. 9. The major transport of DIC,, is achieved through
the Arctic outflow in Davis Strait. There is some export through the
East Greenland Current in Fram Strait, though this is largely
countered by import in the middle section and in the West
Spitsbergen Current. Import of DIC,.s is observed in three regions:
western Davis Strait, the East Greenland Current and southern
BSO. Referring back to the distribution of DIC,.s at the gateways
(Fig. 7d), import in the southward moving waters of Davis Strait
and the East Greenland Current is due to the export of negative
DIC,.s, while import in the southern half of BSO is the result of high
positive DIC,.s in the inflowing Atlantic Water. There is a similar
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positive contribution from the high DIC,, in the inflowing inter-
mediate waters of the West Spitsbergen Current, but it is not
visible in the net transports of Fig. 9 due to negative DIC,., in the
deep waters beneath. There is little discernable pattern in DIC.q;
transport.

4. Discussion

Using Eqgs. (1) and (7) for full-depth and interior transport
respectively, we consider the net DIC transports presented in
Section 3.2 in the context of the pan-Arctic DIC budget. We use
published values as well as the carbon framework to estimate the
terms on the right hand side of these equations, closing the budget
and allowing us to calculate uncertain values such as the air-sea
flux of CO, and the sequestration of carbon across 50 m.

4.1. Full-depth transport and the air-sea CO, flux

By our calculation, there is net full-depth summertime DIC
export from the Arctic Ocean of 231+ 49 Tg Cyr—!. This value
could be biased high due to the underestimation of transport
through western Bering Strait (Section 3.2.1), potentially reducing
export to 207 + 50 Tg C yr— 1. For the purpose of comparison with
other terms in the carbon budget, we take our primary result
(231 +49 Tg Cyr— 1) to be representative of annual transport, with
increased uncertainty of +60TgCyr~! (see Section 2.5 for
uncertainty calculation). This export must be the result of surface
fluxes, net transformation of DIC and/or changes in DIC storage
within the Arctic Ocean (Eq. 1). Here, we use published values to
estimate the magnitude of most of these terms, leaving a residual
that we interpret as the air-sea CO, flux. A schematic representa-
tion of the terms in the Arctic Ocean DIC budget is shown in Fig. 10
and the origin of these terms is discussed below.

The surface DIC flux, F', comprises freshwater inputs (Foy)
and air-sea gas exchange (F5©). In the inverse model velocity field
freshwater inputs result in a volume divergence of 0.19 Sv (T2012)
which is the net result of river inputs, precipitation and evapora-
tion. We assume that the transport of DIC in precipitation and
evaporation is negligible. A comprehensive sampling programme
of the main Arctic rivers has led to a recent estimate for the annual
pan-Arctic riverine DIC flux of 57+9.9TgCyr—! (Tank et al.,
2012). Removing fluxes into the Bering Sea, Hudson Bay and
Hudson Strait, which are not part of our Arctic Ocean box, reduces
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this value to 40.8 + 6.4 Tg C yr—'. Accounting for this input leaves
a residual export of 190+ 60 Tg Cyr—1. Before asserting this
residual to be an estimate of the air-sea CO, flux, we proceed to
examine net transformation of DIC within the Arctic Ocean.

Net transformation within the ocean boundaries, T, can be
separated into changes between DIC and particulate inorganic
carbon (T7€), the result of net dissolution or formation of CaCOs,
and between DIC and organic carbon (T°C), determined by the
balance of the Arctic Ocean organic carbon budget. We first
assume that there is a negligible contribution from T7€, i.e. that
any CaCOs formed in primary production is dissolved in the water
column. This assumption is supported by the minimal net interior
transport observed for DIC.,, which suggests net balance of
CaCOs across the Arctic Ocean. With respect to T°C, we assume
that the marine-derived component of the organic matter budget
is in approximate balance. This is supported by the budget
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calculation of MacDonald et al. (2010) who suggested that less
than 3% of marine organic carbon is buried, with the rest being
remineralised in the region. High inputs of terrigenous organic
carbon to the Arctic Ocean, however, may result in positive T°C as
this carbon remineralises. Raymond et al. (2007) calculated an
annual riverine dissolved organic carbon flux to the Arctic Ocean
of 25 Tg C yr—1. More recently, Holmes et al. (2012) evaluated an
equivalent flux of 30 Tg Cyr~! (reduced here from the original
34 Tg Cyr-1 for the whole Arctic watershed). This, in combination
with estimates of particulate organic carbon inputs from rivers
(54 1Tg Cyr!; Dittmar and Kattner, 2003) and coastal erosion
(6.7 Tg Cyr'; Rachold et al., 2004) suggests an annual terrigenous
organic carbon influx of 42 Tg Cyr—1. A large proportion of this
input was traditionally thought to be recalcitrant (Dittmar and
Kattner, 2003; Amon, 2004), remaining in its organic form until
sedimentation or export from the Arctic Ocean. Recent work,
however, suggests that asmuch as 80% of the dissolved fraction
is remineralised to DIC (Hansell et al., 2004; Alling et al., 2010;
Letscher et al., 2011). Adopting this upper limit, and assuming that
the remineralisation of particulate organic carbon is negligible, we
derive a conservative estimate for T°C (and therefore T) of
24 Tg Cyr—1, leaving a residual export of 166 + 60 Tg C yr~'. This
constitutes an 11% reduction as a result of the remineralisation of
riverine dissolved organic matter.

