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Abstract. At present, although seasonal sea-ice cover mit-2002; Serreze and Francis, 2006; Overland et al., 2008), sea-
igates atmosphere-ocean gas exchange, the Arctic Oceadce loss (Cavalieri et al., 2003; Maslanik et al., 2007; Shi-
takes up carbon dioxide (G on the order of—66 to  mada et al., 2007; Giles et al., 2008; Comiso et al., 2008),
—199TgCyear! (102gC), contributing 5-14% to the and other physical changes (Wu et al., 2006; McGuire et al.,
global balance of C@sinks and sources. Because of this, the 2006) as well as biology and ecosystem structure changes
Arctic Ocean has an important influence on the global carbor{Arrigo et al., 2008; Pabi et al., 2008). These changes and
cycle, with the marine carbon cycle and atmosphere-oceafeedbacks could have profound impacts on the Arctic Ocean
CO, exchanges sensitive to Arctic Ocean and global climatemarine carbon cycle and the importance of the Arctic for
change feedbacks. In the near-term, further sea-ice loss arttie global carbon cycle and the balance of carbon dioxide
increases in phytoplankton growth rates are expected to infCOy) sinks and sources. In a recent review, Macdonald et
crease the uptake of Gy Arctic Ocean surface waters, al- al. (2009) compiled inorganic and organic carbon budgets of
though mitigated somewhat by surface warming in the Arc-the Arctic Ocean. Here, we review the present understanding
tic. Thus, the capacity of the Arctic Ocean to uptake,CO of the marine inorganic carbon cycle, air-seaGiBequilib-

is expected to alter in response to environmental changegum and rates of air-sea G@as exchange, the physical and
driven largely by climate. These changes are likely to con-biological processes that influence Arctic Ocean,Gihks
tinue to modify the physics, biogeochemistry, and ecology ofand sources, the impact of ocean acidification and the poten-
the Arctic Ocean in ways that are not yet fully understood. Intial future drivers of change such as sea-ice loss, phytoplank-
surface waters, sea-ice melt, river runoff, cooling and uptaketon primary production (PP) and freshwater inputs. The ge-
of CO, through air-sea gas exchange combine to decrease thegraphic scope of this review encompasses the Arctic Ocean
calcium carbonate (CaGPmineral saturation stateSf of shelves (i.e. Barents, Kara, Laptev, East Siberian, Chukchi,
seawater while seasonal phytoplankton primary productiorBeaufort and Canadian Archipelago Seas) and central basin
(PP) mitigates this effect. Biological amplification of ocean (i.e. Canada and Eurasian Basin), but does not extend to the
acidification effects in subsurface waters, due to the reminergateways of the Arctic Ocean including the Greenland, Ice-
alization of organic matter, is likely to reduce the ability of landic, Norwegian, and Bering Seas, and Hudson and Baffin
many species to produce Cagshells or tests with profound Bays.

implications for Arctic marine ecosystems As context for this paper, a brief background on the phys-

ical and biogeochemical setting is presented in Sect. 2. Rel-

evant information about historical sampling in the Arctic

1 Introduction Ocean, methods for estimating air-sea 3change rates,
considerations about carbonate chemistry and relationships

The Arctic Ocean is currently experiencing rapid environ- between shelf metabolism (net autotrophy versus net het-

mental change due to natural and anthropogenic factors thatrotrophy) and C@ sink/source issues are summarized in

include warming (e.g. Serreze et al., 2000; Polyakov et al. Sect. 3. Also included are considerations of present car-
bon pools and fluxes, and physical and biological processes

within the Arctic Ocean that influence the inorganic carbon
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Fig. 1. Schematic of the Arctic Ocean, central basin (Canada and Eurasian Basins) and Arctic continental shelves (with approximate
boundaries of each Arctic shelf sea), and major rivers draining into the region. General surface circulation features are also shown. Inset:
Characterization of Arctic Ocean continental shelves as “inflow”,“interior” or “outflow” shelves according to Carmack and Wassmann (2006).

CO; sink on the Arctic shelves and central basin is esti-and Wassmann, 2006) where the import of nutrient-rich wa-
mated, with predictions for near-term G@ux rates in an  ter from the Pacific and Atlantic Oceans, respectively, sus-
era of rapid change (Sect. 4). The impacts of rapid changéains high rates of seasonal phytoplankton PP or net com-
in the Arctic Ocean and the potential feedbacks on the mamunity production (NCP). Other shelves such as the Kara,
rine inorganic carbon cycle and air-sea £€xchange rate Laptev, East Siberian and Beaufort Seas constitute “inte-
are also discussed in Sect. 5. Vulnerabilities of the Arcticrior shelves”, which are highly influenced by exchanges with
marine carbon cycle relate to such factors as sea-ice loss arather shelves, while the Canadian Archipelago represents an
warming, biological and ecosystem changes, and hydrolog=outflow shelf” where Arctic Ocean water is exported to the
ical/freshwater input changes. We also discuss the impacAtlantic Ocean via Hudson and Baffin Bays. In the cen-
of ocean acidification, and biological and physical processegral basin of the Arctic Ocean, waters of the Canada Basin
on the marine carbon cycle and calcium carbonate (GACO or Beaufort Gyre are separated from the Eurasian Basin by
mineral saturation states in the Arctic Ocean (Sect. 6). the surface transpolar drift, with inputs and outputs of At-
lantic Ocean water through the Fram Strait and shelf-basin
exchanges of water across the entire Arctic Ocean. Cen-

2 The physical and biological setting of the Arctic  tral basin waters are highly stratified vertically with distinctly

Ocean different physical and chemical properties of surface waters
and subsurface halocline, Atlantic Ocean layer and deep-
The relatively small Arctic Ocean~(10.7x10° km?) is al- water layers, with deep waters having limited exchanges with

most completely landlocked except for the Bering Strait, the Atlantic Ocean.
Canadian Archipelago, Fram Strait and Norwegian Sea gate- The Arctic Ocean has an important role in the global
ways that allow exchanges with the Pacific and Atlantic freshwater cycle (e.g. Aagaard and Carmack, 1989; Wijf-
Oceans (Fig. 1). The relatively broad, generally shallowfels et al., 1992; Woodgate and Aagaard, 2005) and At-
(<200 m deep) and almost annular continental shelves surtantic Ocean overturning circulation (e.g. Walsh and Chap-
rounding the central basin comprise about 53% of the area ofnan, 1990; Mysak et al., 1990; Hakkinen, 1993; Aagaard
the Arctic Ocean, making it unique compared to other ocearand Carmack, 1994; Wadley and Bigg, 2002). Surround-
basins. All of the Arctic Ocean continental shelves are highlying the Arctic Ocean is an extensive land margin and wa-
varied, unique and difficult to characterize generically. tershed that contributes freshwater and material inputs such
As a framework for this review, the Chukchi and Bar- as inorganic nutrients and dissolved organic carbon (DOC) to
ents Seas can be characterized as “inflow” shelves (Carmadke Arctic Ocean (Opsabhl et al., 1999; Dittmar and Kattner,
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2003; Benner et al., 2003; Guo et al., 2004). Siberian (Ob,2002; 2009) that have benefited understanding of seasonal
Yenisey, Lena and Kolyma) and North American (Macken- and interannual change in other ocean basins and coastal
zie, Yukon) rivers contribute significantly to land-ocean in- ocean environments has considerably constrained our knowl-
puts (Peterson et al., 2002; McGuire et al., 2006; Serreze etdge of the marine carbon cycle, and £8hnk and source

al., 2006; Cooper et al., 2008). Finally, air-sea interactionterms in the Arctic Ocean.

controls the seasonal sea-ice advance and retreat, and inter-

annual changes of sea-ice distributions and thickness, and.2 Inorganic carbon chemistry considerations

sea-ice export from the Arctic Ocean (Carmack and Chap- ) o ) ) )
man, 2003). In wintertime, the Arctic Ocean is completely Studies of the marine inorganic carbon cycle in the Arctic

covered by sea-ice (except for polynyas and leads) with thick2¢ean have focused on measurements of one or more of the
(3-7m) multi-year ice occupying the interior of the central four directly observable inorganic carbon system parameters,

basin and thinner seasonal sea-ice (1-2m) across the Ardhat is either dissolved inorganic carbon (DIC), total alkalin-
tic Ocean shelves and periphery (e.g. significant parts of thdy (TA), partial pressure of C&(pCQp), or pH (Dickson

Bering Sea shelf; Hudson and Baffin Bays: Greenland, ceft al, 2007). Ear_ly historical data of TA and _pH were col-
land and Norwegian Sea) that melts and retreats towards thigcted in the Arctic Ocean (Yamamoto-Kawai et al., 2005)