Returning to the DIC budget, equating the residual export to an
estimate of the air-sea flux, F5i<, depends on the possible change
in storage of DIC in the Arctic Ocean (d/0t [, DIC dV). As a result of
constantly rising atmospheric pCO,, it is likely that the region is
accumulating DIC, making this term positive. Indeed, this was
noted in the budget calculations of Anderson et al. (1998) and here
it is qualitatively shown at least to be occurring beneath the
surface ocean (Section 4.2). Thus, we propose a lower bound for
annual air-sea CO, uptake by the Arctic Ocean of
166 + 60 Tg Cyr—'. Even as a lower bound, this is at the upper
end of the conventional range of 66-199 Tg C yr—! derived from a
synthesis of pan-Arctic studies and extrapolated regional esti-
mates (Bates and Mathis, 2009). It is considerably greater than
direct pan-Arctic estimates derived from a previous carbon budget
(24 +17 Tg Cyr'; Anderson et al., 1998), biogeochemical models
(59 Tg Cyr!, 58+ 6Tg Cyr!; Manizza et al, 2011, 2013) and
satellite estimations (118 +7 Tg C yr!; Arrigo et al., 2010). There
are important inconsistencies in the area definition of the Arctic
Ocean between all of these studies. As previously noted, the
carbon budget of Anderson et al. (1998) did not resolve outflow
through Davis Strait (Section 3.2.1) while Bates and Mathis (2009)
did not include direct estimates of uptake in the Canadian Arctic
Archipelago or Baffin Bay due to limited data. Given the impor-
tance of these regions to our calculation (Section 4.2), this
omission may partially explain why their estimates differ from
ours. On the other hand, the domains of Arrigo et al. (2010) and
Manizza et al. (2011, 2013) include Baffin Bay and even the
Greenland Sea (not included in our study) making it likely that
their lower values are the result of methodological differences.

Our derived air-sea CO, flux suggests that the Arctic Ocean
is responsible for ~10 to 12% of present day global oceanic
carbon uptake: 1400 + 700 Tg Cyr—! (pCO, climatology; Takahashi
et al, 2009) and 1700 +400 Tg Cyr—! (global inversion; Gruber
et al.,, 2009). With a surface area that constitutes only 3% of the global
ocean, this supports the hypothesis that the Arctic Ocean plays a
disproportionately important role in global oceanic carbon uptake
(Bates and Mathis, 2009).

4.2. Interior transport and the Arctic Ocean carbon pumps

For our primary interior transport results we adopted a mixed
layer depth of 50 m, beneath which the net DIC transport is
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Fig. 11. Summary figure of the interior transport of DIC and the components of the
carbon framework, as well as an estimate of volume-conserved sequestration
across the 50 m mixed layer depth. All values are in Tg Cyr—1.

—61+23Tg Cyr—1. According to the interior ocean DIC budget
(Eq. (7)) this is the result of three processes: net transformation of
organic (and particulate inorganic) carbon to DIC beneath the
mixed layer; net downwelling of high DIC waters across the mixed
layer base; and the change in DIC storage of the interior ocean. We
use the carbon framework to infer the relative contribution of
these processes to the total export. A summary of the transports of
the carbon framework components is presented in Fig. 11.