Pole during the summertime. While the seasonal productiorpUt have relatively limited use today due to inherent uncer-
and melting of sea-ice contributes significantly to the physi_talntles associated with the analytical techniques used. More

cal structure and mixing of the Arctic, sea-ice melt and brine"€Cently, improvement of analytical techniques, the advent of
rejection during sea-ice formation also modifies the biogeo-Standardized methods (DOE, 1994; Dickson etal., 2007) and
chemical properties of surface and halocline layers (Steelé‘se of seawater standards and calibration have allowed pre-

and Boyd, 1998; Weingartner et al., 1998; Carmack andcise and accurate data to be collected in the Arctic Ocean,
Chapman, 2003). The Arctic Ocean sea-ice cover is als@nd subsequently used for assessments of stocks, distribu-

particularly sensitive to interannual changes and variabilityions and transformations of the marine inorganic carbon cy-

of atmosphere-ocean-sea-ice forcing and feedbacks assoGle- _ . o
ated with climate variability such as the Arctic Oscillation  S€awater inorganic carbon chemistry is governed by a se-

(AO) and Arctic Sea-Ice Oscillation (ASIO) (e.g. Rigor et M€s of reactions, such that:
al., 2002; Overland and Wang, 2005; Wang et al., 2005).
9 g ) COpamos = COnag +H20 = HaCOs (R1)

— Ht — — + —
3 Considerations about sampling, carbonate chemistry, HT+HCO; =2H +CO§

air-sea CO; exchange calculations and continental For example, DIC is defined as (DOE, 1994; Dickson et
shelf CO, sink-sources issues. .
al., 2007):
3.1 Marine inorganic carbon cycle sampling inthe Arc-  pjc = [CO,%]+ [HCO; 1+ [CO%‘] (R2)
tic Ocean

where [CQ*] represents the concentration of all unionized
Compared to many other open-ocean and coastal envirorcarbon dioxide, present either as&s or as CQ. The TA
ments, relatively few studies of the marine inorganic car-of seawater is defined as:
bon cycle and air-sea GQexchange rates have been con-
ducted in the Arctic. The harsh polar climate and difficult TA = [HCOg]+2[CO§_]+[B(OH);]+[OH‘]+ (R3)
logistical support have limited most studies to opportunis-
tic icebreaker surveys conducted on the Arctic shelves dur{HPOﬁ—]+2[POZ*]+[SiO(OH)3T]+[HS‘]+[NH3]
ing the summertime sea-ice retreat with a couple of transpo-
lar surveys across the deep basin (e.g. Arctic Ocean Section:[H'] — [HSO, ] - [HF] —[H3POs] — minor species
Tucker and Cate, 1996; Anderson et al., 1998a; Jutterstrom
and Anderson, 2005; Jones et al., 2008; Tanhua et al., 2009yhere [HCQ ] + 2[CO§‘]+ B(OH), are the primary compo-
Carbon in the North Atlantic (CARINA) datasets http: nents of seawater TA. Other species have minor contribution
/lcdiac.ornal.gov/oceans/CARINA/CARIN#able.htm). It to TA. DIC and TA are expressed asnoleskgl. pCO; or
is important to note that spring and summer observations ofugacity of CQ (fCQOy) is expressed agatm, while pH is
the Arctic inorganic carbon cycle are highly limited and vir- negative log of [H] generally expressed on the total seawa-
tually absent during winter sea-ice cover. The absence ofer pH scale (please refer to Zeebe and Wolf-Gladrow (2001)
long-term ocean time-series (e.g. Winn et al., 1994; Batesand Dickson et al. (2007) for further information about the
2007; Santana-Casiano et al., 2007), repeat hydrographimorganic carbon system).
surveys (e.g. Sabine et al., 2004; Feely et al., 2004) and The complete seawater inorganic carbon system
underway shipboard surface observations (Takahashi et al(j.e. [CO*], [HCOg], [cog—], [H*] and CaCQ@ mineral
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saturation states?) can be calculated from a combination exchange through eddy correlation techniques (Semiletov et
of any two measured parameters (i.e. DIC, TACO, and  al., 2007).

pH). In this paper, we used the thermodynamic model of In the first approachApCO, data combined with knowl-
Zeebe and Wolf-Gladrow (2001), temperature and salinityedge of gas transfer velocities commonly parameterized as
data, the CQ solubility equations of Weiss (1974), and a function of contemporaneous windspeed data (e.g. Wan-
dissociation constants for carbonic acid (i.e.;phd pkp) ninkhof, 1992; Wanninkhof and McGillis, 1999) provide es-
of Mehrbach et al. (1973; as refit by Dickson and Millero, timates of air-sea Cexchange rates. The direction of air-
1997), borate (Dickson, 1990) and phosphate (DOE, 1994)sea gas exchange is controlled hyCO, with the mag-

It should be noted that the experimental determinations ohitude dictated by gas transfer velocities. If surface water
carbonic acid dissociation constants (i.e. Mehrbach et al.pCO, values are undersaturated with respect to the atmo-
1973; Goyet and Poisson, 1989; Roy et al., 1993) have lowesphere,ApCO, values are negative and the ocean has the
limits of —1°C or O°C, and that the equations governingpK potential to uptake C&(i.e. sink of CQ). If ApCO, values

and pK have to be linearly extrapolated for seawater with are positive (i.e. oversaturated) the ocean has the potential to
temperatures less thar0°C. The difference in calculated release C@to the atmosphere (i.e. source of §O
seawaterpCO; for different pk; and pk; determinations In the second approach, air-sea £€xchange rates can

is relatively small 5 patm) at temperatures less thatC0  be calculated by mass balance assessment of carbon stocks
(Bates, 2006). The equations governingiphd pke are  and inputs/outputs of carbon (both inorganic and organic), or
also a function of salinity. On the Arctic shelves, salinity temporal/depth changes of DIC that account for temperature
can be less than 10-15 in surface waters (upper few metresind salinity variability and such processes as phytoplankton
locally influenced by sea-ice melt (e.g. Bates et al., 2009;PP and respiration, vertical entrainment/detrainment and ver-
Yamamoto-Kawai et al., 2009; Chierici and Fransson,tical diffusion. Both approaches have considerable uncer-
2009; Fransson et al., 2009) which can add, for exampletainties with caveats and assumptions used in the approaches.
uncertainty of~10pnatm and~0.1 in the calculation of  The third approach, using eddy correlation techniques, has

seawatepCO, and(2, respectively, only been used once in the Arctic Ocean (Semiletov et al.,
CaCQ mineral production and dissolution is governed by 2007). This method provides instantaneous fluxes and often
the following chemical reaction: yields different results to the other bulk methods. The results
of these different approaches are discussed in more detail in
CaCg = [Ca2+][CO§*] (R4) Sect. 4 for individual shelves and the central basin of the Arc-
tic Ocean.

The CaCQ mineral saturation state?{ is defined as the
ion product of carbonate and calcium concentrations, thus: 3.4 Continental shelf net metabolism and CQ sink-
sources issues
Qaragonitez [C£+][CO§7]/K:p (R5) . .
The CQ source or sink status and net metabolism of the
The experimental solubility product (i.ek,) of coastal ocean have been highly debated over the last few

Mucci (1983) was used here. In general, Ca@®oduction decades. In early papers, it was first suggested that conti-
and dissolution rates vary as a function of saturation state fopental shelves sequestered significant amounts of &@d
aragonite Qaragonitd O calcite caicite). For example, dis- that the g_IobaI coastal ocean was .net aut_otrophlc (i.e. net
solution is generally favored whe® values are lower than consumption of C@) and a significant sink for atmo-

1, while aragonite formation generally occurssatvalues ~ spheric CQ (Walsh et al., 1985; Walsh, 1991). Smith and

greater than 1. Hollibaugh (1993) subsequently argued that the nearshore
coastal ocean was net heterotrophic (i.e. net production of
3.3 Air-sea CO, exchange rate considerations CO,) and offshore coastal ocean neutral, and thus continen-