Net transport of DIC originating from the remineralisation of
organic matter, DIC,os, is equivalent (though opposite in sign) to
the net transformation term, Ty, in Eq. (7) (considering that the
contribution from the dissolution of particulate inorganic carbon,
DICearb, is negligible). As such, DIC export of 102 +48 Tg Cyr~!
(almost twice as great as the observed DIC export) indicates the
importance of T;,, in the Arctic Ocean interior DIC budget. As noted
in Section 2.1, T, may be interpreted as a measure of the strength
of the biological pump. This is because it equates to the amount of
DIC added to the ocean interior from the sinking and subsequent
remineralisation of organic matter across the mixed layer base.
One caveat to this interpretation is the possible additional remi-
neralisation of organic carbon that has originated from external
sources, such as terrigenous inputs, which we have previously
noted as significant (Section 4.1). However, it is likely that the
majority of this remineralisation occurs in the coastal zone (Alling
et al,, 2010; Holmes et al., 2012) and surface ocean (Letscher et al.,
2011). As such, we assume that remineralisation of terrigenous
organic carbon is negligible in the ocean interior and that T, is
equivalent to the marine biological pump. A value of
102 +26 Tg Cyr—1, therefore, suggests that the biological pump
is a significant source of DIC to the Arctic Ocean interior. A recent
estimate of primary production in the Arctic Ocean derived from
satellites suggested an average of 335.7 +33.5 Tg C yr—! between
1998 and 2009 (Brown and Arrigo, 2012; contribution from
Greenland Sea section removed) while the budget calculation of
MacDonald et al. (2010) derived a value of 361 TgCyr—'. The
calculation of this study, therefore, suggests that up to 30% of this
organic matter is transported beneath 50 m before being reminer-
alised and exported across the Arctic Ocean boundaries.

The importance of the biological pump is further emphasised
by the vertical profile of interior transport (Fig. 8). The absolute
majority of DIC export is shallower than 200 m, which is margin-
ally deeper than the approximate mean depth of the extensive
Arctic Ocean shelf seas (Carmack and Wassmann, 2006). This hints
at the importance of shelf sea processes such as the continental
shelf pump in exporting DIC beneath the mixed layer and into the
Arctic Ocean halocline (Anderson et al., 2010, 2013).
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In addition to shelf sea processes contributing to shallow water
export, elevated DIC in the intermediate and deep outflowing waters
of Davis Strait makes an important contribution to net export from
the Arctic Ocean. The carbon framework suggests that high con-
centrations at Davis Strait are also the result of the biological pump
(high DIC;,y, Fig. 7b). The origin of this DICsos, and the organic matter
from which it is derived, is therefore central to understanding the
role of the biological pump in exporting DIC from the Arctic Ocean.
This Arctic outflow may have high levels of DIC,; due to its origin in
the DIC enriched halocline of the central Canadian Basin (Azetsu-
Scott et al,, 2010), linking it to the shelf sea processes mentioned
above, or by the addition and remineralisation of organic matter
during flow through the CAA (Shadwick et al., 2011) or Baffin Bay.
Nutrient studies suggest that biological processes in North Water
polynya (at the northern end of Baffin Bay) are responsible for
elevated concentrations of nitrate, phosphate and silicate in the deep
water masses of Baffin Bay (Tremblay et al., 2002; Michel et al.,
2002; Torres-Valdés et al., 2013). They attribute this to the high
production of diatoms in this region, whose silica shells resist
dissolution and transport organic matter beneath the mixed layer
before it is remineralised. Indeed, vertical export of organic matter
out of the mixed layer at North Water polynya has been noted to be
greater than other regions in the Arctic Ocean (Lalande et al., 2009a)
and as high as 60% of primary production (Garneau et al., 2007). The
importance of elevated DIC,; at Davis Strait for the export of DIC
from the Arctic Ocean and the potentially important contribution
from biological activity in the North Water polynya to these elevated
concentrations, suggests that the biological pump in this region
might play a central role in removing carbon from the surface to the
deep ocean in the Arctic.

We now consider the vertical eddy transport term of Eq. (7),
Jw'DIC' dA. A negative value (since w’ is positive upward) implies
that, within the Arctic Ocean boundaries, downward-moving waters
have higher DIC concentration than those moving upward. The
potential for this to be the case in the Arctic Ocean is suggested by
the export of 46+ 17 Tg Cyr—! of DICE,. The distribution of this
component is largely controlled by changes in temperature and
salinity, which affect the solubility of CO, in seawater. The fact that,
within the ocean boundaries, there is a source of DICE,, implies that
there is a net input of low-temperature and/or high-salinity water
across the mixed layer, with the potential to hold high concentrations
of DIC. This is consistent with the Arctic’s role in dense water
formation, either through the cooling and subduction of Atlantic
Water or the sinking of cold, saline, DIC-enriched waters resulting
from brine rejection. These processes have been hypothesised to play
an important role in Arctic Ocean carbon sequestration (Anderson
et al, 1999; Fransson et al.,, 2001; Kaltin et al., 2002; Anderson et al,,
2004; Rysgaard et al., 2011). The export of DICE,, suggests that sinking
waters have the capacity to be DIC-enriched but, due to possible
disequilibria or anthropogenic inputs, does not quantify their actual
contribution to physical DIC transport. Thus this quantity is not
directly equivalent to the vertical eddy transport term in Eq. (7).