tal shelves were potential sources of £10 the atmosphere.
Different approaches have been used to estimate rates of ai@ther studies have since suggested that the Sirce or
sea CQ exchange for the Arctic shelves or entire Arctic sink status (Cai and Dai, 2004; Borges, 2005; Borges et al.,
Ocean. These approaches include: (1) differences in atma2005; Cai et al., 2006; Chen and Borges, 2009), and the
spheric and seawateiCO, (either by direct measurements metabolic status of continental shelves (i.e. net autotrophy
of pCQy, or calculated from other carbonate parameters) thaversus net heterotrophy) is highly variable in time and space
givesApCO; or air-sea CQ@disequilibrium and, direction of  (e.g. Wollast, 1998; Gattuso et al., 1998).
air-sea CQ gas exchange (e.g. Olsen et al., 2003; Omar et The net metabolism (either net autotrophy or heterotro-
al., 2007; Bates et al., 2006; Fransson et al., 2009); (2) carphy) of a continental shelf is influenced by a balance of trans-
bon mass balance assessments (e.g. Anderson et al., 199%mrts, transformation and exchanges, such as: the input of
Fransson et al., 2001; Kaltin and Anderson, 2005; Macdon-organic matter (OM) from terrestrial sources, OM produc-
ald et al., 2009); and (3) direct measurements of air-sea COtion and respiration in the coastal ocean, retention or export
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of OM from the shelf and, the net air-sea exchange 0pCO Pacific Ocean water through Bering Strait into the Chukchi
The balance of these processes dictates the metabolic st&ea and Atlantic Ocean water into the Barents Sea supplies a
tus (i.e. net autotrophic or heterotrophic), but can also influ-combined inflow of~3 Pg per year of inorganic carbon into
ence the potential C£Xink or source status of the continental the Arctic Ocean with a similar outflow of carbon from the
shelf in question. The spatial and temporal variability of sea-Arctic through Fram Strait. As shown later in Sect. 4, ocean-
water pCO, on continental shelves is acted upon by a com-atmosphere C@exchanges constitute at present a net air-to-
plex interplay of connected and quasi-independent physicasea flux of~66 to 199 Tg C yr! (102 g) (Figs. 2 and 3; pro-
and biological factors. For example, the physicochemicalcess 2). River inputs and coastal erosion constitute a net land
process of air-sea GQexchange can proceed independently to ocean inorganic and organic carbon flux-ef2 Tgyr!
of the biological processes (e.g. production versus consumpdacdonald et al., 2009; Fig. 3; process 3).
tion of OM) that dictate the metabolism of the coastal ocean. Factors influencing inorganic carbon cycling within the
The variability of pCO, or ApCO, and separation of bio- Arctic Ocean include physical and biological processes (see
logical and physical processes can lead, for example, to a néfigs. 2 and 3). Processes at the air-sea interface include:
heterotrophic continental shelf still being a sink for atmo- exposure of surface waters to gas exchange during seasonal
spheric CQ (Ducklow and McAllister; 2005). Ducklow and sea-ice retreat (process 4); gas exchange in sea-ice melt (pro-
McAllister (2005) suggested that the global coastal ocearcess 5), and river influenced surface waters (process 6); gas-
was net autotrophic, and thus a potential sink for atmospheriexchange through sea-ice (process 7); exposure of surface
COo. waters to gas exchange in polynyas and leads (process 8),
Recent syntheses of coastal carbon cycle studies by Cheand; carbon export via brine rejection during sea-ice forma-
and Borges (2009) suggest that in general high-latitude andion (process 9). Sea-ice cover has generally been thought
temperate continental shelf seas tend to be net annual sinky as a barrier to air-sea GQgas exchange compared to
of atmospheric CQ while upwelling dominated, and sub- open water conditions (Bates, 2006). Whether sea-ice fa-
tropical to tropical coastal environments tend to releasg CO cilitates the uptake or release of @(process 7) is an area
to the atmosphere (Cai and Dai, 2004). In addition, local-of active research with no definitive answer (Gosink et al.,
ized shallow areas influenced by rivers tend to be sources 0f978; Semiletov et al., 2004; Delille et al., 2007; Nagurnyi,
CO, to the atmosphere, while the deeper, more expansive ai2008). Processes within the water column important for car-
eas of the continental shelves tend to be oceanic sinks fopon balance and transformations in the mixed layer include:
atmospheric C@(Cai et al., 2006; Chen and Borges, 2009). Cooling of waters during transit northward into the Arctic
In summary, Chen and Borges (2009) suggest that the polapr temperature change within the Arctic Ocean (process 10);
continental shelves, for example, are likely to be potentialacross-shelf transport of water and carbon (process 11); ver-
sinks for atmospheric C£ However, this potential is also tical diffusion, entrainment and detrainment through mixing
influenced by seasonal sea-ice cover, which acts as a barri¢process 12), and; shelf-to-basin transport (process 13). Bi-
to air-sea C@ gas exchange compared to open water condi-ologically mediated processes include: pelagic phytoplank-
tions (Bates, 2006). ton primary production process 14), and export of organic
carbon (process 15) from surface waters to the subsurface.
3.5 Carbon pools, fluxes and physical/biological pro- Rates of new and export production have been estimated at
cesses in the Arctic Ocean ~135Tg Cyr? with large uncertainties (Macdonald et al.,
2009). In the subsurface, remineralization of organic matter
There are multiple influences on the marine carbon cycle ando CO, in shelf and halocline waters (process 16) and sedi-
air-sea exchange of GOn the Arctic Ocean. The inorganic ments (process 17) can also contribute. There appears to be
carbon cycle is dominated by inter-ocean exchanges betweesn active microbial community in the water-column both in
the Pacific and Atlantic Oceans (Macdonald et al., 2009)summer and winter that contribute to heterotrophic produc-
and subsequent biogeochemical modifications and transfottion (i.e. remineralization of OM to C£) e.g. Alonso-Saez
mations of water while resident in the Arctic Ocean dur- et al., 2008; Garneau et al., 2008). An additional complica-
ing transit between these oceans. In addition, river inputgion is the recent finding that anaerobic microbial production
of freshwater and materials, sea-ice production and meltingof, and subsequent release of alkalinity (process 18) can act
and atmosphere-ocean interaction and exchanges also haue decrease seawatpCO,, which in turn may enhance the
profound influence. uptake of atmospheric CQOonto continental shelves where
The upper waters of the Arctic Ocean contain approxi- sediments significantly interact with surface waters (Thomas
mately 25Pg (18 g) of inorganic carbon (i.e. in the form et al., 2009).
of [HCO;], [CO3™] and [CQ,*]; Reactions R1 and R2) and
~2 Pg of organic carbon (in the form of living organisms, de-
tritus, and other materials). The fluxes of carbon in and out of
the Arctic Ocean are dominated by seawater exchanges with
other oceans (Figs. 2 and 3; process 1). Seawater inflow of
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Inflow Shelf (e.g., Chukchi and Barents Sea)
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Fig. 2. Schematic of processes potentially influencing the inorganic carbon cycle and air-sem€€xchange on “inflow” shelves of the

Arctic (e.g. Barents and Chukchi Seas). The two panels represent physical and biological processes likely operating during the summertime
sea-ice free period (Pana), and during the wintertime sea-ice covered period (PahelThe processes are denoted by numeral with the
caveat that the size of arrow does not necessarily reflect magnitude of flux, transport or transformatignBIiLi€@rrows denote processes

that likely decrease seawate€0O,, while red arrows processes that likely increase seawdi€k. Black arrows denote processes that do

not impactpCO, directly or reflect uncertainty as to whether the process decreases or increases gga®gatérhe processes include: 1.
northward transport of inorganic carbon; 2. air-sea gas exchange; 4; exposure of surface water to the atmosphere due to sea-ice retreat ar
melting; 5. localized air-sea gas exchange from surface water highly influenced by sea-ice melt; 7. air-sea gas exchange through sea-ice; €
winter air-sea gas exchange in leads and polynyas, 9. inorganic carbon flux due to brine-rejection during deep-water formation in fall and
winter. 10. cooling of surface waters during northward transport on Atlantic or Pacific Ocean waters into the Arctic Ocean; 11. between
shelf transport of water and carbon; 12. redistribution of inorganic carbon between mixed layer and subsurface due to vertical diffusion
and vertical entrainment/detrainment due to mixing; 13. shelf-basin exchanges of inorganic carbon (i.e. DIC) and organic carbon due to
generalized circulation and eddy mediated transport; 14. net uptake ptiG©to phytoplankton photosynthesis or new production; 15.

export flux of organic matter (OM) or export production; 16. remineralization of organic matter backstei®@r in subsurface waters or

in sediments; 17. release of g@om sediments, and; 18. release of alkalinity from sediments due to anaerobic processes in sediments.

4 Present state of knowledge about the marine inor-
ganic carbon cycle and air-sea C@ exchange rates of
the Arctic Ocean

Sea, warm and salty surface Atlantic Ocean water inflows
from the Norwegian Sea into the Barents Sea via the Nor-
wegian Atlantic Current (Skelvan et al., 1999, 2005; Omar
et al., 2007), with~2 Sv exchanged between the Atlantic
Ocean and Barents Sea (Gammelsrod et al., 2008). Cooling
of surface water and brine rejection during sea-ice formation
is subsequently thought to transform this surface water into
dense subsurface water that is subsequently exported to the
Kara Sea and central basin of the Arctic Ocean (Anderson et
al., 1994; Fransson et al., 2001; Kaltin et al., 2002; Omar et

4.1 Arctic Ocean shelves: inflow shelves
4.1.1 Barents Sea shelf

The Barents Sea comprises a broad and shallow contine
tal shelf that is dominated by inflowing Atlantic Ocean wa-
ter with minimal freshwater inputs (Fig. 1). In the Barents
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Interior Shelf (e.g., Siberian and Beaufort Shelves)
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Fig. 3. Schematic of processes potentially influencing the inorganic carbon cycle and air-sgm€éxchange on “interior” shelves of the

Arctic (e.g. Beaufort and Siberian shelf Seas such as the Kara, Laptev and East Siberian Sea). The two panels represent processes likel
operating during the summertime sea-ice free period (Rgnehd during the wintertime sea-ice covered period (PapeThe processes

are denoted by numeral with the caveat that the size of arrow does not necessarily reflect magnitude of flux, transport or transformation of
COy,. Blue arrows denote processes that likely decrease seap@t@y, while red arrows processes that likely increase seawd@€d,.

Black arrows denote processes that do not impda2®, directly or reflect uncertainty as to whether the process decreases or increases
seawatepCO,. The processes include those described for Figure 2 but also include the following: 3. river input of organic carbon and DIC.
This can also include inputs of carbon from coastal erosion of sediments, for example, and; 6. effluxfodr@@ver dominated surface

waters. Process 10 includes warming of surface waters during sea-ice free period from solar input or lateral transport of warmer waters from
upstream “inflow shelf”.

al., 2007) thereby contributing to the physical and chemical Nakaoka et al. (2006) and Omar et al. (2007) estimated
properties of the Eurasian Basin halocline and deeper wateran annual ocean GOuptake of 4&18gCm?2yr-1 and
(Jones and Anderson, 1986). 51+8gCm2yr—1, respectively, in the Barents Sea (Ta-
In the earliest study of the inorganic carbon cycle in the ble 1), accounting for sea-ice cover during the wintertime.
Arctic Ocean, Kelley (1970) directly observed undersatu-Using mass balance approaches, and accounting for the in-
rated seawatepCO, across the Barents Sea witkpCO, fluence of phytoplankton primary production, freshwater in-
values ranging from~—50 to —150unatm. More recently, puts and mixing on vertical profiles of DIC and inorganic
other studies have shown seawgt€O, values of~220—  nutrients, Fransson et al. (2001) computed an annual ocean
350uatm with a seasonal minimum occurring during the CO, uptake of 44:10 g C nr2yr—1. Kaltin et al. (2002), us-
summertime (May to October) (Omar et al., 2003; Nakaokaing similar mass balance approaches applied to inorganic car-
et al., 2006; Omar et al., 2007). Given that theCO, val- bon data collected from a section across the Barents Sea esti-
ues ranged from-—20 to—110patm, the Barents Sea has a mated an ocean GQuptake of 29+11 g C r? for 3months
strong potential for significant uptake of G@om the atmo-  of the year (i.e. May to July). For comparison, Takahashi
sphere. et al. (2009) estimated a climatological mean uptake of
~5-30gCnr?yr-1 from a very limited dataset of surface
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Table 1. Areas, depths, residence times, air-sea@&xhange rates expressed in mmolesCGui! and gCnt2d~1, and annual air-sea
CO, exchange rate expressed in Tg CY49 C). Negative air-sea GOexchange rates indicates ocean uptake of ¢@., CQ sink).

Ared® (km?) Deptif(m) Residenc®(years) Air-Sea C@flux Air-Sea CQ flux  Annuaf CO, flux  Reference
(mmoles (gCm?d~Y) (gCm2yr-l) (TgCyr?d))
Ccm24d-!
Barents Sea 1512000 200 b1 n/a —46+18 —70+27 Nakaoka et al. (2006)
n/a —51+8 —77+12 Omar et al.2007
n/a —44+10 —67+15 Fransson et al. (20(fL)
n/a —29+11 —44+16 Kaltin et al. (20028
Kara Sea 926 000 131 25 n/a -1 -1.0 Fransson et al. (20(1)
n/a n/a -5.7 Anderson et al. (1998a,%)
Laptev Sea 498000 48 A2 -21 —-24 -12 Nitishinsky et al. (2008)
n/a n/a —-43 Anderson et al. (1998a,%)
East Siberian 987000 58 32 —1t0-10.9 n/a —-1.2/-13 Semiletov et al. (2007)
Sea +0.3 nla +0.3 Nitishinsky et al. (2087)
n/a n/a -5.9 Anderson et al. (1998a,%)
Chukchi Sea 620000 80 0.2-1.2 -12 -1 -11 Murata and Takizawa (2003)
—40+22 —48+107 —36+6 Bates et al. (2006)
n/a —61+10° —46+6 Bates et al. (2006)
n/a —86+22 —53+14 Kaltin and Anderson (2009)
Beaufort Sea 178000 124 0.5-1.0 n/a n/a -2.9 Anderson et al. (1998a,%)
—-12 -1 -2 Murata and Takizawa (2003)
Canadian scaled to Beaufort
Archipelago 1490000 290 0.5-12 ? ? —16/—-24 Sea shelf
Central basin 4489000 2748 2930 <-1to—-3 —4t0-12 —6t0—19 Bates et al. (2006)
Arctic Ocean 10700000 —65 low estimate from above
-175 high estimate from above
-81 low estimate from abotfe
—199 high estimate from abofe
Arctic Ocean —129+65 Anderson et al. (1999)
(other studies) —70+65 Anderson et al. (1999)
—110 Lundberg and Haugen (1996)
—24+17 Anderson et al. (1998%)
—41+18 Anderson et al. (1998%)
-31 Kaltin and Anderson (200%)
—66 Bates (2006)

Notes: @ Macdonald et al. (2009) estimates of shelf areas, mean depth (m) and reswdencptmm et al. (2002) estimate of Barents Sea shelf water residence ?Imfsidence time of surface and halocline waters (upper 0-300 m only) from
Macdonald et al. (20099 summertime open water only<(L00 d);€ including wintertime air-sea Cﬁ)exchangef annual flux estimated from annual uptake (g C;Jr) multiplied by area of Arctic shelf from Macdonald et al. (2008)mass balance

assessmenh includes Norwegian Sea (Lundberg and Haugen, légﬁ):ludes river contribution (Anderson et al., 1998b), Jﬁdhcludes air-sea Co exchange rates for the Canadian Archipelago scaled to estimates of the Beaufort Sea shelf.

underwaypCO, data, with the oceanic CGink decreasing ing of the surface layer4—6°C) and ocean uptake of GO
in a general trend across the Barents Sea from the Atlantithrough enhanced rates of air-seaf383change. As Kaltin
Ocean inflow to the Kara Sea. Similar spatial trends wereet al. (2002) and Omar et al. (2007) suggest, these processes
also observed by Kelley (1970), withpCO, values gen- are more than compensated for by summertime photosyn-
erally increasing from~-50uatm close to the coastline to thetic uptake of CQ by phytoplankton PP (or new produc-
approximately—15Quatm at the outer extent of the Barents tion) in the euphotic zone that acts to decrease seawater DIC
Sea shelf. and pCO,. Indeed, the annual rate of net PP for the Barents
The seasonal changes in surface0, and air-sea Coex- Searanges fromy<40-70 g C nr2 yr—1 (Kaltin et al., 2002;
change rates for the Barents Sea have been largely attributesakshaug, 2004; Macdonald et al., 2009), with rates of phy-
to seasonal changes in phytoplankton primary productionfoplankton PP greater than other Arctic Ocean shelves with
warming and cooling, and air-sea g@uxes. In a general the exception of the Chukchi Sea.
sense, cooling of surface waters during transit from the At- The seasonal fall and winter rebound of seawat€0,
lantic Ocean to the Barents Sea throughout the year acts tto values just below equilibrium with the atmosphere ob-
decrease seawatpCO, at a thermodynamic rate 6f4.1%  served by Nakaoka et al. (2006) likely results from a con-
per °C (Takahashi et al., 1993; Millero, 1995). However, tinued uptake of C@through gas exchange during sea-ice
during the sea-ice free summertime, surface seavwdi€k formation and brine rejection (Anderson et al., 2004; Omar et
decreases by 100natm despite significant seasonal warm- al., 2005) and vertical entrainment by mixing with €@ch
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subsurface waters. Despite the absence of supporting dat&jurata and Takizawa, 2003; Bates et al., 2005a, 2006; Bates,
it is likely that subsurfaceCO; increases seasonally from 2006; Chen and Gao, 2007; Fransson et al., 2009). Sum-
fall and winter from the seasonal remineralization of organicmertime ApCO;, values are typically in the range ef50
matter, produced during earlier summertime enhanced rate® 200natm. Extremely low summertimgCO, conditions

of phytoplankton primary production, as observed in other(<100uxatm) were observed in the surface layer in the vicin-
Arctic Ocean marine environments (e.g. Yager et al., 1995;jty of Barrow Canyon at the northern edge of the Chukchi