For the purpose of considering processes within the Arctic Ocean
boundaries, volume conservation is preserved in net interior trans-
port calculations. However, volume imbalance across certain depth
ranges may indicate a more significant role of the Arctic Ocean in
moving DIC beneath the mixed layer by physical processes. Con-
vergence of volume in the upper 50 m (Section 2.2) and subsequent
sinking beneath the mixed layer transports a large amount of DIC to
the ocean interior - a contribution that we remove when calculating
interior transport (second term on left hand side of Eq. (7)).
Depending on the DIC concentration of this water when it returns
to the surface layer outside the Arctic Ocean, this vertical movement
of DIC may contribute to carbon sequestration on a global scale.
Quantifying this contribution is beyond the scope of this study,
hence we consider volume-conserved processes only.

The final element to be considered is the potential change in
storage of DIC within the ocean boundaries. This can be partly
understood through analysing the residual component of the
carbon framework, DIC.s. The combined exports of DICs
(102+48 TgCyr—') and DICY, (46+17TgCyr~') imply that
the amount of DIC exported should be greater than that which is
observed (61 + 23 Tg Cyr—1) - a discrepancy that is accounted for
in the import of 87 + 53 Tg C yr ~! of DIC,,. This import is achieved
in approximately equal measure through the export of negative
DIC,,s (in the intermediate and deep waters of Davis Strait and
Fram Strait) and the import of positive DIC. (in the Atlantic
Waters of Fram Strait and BSO) as noted in Section 3.2.2. Assuming
that calculation of all other components in the carbon framework
is accurate, DIC,,, is made up of anthropogenic carbon (DIC%Y) and
a disequilibrium (ADIC). The anthropogenic contribution is always
positive, so that negative values of DIC.s must be the result of a
negative disequilibrium (i.e. undersaturation on subduction). Thus,
export of negative DIC,.s (as in Davis Strait and western Fram
Strait) implies that, in reality, less DIC is exported than has been
inferred from the saturated component, DIC,.. On the other hand,
positive DIC,s could result from both an anthropogenic source
and/or a positive disequilibrium (i.e. supersaturation on it sub-
duction). Recent literature supports the hypothesis that the
positive DIC.s observed in Atlantic Waters is primarily due to
anthropogenic CO,. Olsen et al. (2010) and Tanhua et al. (2009)
used measurements of CFCs to determine the inventory of anthro-
pogenic carbon in the Nordic Seas and central Arctic Ocean
respectively. Both studies identify higher DIC{Y in waters of
Atlantic origin, attributing this signal to the higher uptake capacity
(lower Revelle factor) of the warm, saline Atlantic Water. Jeansson
et al. (2011) also used CFCs to determine the high concentrations
of DICZY in Atlantic Waters crossing the Nordic Sea boundaries.
Rather than CO, being taken up in transit through the Nordic Seas,
these waters are already rich in DICY when they enter from the
North Atlantic, suggesting that uptake in the lower latitudes is
responsible. Both global observational studies (Sabine et al., 2004;
Khatiwala et al., 2009) and simple advective models (Anderson
and Olsen, 2002) support this suggestion, identifying the North
Atlantic as an important region for the uptake of anthropogenic
carbon.

The measured import of DIC.s therefore, indicates that the
Arctic Ocean interior is accumulating anthropogenic carbon
through high concentrations in Atlantic Water. This may have
significant consequences for the Arctic Ocean carbon system, with
the potential to ultimately change from a net exporter to a net
importer of DIC. Outward transport of DICY! will increase as
Atlantic Water circulates and leaves the Arctic and as more is
taken up from the atmosphere within the ocean boundaries.
However, with water in the North Atlantic taking up increasing
amounts of anthropogenic CO, as atmospheric concentrations rise,
the anthropogenic component of inflowing waters is likely to
remain higher than those leaving, meaning that accumulation will
continue into the foreseeable future. Acting as a partial terminus
for northward moving anthropogenic CO,, therefore, the Arctic
Ocean’s current role as a net exporter of DIC may be diminished or
reversed in the future.