Bates et al., 2009). Sea shelf in a location with very high rates of phytoplankton
primary production (Bates et al., 2005a; Hill and Cota, 2005)
4.1.2 Chukchi Sea shelf and north of Wrangel Island (Fransson et al., 2009). In the

western Chukchi Sea near Long Strait, summertime seawater

The wide and shallow Chukchi Sea shelf, with the shelf pCO, conditions are weakly undersaturated (Fransson et al.,
break extending hundreds of kilometers northward from the2009) perhaps reflecting outflow of highe€0, surface wa-
coast, represents a particularly extensive portion of the Arcters from the East Siberian Sea with the intermittent Siberian
tic shelf system (Fig. 1). The Bering Strait acts as the gate-Coastal Current (Weingartner et al., 1999). Early season ob-
way for Pacific Ocean waters to enter the Arctic Ocean viaservations under near complete sea-ice cover also indicate
the Chukchi Sea (Coachman et al., 1975; Bjork, 1989). Thethat Chukchi Sea shelf “winter” surface waters were not as
mean annual inflow of Pacific Ocean water at Bering Straitundersaturated with respect to the atmosphayedO; val-
is ~0.8 Sv, with higher transport during the open-water sea-ues of~—20-60xatm) compared to the summertime sea-ice
ice free season (Roach et al., 1975; Woodgate et al., 20054ee period (Bates, 2006). In contrast to strongly undersat-
b; Woodgate and Aagaard, 2005), with minor inputs to theurated surface waters in the Chukchi Sea, subsurface wa-
Chukchi Sea from the East Siberian Sea shelf via the interters seawatepCO, values were highly oversaturated with
mittent Siberian Coastal Current through Long Strait (Wein-respect to the atmosphere (Bates, 2006; Bates et al., 2009).
gartner et al., 1999). In general, there is a northward trans- Estimates of the rates of air-sea £®xchange during
port of water across the shallow Chukchi Sea shelf, with fourthe sea-ice free period in the summertime have ranged from
major outflows £0.1-0.3 Sv each; Woodgate et al., 2005a) ~20-90 mmoles C&m—2d-1 (Wang et al., 2003; Murata
from the Chukchi Sea into the Canada Basin and Beauforand Takizawa, 2003; Bates, 2006; Fransson et al., 2009)
Sea shelf through Long Strait, Central Channel, Herald Val-with the Chukchi Sea shelf a strong sink of £0These
ley and Barrow Canyon (Paquette and Bourke, 1974; Weinstudies indicate that the ocean uptake of,Gm the at-
gartner et al., 1998, 2005; Woodgate et al., 2005b). Asmosphere is greater for the Chukchi Sea shelf than other
with other Arctic Ocean shelves, physical transformationsArctic Ocean shelves. However, in regions of the Chukchi
and seasonal sea-ice cover play a major role in shaping th8ea shelf where sea-ice cover remained higBQ%) dur-
Chukchi Sea shelf water-masses and ecosystem. During thiag the summertime, air-sea G@xchange rates were esti-
sea-ice covered season, watermasses on the Chukchi Segated to be generally lons(1l mmoles C@m—2d~1; Bates,
shelf are confined to a small range of temperature-salinity2006). Similarly, wintertime air-sea GQexchange rates
space due to vertical homogenization by ventilation, brineduring complete sea-ice cover were estimated to be minor
rejection and convective mixing (Woodgate et al., 2005a).(<1 mmoles C@m~2d~1; Bates, 2006). The annual ocean
During the sea-ice free season, local sea-ice melt contributeSO, uptake for the Chukchi Sea shelf has been estimated at
to Pacific Ocean water to produce a relatively warm, freshe24-108 g C m?yr—1 (Table 1; Bates, 2006). Similarly, us-
surface mixed layer water (upper-6-30 m, salinity typi-  ing mass balance approaches, Kaltin and Anderson (2005)
cally <31; temperature-—1.5) with denser resident winter estimated that the annual ocean Qgtake for the Chukchi
water remaining in the subsurface. Inflow of inorganic nu- Sea to be 8622 g Cnm2yr—1.
trient rich Pacific water supports high rates of phytoplankton The seasonal changes in surfac@0O, and strong sink for
PP or NCP on the Chukchi Sea shelf compared to other Arcatmospheric C@on the Chukchi Sea shelf have been largely
tic Ocean shelves>(300gCnfy—lor 0.3-2.8gCrAd1; attributed to cooling of surface waters during the northward
Hameedi, 1978; Cota et al., 1996; Sambrotto et al., 1993transit of waters across the Chukchi Sea shelf (Murata and
Hansell et al., 1993; Wheeler et al., 1996; Gosselin et al.,Takizawa, 2003) and high rates of summertime phytoplank-
1997; Hill and Cota, 2005; Bates et al., 2005a; Mathis et al.,ton PP that acts to decrease seawater DIC#D@, (Bates,
2009; Macdonald et al., 2009). 2006). As in the Barents Sea, the fall and winter rebound

In early studies of the Chukchi Sea, Semiletov et al. (1999)of seawatepCO» to values just below equilibrium with the
observed undersaturated seawagit®0, (~200-35Quatm) atmosphere likely results from a continued uptake of,CO
during the sea-ice free period across the shelf with lowesthrough gas exchange during sea-ice formation and brine re-
values (~150-20Quatm) observed close to the ice edge at jection (Anderson et al., 2004; Omar et al., 2005) and vertical
the northern shelf break. More recently, other studies haveentrainment by mixing with C&®rich subsurface waters.
observed similar undersaturated seawat€, conditions
from May to September¢150-35Q.atm; Pipko et al., 2002;
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4.2 Arctic Ocean shelves: interior shelves July—September; Nitishinsky et al., 2008) despite supersat-
urated seawatepCO, conditions (i.e. sources of GQto
4.2.1 Siberian Sea shelves (i.e. Kara, Laptev and East the atmosphere) in nearshore bays (Olsson and Anderson,
Siberian Seas) 1997) and Lena River outflow (Semiletov et al., 1999, 2007).
Direct eddy correlation measurements of air-sea @®-
The Kara Sea shelf is controlled by exchanges with the Barchange in late summer (September) close to the multiyear
ents Sea and adjoining Eurasian Basin (Fig. 1). Freshwatesea-ice at the shelf break of the Laptev Sea yielded more
runoff from the Ob and Yenisey Rivers mix with more saline contradictory results with air-sea G@xchange rates vary-
water of Atlantic Ocean origin, before entering the Lapteving from invasion of 1.7 mmolesCm d-! to evasion of
Sea or exported into the central basin of the Arctic Oceant.2 mmoles Cm?d-1 (Semiletov et al., 2007). If we ex-
(e.g. Anderson et al., 1994; Jones et al., 1991; Fransson etapolate the results of Nitishinsky et al. (2008) and assume a
al., 2001). There is a general flow from the Laptev Sea acrosg 00 d sea-ice free period, and negligible air-sea gas exchange
the East Siberian Sea and into the Chukchi Sea through thguring wintertime sea-ice cover, an annual ocearp, O
Siberian Coastal current (e.g. Weingartner et al., 1999; Nitake of ~2.4gCm2yr—1 is computed (Table 1). For the
tishinsky et al., 2008), but circulation patterns can reverseEast Siberian Sea shelf, the sink or source terms are un-
with considerable transport from the East Siberian Sea shelgertain. Nitishinsky et al. (2008) estimated that the East
across the northeastern Laptev Sea shelf (e.g. Dmitrenko esiberian Sea shelf is a small source of £@ the atmo-
al., 2008). Major freshwater inputs to the Laptev Sea oc-sphere £0.3 mmolesCdlm~2). However, Semiletov et
cur primarily through the Lena River (e.g. Gordeev et al., al. (2007) suggest that the western area of the shelf is a source
1996; Olsson and Anderson, 1997). On all of these shelvesaf CO, to the atmosphere #11.6 mmoles Cd! m—2, 2003;
seasonal sea-ice melt and formation, and brine rejection itand 10.912.6 mmoles Cm?d—1, 2004) while the eastern
coastal polynyas are important processes (e.g. Dmitrenko e&frea, influenced by mixing with Pacific Ocean water from
al., 2008) with sea-ice production in this region occurring atthe Chukchi Sea shelf, is a sink for atmospheric,CO

the highest rate compared to other Arctic Ocean shelves. The above studies suggest that the Siberian Sea shelves

There have been few studies of inorganic carbon OMrange from minor sinks to minor sources of £® the at-
the Siberian Sea shelves, with surface seawa@®®, and  mosphere, with the causes uncertain at present. Nitishin-
ApCQO, values highly variable over time and space. Dur- sky et al. (2008) suggest that the drawdownp@O, from
ing the sea-ice free period, surface waters of the Kara Segymmertime photosynthetic uptake more than compensates
appear to be undersaturated with respect to the atmosphergy seasonal warming, and mixing with river freshwater and
Semiletov et al. (1999) report a range of 273—A4@8m for  high-CO, subsurface waters, all of which act to increase sea-
surface seawatgrCO, while Kelley (1970) reportedpCO2  water pCO,. Semiletov et al. (2007) showed highly super-
values ranging from-30 to —100u.atm across much of the  saturated values for subsurface waters on all of the Siberian
Kara Sea in 1967. In contrast, supersaturated surface seaw8ga shelves, presumably resulting from remineralization of
ter pCOxwere observed nearshore and close to the outflowgrganic matter introduced from the Siberian Rivers (e.g. An-
of the Ob and Yenisey Rivers (Kelley, 1970; Makkaveev, gerson et al., 1990; Cauwet and Sidorov, 1996; Kattner et
1994; Semiletov et al., 1999). In the other Siberian Seay 1999) and from vertical export of organic carbon de-
shelves, generally undersaturated surface seawd#,  gpite relatively low rates of summertime phytoplankton pri-
(216-~400u.atm) for the Laptev Sea and highly variable mary production (compared to other Arctic Ocean shelves)
seawatelpCO, conditions in the East Siberian Sea300-  in the euphotic zone~6-12gCnr2 yr-1; Macdonald et
500u.atm) have been reported (Semiletov et al.  1999,5) 2009). The East Siberian Sea shelf may be more highly
2007). High values for surface seawaje€O, were ob-  jnfluenced by these processes and hence more likely to be
served nearshore on the shelf within the river plume of thepgt heterotrophic and a source of £® the atmosphere.
Lena River (-850uatm) that drains into the Laptev Sea, The Laptev Sea also has a permanent flaw lead polynya
and the Kolyma River{500u,.atm) that drains into the East (pmitrenko et al., 2005; Nitishinsky et al., 2008) that may
Siberian Sea shelf (Semiletov et al., 1999, 2007). In additioncontribute to ocean Cfuptake from the atmosphere during
very high values{500 to +150Q.atm) have been observed \yintertime brine rejection and sea-ice formation as shown
in bottom waters of the inner shelf and also in the nearshorg|sewhere (Anderson et al., 2004; Omar et al., 2005), but
bays (e.g. Tiksi Bay) and estuaries of the Laptev and Easgsg winter outgassing of Grom the polynya.
Siberian Seas (Semiletov et al. 1999, 2007).

Fransson et al. (2001), using carbon mass balance aPr2 2 Beaufort Sea shelf
proaches, computed a small annual ocear, Qftake of
1gCni2yr-1 for the Kara Sea (Table 1). For the Laptev
Sea, mass balance assessments integrated across the sfiéle Beaufort Sea shelf has a relatively narrowbQ km)
indicate that this sea is a sink for atmospheric ,Cdir- continental shelf in contrast to the adjacent Chukchi Sea
ing the sea-ice free summertime 2.1 mmoles Cm?d—1; shelf (Fig. 1). The eastern Beaufort Sea shelf is heavily
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influenced by outflow from the Mackenzie River, and this in- 4.3 Arctic Ocean shelves: outflow shelves

put of freshwater and terrigenous input dominates the phys-

ical and chemical properties of the Beaufort Sea shelf (Car4.3.1 Canadian Archipelago shelf

mack and Macdonald, 2002; Macdonald et al., 2009). Com-

pared to the adjacent Chukchi Sea shelf, annual rates ofhe shelf of the Canadian Archipelago, east of the Beaufort
phytoplankton PP for the Beaufort Sea shelf were relativelySea shelf (Fig. 1), has been poorly sampled for marine in-
low (~7-17 gCm2yr—1: Macdonald et al., 2009), similar organic carbon cycle properties. There is little information
to other “interior” type shelves (Carmack and Wassmann,to estimate rates of air-sea €@as exchange and the pro-
2006) such as the Siberian Sea shelves. In the adjoiningesses that control the inorganic carbon cycle. In the adjacent
Canada Basin, wind-driven, clockwise rotation of the Beau-Hudson Bay, Else et al. (2008) observed mean rates of air-
fort Gyre controls regional scale sea-ice and upper ocean cirsea CQ exchange of 0.7 mmoles G@n—2d ! directed to-
culation (Carmack and Chapman, 2003). Along the north-wards the ocean during the sea-ice free period. On an annual
ern edge of the Chukchi and Beaufort Seas, a narrow eastimescale, a small ocean GQ@ptake for the Hudson Bay
ward boundary current is present (Nikolopoulos et al., 2009)shelf is estimated at 0.07 g Cthyr~! (Else et al., 2008).

which is constrained to follow the isobaths along the shelf In the CARINA dataset (Fig. 4), computation piCO,
break due to strong dynamic controls (Winsor and Chapmanfrom DIC and alkalinity datasets indicate that surface
2004; Spall, 2007). The generalized regional water circula-pCO, values ranged from~300-40Qwatm on the Cana-
tion along the Beaufort Sea shelf is directed eastward withdian Archipelago shelf and generally undersaturated with re-
shelf waters renewed principally by Pacific Ocean watersspect to the atmosphere. During the CASES project in the
that enter through Bering Strait and exit the Chukchi Sea offearly 2000’s, surfacegCO, values in the eastern Beaufort
the Alaskan coast. Shelf-basin exchange facilitated by theSea shelf ranged from300—43Quatm with significant spa-
generation of mesoscale eddies (e.g. Manley and Hunkingjal variability (Mucci et al., 2008). More recently, Frans-
1985; Muench et al., 2000; Pickart et al., 2005; Mathis et al.,son et al. (2009) observed summertime surfacO, val-
2007a), and winter brine rejection during sea-ice formationues of~150-30Quatm in the Canadian Archipelago shelf.

are also important for these shelves. Surface waters were strongly undersaturatdg@O, val-
As with the Siberian Sea shelves, few studies have beemes of—100 to—200uatm) and a very strong ocean sink of
conducted on the Beaufort Sea shelf. Seawa®@®, con- 140 mmoles m? d~1 was shown for Lancaster Sound in par-

ditions appear to be highly variable-{50-35Quatm) in the ticular (Fransson et al., 2009). If we conservatively assume
western part of the Beaufort Sea shelf (Murata and Takizawathat air-sea C@exchange rates are similar for the Canadian
2003; Bates, 2006). Extremely low seawap&2O, condi- Archipelago as the “upstream” Beaufort Sea shelf, the annual
tions (<100 atm) have also been observed in the surfaceocean uptake of COfor the Canadian Archipelago shelf is
layer of the Beaufort Sea shelf east of Point Barrow in a re-computed at 16 to 24 g C™yr—1(Table 1).
gion of characterized by high proportions of freshwater (10—
20%) and sea-ice melt (10-25%) (Cooper et al., 2005; Bates4.4 Arctic Ocean central basin: Canada and Eurasian
2006). Murata and Takizawa (2003) have estimated that Basins
rate of ocean C®uptake was relatively low-{12 mmoles
CO, m—2d~1) during the summertime compared to the adja- The central basin of the Arctic Ocean is strongly stratified
cent Chukchi Sea. In areas of the western Beaufort Sea she{Kinney et al., 1970; Aagaard et al., 1981; Jones and Ander-
where sea-ice cover remained high80%), air-to-sea C®  son, 1986; Anderson et al., 1989, 1999; Aagaard and Car-
fluxes were generally low<(1-10mmoles C@m—2d-1; mack, 1994; Schlosser et al., 1995; Codispoti et al., 2005).
Bates, 2006; Fransson et al., 2009). In the eastern Beaun the Eurasian and Canada Basin (Fig. 1), surface waters of
fort Sea shelf, summertime surface seawat€O, values the central basin are derived from a mixture of local sea-ice
were generally weakly undersaturated (Mucci et al., 2008)melt, fresh water inputs, exchanges with shelf waters of Pa-
or close to equilibrium with the atmosphere particularly in cific Ocean and Atlantic Ocean origin (Jones et al., 2008). In
the Banks Island polynya (Fransson et al., 2009). Franssothe Canada Basin, a strong vertical density gradient separates
et al. (2009) estimated that the summertime ocean @®  nutrient poor surface waters or polar mixed layer (PML) from
take was~6 mmoles C@m~—2d~1 for the eastern Beaufort underlying nutrient rich halocline waters that can be subdi-
Sea shelf. The annual ocean £aptake for the Beaufort vided into Upper Halocline Layer (UHL) and Lower Halo-
Sea shelf has been estimated at 1.2 g€y, low com- cline Layer (LHL). The shelf surface waters and underlying
pared to other Arctic Ocean shelves (Table 1; Murata andupper halocline waters have a predominantly Pacific Ocean
Takizawa, 2003). origin based on characteristic temperature, salinity (Aagaard
et al., 1981), inorganic nutrient, dissolved oxygen, barium
and alkalinity distributions (e.g. Wallace et al., 1987; Wilson
and Wallace, 1990; Jones et al., 1991; Salmon and McRoy,
1994; Falkner et al., 1994; Anderson, 1995; Anderson et al.,
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Sarlpe auitazs nc02 Eurasian Basin (Anderson et al., 1994). The upper halocline

layer is absent from most of the Eurasian Basin (Anderson et
al., 1994a). At greater depths of the central basin is the At-
lantic Water Layer (AWL;~200-800 m deep) and the Arctic
Ocean Deep Water (AODW), both of which have Atlantic
Ocean origins (e.g. Jones et al., 1991, 1995).