At the same time as anthropogenic carbon accumulates in the
Arctic Ocean, changes to the biological and physical pumps in a
warming climate may also impact interior DIC transport, with
associated changes in the transport of the carbon framework
components. Observations suggest a strengthening of the biologi-
cal pump as sea-ice diminishes (Pabi et al., 2008; Arrigo et al.,
2008; Lalande et al., 2009a), an effect that would be marked by an
increase in the export of DIC;os. Increased input and remineralisa-
tion of terrigenous organic matter (McGuire et al., 2009) would
also increase the export of DICs., meaning that changes in the
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transport of this component would not necessarily imply a change
in the biological pump alone. Export of DICE,, may decrease as
Arctic waters warm and freshen, but further impacts such as
increased upwelling and decreased sea-ice cover will influence
ADIC (and consequently DIC,.s) in uncertain ways such that
changes in the physical pump will be difficult to quantify.

Finally, we estimate the volume-conserved biological and
physical sequestration of DIC across 50 m within the Arctic Ocean.
This sequestration estimate is denoted ‘volume-conserved’ to
highlight the fact that it does not quantify the possible contribu-
tion to sequestration from the net sinking of water across 50 m in
the Arctic Ocean (see above). We adjust net interior DIC transport
for an estimated accumulation of anthropogenic carbon and
assume that, aside from this accumulation, the carbon budget is
in steady state, i.e. we resolve the storage term in Eq. (7), leaving a
residual that we equate to carbon sequestration. We assume that
the net transport of DIC,s is due in equal parts to the import of
DICZ and the export of negative ADIC. This suggests an accumu-
lation of 44 + 53 Tg Cyr~! of anthropogenic carbon in the ocean
interior, which is in reasonable agreement with Jeansson et al.
(2011) who found that 58 + 15 Tg Cyr—! of anthropogenic carbon
is imported in Atlantic Water across the full-depth range. Remov-
ing this anthropogenic input from net interior DIC transport gives
a value of 105 + 58 Tg C yr—! for volume-conserved sequestration
across 50 m (Fig. 11). Comparing this to the estimated uptake of
CO, from the atmosphere (166+60TgCyr—'), around 60%
appears to be sequestered beneath 50 m. The similarity of this
estimate to our calculation of the biological pump
(102 + 48 Tg Cyr—') suggests that this mechanism is the domi-
nant control on Arctic Ocean carbon sequestration across 50 m,
and that volume-conserved physical sequestration is of little
importance. Observations of pCO, in the Canadian Basin suggest
that decreasing sea-ice cover will not significantly strengthen the
Arctic Ocean carbon sink (Cai et al., 2010; Else et al., 2013b). Our
calculations, on the other hand, suggest that a strengthening of the
biological pump (Arrigo et al., 2008; Lalande et al., 2009a; Brown
and Arrigo, 2012) could drive an increase in Arctic Ocean carbon
uptake, consistent with the model results of Manizza et al. (2013).

5. Conclusions

Through an observation based approach, this study has estab-
lished baseline estimates for the transport of DIC across the main
Arctic Ocean gateways. As such, it provides a means of validating
an increasing number of models being used to examine the
region’s carbon cycle (e.g. Manizza et al., 2011, 2013) and offers
a reference against which to evaluate future changes. We also
calculated the relative contributions of physical and biological
processes to DIC concentrations and transports, through the
application of a carbon framework (Williams and Follows, 2011).

We have shown that the Arctic Ocean is exporting 225+
49Tg Cyr—! of DIC across the full depth range, with a further
5.7 Tg Cyr—! exported in sea-ice. Budget considerations suggest
that on an annual basis, at least 166 + 60 Tg C yr—! of this export
is due to uptake of CO, from the atmosphere. Even as a lower
bound, this is greater than previous pan-Arctic estimates, although
where the Arctic Ocean boundaries are defined is important. In
particular, this work has highlighted the important role of Davis
Strait and Baffin Bay, emphasising the need for ongoing monitor-
ing of this region. This study underlines the global importance of
the Arctic Ocean as a CO, sink.

We calculate DIC export from the ocean interior (beneath 50 m)
as 61+ 23 Tg Cyr—1, suggesting that most of the full-depth export
is achieved in the surface layer. The utility of the carbon frame-
work is portrayed in identifying the important role of the

biological pump in the Arctic Ocean, with the suggestion that up
to 30% of the region’s marine-derived organic matter is trans-
ported vertically across 50 m. Furthermore, the framework quali-
tatively highlights the accumulation of anthropogenic CO, in the
Arctic Ocean. Accounting for this, we suggest a volume-conserved
carbon sequestration across 50 m of 105+ 58 Tg Cyr—1.
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