The central basin of the Arctic has been poorly sampled
for marine inorganic carbon cycle properties. The Arctic
Ocean Section (AOS) expedition in 1994 sampled across
the Eurasian Basin and Canada Basin, west of the Chukchi
Cap (Anderson et al., 1998a). Calculation @£0O, from
AOS DIC and TA data (obtained dittp://cdiac.ornal.gov/
oceans/CARINAY indicate that the surface waters had sea-
water pCO, values of~300-33Quatm andApCO, values
. of ~—40-70patm, and hence undersaturated with respect
250 200 350 200 450 to the atmosphere. In the Canada Basin, adjacent to the
Chukchi Sea shelf, lower seawate€0O, values of~240—

Fig. 4. Surface seawatepCO, values computed from DIC and 280patm andApCO; values 9f~—150+25uatm have also

TA data collected in the Arctic Ocean and part of the CARINA been opserved (Bates, 2096’ Bates et al,, 2005)' More re-
dataset (data obtained &ttp://cdiac.ornl.gow/ The following ~ ¢€ntly, in the Makarov Basin of the Canada Basin, low sur-
cruise data were used to generate the surja€®, map. The face seawatepCO; values of~150-25Quatm andApCO,
metadata is given as CDIAC cruise number, Cruise Name, CA-values oi~—100 to 20Quatm have been observed under sea-
RINA Table ID, ship, cruise dates, Chief Scientist (in brackets) ice (Fransson et al., 2009). These observations suggest that
and scientist responsible for inorganic carbon measurements. 3he central basin of the Arctic Ocean has the potential to
06AQ19960712, 3, Polarstern, 7/12-9/6/1996 (E. Augstein), L. An-absorb significant amounts of G@Anderson and Kaltin,
derson; 17, 06MT19970707, 18, Meteor, 7/7-8/9/1997 (F. Schott)2001; Bates et al., 2006). The capacity for sea-ice to al-
A. Koertzinger/L. Mintrop; 37, 18HU19970509, 44, Hudson, 5/9— |\ direct gas exchange has been debated (e.g. Gosink et al.,
6/11/1997 (R. A. Clarke), P. Jones/R. Gershey; 38, 188N199407241976; Semiletov et al., 2004; Delille et al., 2007: Nagurnyi,

47, St.Laurent, 7/24-9/1/1994 (K. Aagaard/E. Carmack/J. Swift); YR - .
P. Jones/K. Azetsu-Scott: 39, 18SN19970803, 48, St. Laurent, 8/3-2_00t8)’ and herr]e' we ?/ff“tm? that sea "]fe IS an ezfec.t'vle b;“
8/18/1997 (F. McLaughlin/K. Falkner), P. Jones/K. Azetsu-Scott; rer to gas exchange. Winterime area or open water in leads

40, 18SN19970831, 49, St. Laurent, 8/31-9/16/1997 (F. McLaugh-2nd polynyas has been estimated at 1% in the central basin
lin/K. Falkner), P. Jones/K. Azetsu-Scott; 41, 18SN19970924,(Gow and Tucker, 1990). In regions of the Canada Basin
50, St. Laurent, 9/24-10/15/1997 (F. McLaughlin/K. Falkner), With 100% sea-ice cover, Bates et al. (2006) used an effec-
P. Jones/K. Azetsu-Scott; 108, 58AA20000923, 124, H. Mosby,tive sea-ice cover of 99% to compute air-seayG@lux of
9/23-10/03/2000 (S. Osterhus) A. Omar; 128, 58JM20030710, 145<3 mmoles C@m~2d~! to account for exchange through
Jan Mayen, 7/10-7/18/2003 (P. Wassmann), R. Bellerby/C. Kivi-leads, polynyas, fractures and brine channels (i.e. 1% area

mae; 129, 58JM20040724, 146, Jan Mayen, 7/24-7/31/2004%f the central basin), with much higher rates of exchange in
(P. Wassmann), R. Bellerby/C. Kivimae; 130, 58IJM20050520, 147,areas without complete sea-ice cover.

Jan Mayen, 5/20-6/2/2005 (P. Wassmann), R. Bellerby/C. Kivi-
mae; 131, 58LA19860719, 148, Lance, 7/19-7/26/1986 (chief sci-
entist not listed), L. Anderson; 160, 77DN19910726, 177, Oden,
7/26-9/3/1991 (L. Anderson/J.-E. Hellsvik), L. Anderson; 162,

4.5 Arctic Ocean (shelves and central basin): estimating
annual air-sea CQ, exchange rates and the Arctic

77DN20020420, 179, Oden, 4/20—6/6/2002, L. Anderson; L. An- Ocean CQ; sink
derson; 164, 90AQ19940706, 181, A. Fedorov, 7/5-8/8/1994 (chief ) )
scientist not listed), L. Anderson. Early carbon mass balance estimates of the rate of air-sea

CO, exchange suggested that the entire Arctic Ocean was
a sink for CQ in the range of 70 to 129 Tg C yedr (Ta-
1999; Rudels et al., 1996; Guay and Falkner, 1997; Joneble 1: Anderson et al., 1990, 1994; Lundberg and Haugen,
et al., 2003). In surface waters of the Canada Basin, thel996). Subsequently, Anderson et al. (1998b) and Kaltin
river fraction can be up to 20% (Macdonald et al., 2002; and Anderson (2005) used similar carbon mass balance ap-
Cooper et al., 2005), while localized to the upper few me-proaches but revised their estimates of the Arctic Ocean CO
tres, the sea-ice melt fraction can also exceed 25% (Coopesink downward to 24 and 31 Tg C yeat More recently, di-
et al., 2005) during the summertime retreat of sea-ice. In theect ApCO, observations and air-sea g@xchange rate es-
Eurasian Basin, surface waters and halocline waters are preimates revised the Chukchi Sea shelf £&8hk upward and
dominantly of Atlantic Ocean origin that have been modified the Arctic Ocean C@sink was estimated at 66 Tg C year
on the Barents Sea and Siberian Seas shelves adjacent to tfigates, 2006; Bates et al., 2006). A review of published
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data suggests that the Arctic Ocean L&k ranges from 2.3, 6.8 and 33 Tg C for coastal shelf ploynyas, central basin
approximately 66 to 175 Tg Cyt depending on lowest to  polynyas, and brine-rejection during ice formation in the sea-
highest flux rates estimates from available studies (Table 1)sonally sea-ice free areas of the Arctic, respectively. The
In light of recent observations in the Canadian Archipelagocaveat for this study is that the results were extrapolated from
shelf (Fransson et al., 2009), the addition of a CanadiarStorfjorden to the entire Arctic Ocean.

Archipelago shelf ocean CGsink would increase the Arc- Under-sea ice observations across the central basin (An-
tic Ocean CQ sink to 81 to 199 TgCyr! (Table 1). In  derson et al., 1994b; Jutterstrom and Anderson, 2005; Tan-
comparison to the mean annual global ocear» Gftake of  hua et al., 2009; Fransson et al., 2009) indicate #ya€ O,
approximately 1400 Tg Cy** (Takahashi et al., 2009), the values are negative with the potential to absorb,Gal-
Arctic Ocean CQ sink potentially contributes-5-14% to  though blocked by sea-ice). Given the 2—12 year residence

the global balance of COsinks and sources. times of surface waters in the central basin, we expect that the
under-ice trans-Arctic sections are likely to reflect wintertime
4.5.1 The present day annual Arctic Ocean C@sink:  conditions as well. In addition, the Revelle factors (Sabine et
caveats and considerations al., 2004) and pre-conditions of Atlantic and Pacific surface

waters entering the Arctic and cooling during transit into the
Our review of published results from both carbon massarctic are likely to favor negative\ pCO; values and thereby
balance and observational studies indicates that the Arctighe potential for Arctic Ocean surface waters to absorb.CO
Ocean is a C@sink of approximately 66 to 199 Tg CV,
at present. However, it is important to note that these esti-
mates are based on very limited spring and summer data, angl EFeedbacks and vulnerabilities
near absence of wintertime data.

On the Arctic Ocean shelves, there is a potential for win-The Arctic Ocean is currently in the forefront of climate
tertime outgassing of C For example, in the nearshore change caused by both natural and anthropogenic factors that
regions of the shelves, surface summgrCO; values are influence the cryosphere, hydrological and biogeochemical
near neutral (near the Mackenzie River outflow and Bankscycles of the Arctic. However, due to undersampling of the
Island polynya; Fransson et al., 2009) or positive (highly Arctic Ocean, many uncertainties remain about the marine
positive in places like Tiksi Bay and in the river outflows carbon cycle and, as shown earlier in this review, the uptake
onto the Siberian and Beaufort shelves; e.g. Semiletov, 199%f CO, and the physical and biological processes that control
Semiletov et al., 2007). There are also indications that thehe inorganic carbon cycle on the shelves and in the central
highly river-dominated surface waters on the Laptev and Easbasin. It is thus difficult to quantitatively predict changes in
Siberian Sea shelves have positixpCO; values (inferred  processes and feedbacks in the Arctic Ocean. However, here
from the very low2 values for river end-members shown by we discuss the potential vulnerabilities of the inorganic car-
Salisbury et al., 2008). Winter mixing with GQich sub-  bon cycle due to natural and anthropogenic factors, includ-
surface waters are highly likely to create conditions favoringing: (1) sea-ice loss; (2) warming, circulation and other phys-
the potential for surface waters to outgas Qfdring winter  jcal changes; (3) changes in biology and ecosystem structure
through polynyas and leads. In the Laptev Sea, for examof the surface and halocline water, and; (4) changes in the
ple, the wintertime flaw-lead polynya occurs over the outerhydrological cycle and freshwater inputs to the Arctic Ocean.
shelf at a distance 0f50-150 km from the nearshore areas We use Figs. 2 and 3 as a framework for this discussion and
with positive summertime\pCO; values (Dmitrenko et al.,  Table 2 provides likely impact of process, confidence level
2005). However, the prevalent offshelf circulation pathwaysand potential time-scale of impact.
on the Laptev Sea are likely to transport positveCO, sur-
face waters to the region of the law-lead polynya. In total,5.1 Sea-ice loss
the area of polynyas and flaw-leads on the Arctic shelves has
been reported at 3:510'°m? (e.g. Winsor and Bjork, 2000). Mean air temperatures over the Arctic have increased by
Assuming a 100d period for gas exchange from polynyas~2-3°C in summertime and by-4°C in winter since the
and leads, gas exchange rates of 10 mmoles @G d—! 1950's (Chapman and Walsh 2003) with projections for a
would result in an efflux of 0.4 Tg C. Compared to influxes further 4-8C increase by the end of the 21st century (ACIA,
in the Chukchi and Barents SedsyCO, values would have  2005). In conjunction with these higher temperatures, sea ice
to be in the order of +15@atm for an efflux of 0.4 Tg, and cover in the Arctic Ocean has contracted over the past three
+1500u.atm, for a wintertime polynya/lead efflux of 4 Tg. decades (Levi 2000; Parkinson 2000; Cavalieri et al., 2003;

A counterbalance to wintertime outgassing from polynyasWang et al., 2005; Overland and Wang, 2005; Rothrock and
and leads, may be wintertime net influx of carbon due toZhang, 2005; Stroeve et al., 2005, 2007), with the pace of
brine rejection during deep water formation (Anderson et al.,decline accelerating beyond model predictions over the last
2004; Omar et al., 2005). Omar et al. (2005), scaling resultseveral years (Winton, 2006; Holland et al., 2006; Over-
from Storfjorden, Svalbard, reported a wintertime influx of land and Wang, 2007; Stroeve et al., 2007; Maslanik et al.,
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Table 2. Summary of physical and biological processes that can influence the inorganic carbon cycle and increase/decrease thg Arctic CO
sink. The numeral identification of each process is taken from Figs. 2 and 3. Confidence level is also given, as well as time-scale (over the
next decade or century) and impact (if quantified).

Process Process ID Increase/  Confidence Time-scale and Impact
(Refer to decrease Decade Century
Fig.2and3) CG@ sink

Sea-ice changes and ocean-atmosphere interaction

Sea-ice loss 7 Increase Medium +2Tg C% ?
Air-sea gas exchange 3 Uncertain  Low ? ?
Sea-ice gas exchange 14 Uncertain  Low ? ?
Polynya/lead gas exchange 13 Decrease  Low ? ?
Brine rejection 15 Increase Low ? ?
Sea-ice melt gas exchange 8 Decrease  Low ? ?
River-water gas exchange 17 Decrease  Low ? ?

Warming, circulation and other physical changes

Northward transport 1 n/a Medium ? ?
Less cooling during northward 2 Decrease  Medium ? ?
transport of surface water

Shelf-basin transport 9 Uncertain  Low ? ?
Vertical mixing and diffusion 5 Decrease Low ? ?
River input and coastal erosion 16 Decrease  Medium ? ?

Biological processes

Primary production (new) 4 Increase Medium ? ?
Export production 6 Increase Low ? ?
Subsurface OM remineralization 10 Uncertain  Low ? ?
Sediment respiration of GO 11 Uncertain  Low ? ?
Sediment release of TA 12 Uncertain  Low ? ?

2007; Shimada et al., 2006). The length of the seasona&cceleration of sea-ice loss during the summertime (Perovich
sea-ice free period has increased (e.g. Smith 1998; Rigoet al., 2007).

et al., 2002; Rigor and Wallace, 2004; Arrigo et al., 2008;

Comiso et al., 2008), and sea-ice thickness observed overthe 1 1 Sea-ice loss and exposure of surface waters

central Arctic Ocean has decreased as thick multi-year sea-

ice is replaced by thinner first-year sea-ice (e.g. Rothrock etl_he loss of sea-ice is expected to both reduce the % sea-

al., 2003; Giles et al., 2008). The decline in Arctic sea-ice.
X L ) ice cover and expose undersaturated surface waters of the
cover has been attributed to a combination of factors, includ-

o . : Arctic shelves and central basin (i.e. Canada and Eurasian
ing: (1) increased Arctic temperatures (Rothrock and Zhan . . :
ey . . . asins) (Figs. 2 and 3, process 4). Prior to 2007, the rate

2005: Lindsay and Zhang 2005); (2) increased advection o ! . :
warmer water into the Arctic Ocean from the Atlantic O nof sea-ice loss from the central Arctic Ocean was estimated

armerwater Into the Arctic Jcean from the Atlantic Ueean .36 600 kn? yr—1 (Cavalieri et al., 2003). In surface
through the Fram Strait and Barents Sea gateways (Steele :

S ..._waters of the Canada Basin, a mean ocean G@ake of

and Boyd 1998; Dickson et al., 2000) and from the Pac'f'c46:|:8mmoles Com2d-1 was observed in 2002 and 2004
Ocean through Bering Strait (Maslowski et al., 2001: Shi-

. ' i -ice f i ime. Th ir-
mada et al., 2006), and; (3) increased advection of sea-lc{an sea-ice free areas during summertime ese air-sea CO

) . éxchange rates were scaled to the entire central basin and an-
out of the Arctic Ocean through Fram Strait due to recent 9

changes in atmospheric circulation patterns (Rigor and Wal nual reduction of sea-ice extent to estimate an increase of the
- - 1 _.
lace, 2004; Maslanik et al., 2007: Serreze et al., 2007). Inocean CQ sink of 2.0£0.3Tg Cyear " due to sea-ice |oss

S . o with the effect compounding over time (Bates et al., 2006).
combination, these factors contribute to a positive feedbac ; .
: : . n 2007 and 2008, sea-ice extent reached a seasonal mini-
where sea-ice loss reinforces surface warming due to reduced : .
surface albedo and increased shortwave penetration, which ify - 25% lower than any previously observed in the satel-
P ’ fite record (Maslanik et al., 2007; Comiso et al., 2008) con-

turn inhibits sea-ice formation in wintertime and allows for stituting an additional exposure 6600 000 kiR of surface
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waters to air-sea gas exchange. Assuming a status quo of inain. Brine rejection during sea ice formation (Figs. 2 and 3,
organic carbon distributions in surface waters of the Arctic, process 9) is thought to transfer carbon from sea-ice to deep
this recent loss of summertime sea-ice may have increasedater (Anderson et al., 2004; Rysgaard et al., 2007) with es-
the ocean uptake of GQin the Arctic Ocean by an addi- timates of its impact in the Arctic Ocean a43 TgCyr?!
tional 33£10 TgCyear?!. If sea-ice cover was lost com- (Omar et al., 2005). Calcium carbonate minerals such as
pletely over the central basin during summertime, surfacelkaite also form in sea-ice (Dieckmann et al., 2008) indica-
waters of the Arctic Ocean might absorb an additionaB0  tive of high Q and low pCO,. However, localized surface
to 1200 Tg of CQ (Anderson and Kaltin, 2001; Bates et water with high percentages of sea-ice melt or river freshwa-
al., 2006). The range of estimates depends on differenceter have been observed with Idwvalues (Yamamoto-Kawai
in surface water carbonate chemistry observed between thet al., 2009; Chierici and Fransson, 2009; Bates et al., 2009)
Canada Basin and Eurasian Basin. For example, Andersoand highpCO; (Figs. 2 and 3, process 5 and 6), suggesting
and Kaltin (2001) computed how much @@as needed to that these summertime surface areas could outgass CO
equilibrate the surface mixed layer with the atmosphere us- In wintertime, wind-driven polynyas open up on the
ing vertical profiles of DIC data from the Eurasian Basin.  Chukchi and Laptev Sea shelves in particular (Cavalieri and
The above estimates of GQptake changes due to sea-ice Martin, 1994; Dmitrenko et al., 2005; Nitishinsky et al.,
loss have many uncertainties and associated caveats. Theg607), resulting in the formation of dense water via brine-
studies are only applicable to the near-term futurdgcade)  driven convection (Weingartner et al. 1998). Since brine
since it was assumed that the driving force of gas exchangeejection and formation of dense water appears to facilitate
(e.g. ApCO, and DIC distributions of surface and underly- uptake of CQ from the atmosphere (Anderson et al., 2004;
ing halocline layer waters) would not change significantly Omar et al., 2005), enhanced opening of polynyas and leads
over the residence time of surface waters in the Arctic Ocearmay increase the sink of GGn the Arctic Ocean in the near-
(e.g. 2-30years; Macdonald et al., 2009). However, in thefuture depending on inorganic carbon distributions and future
era of rapid change in the Arctic, inorganic carbon distri- air-sea CQ disequilibrium. In counterbalance, polynyas and
butions and air-sea CQexchange rates are highly likely to leads may outgass GOn shelf areas with positive\pCO;
change due to a host of other factors. Since the effect of/alues, especially in the Siberian shelves (Sect. 4.2; Figs. 2
these other factors on the marine inorganic carbon cycle caand 3, process 8).
be opposing or amplifying in nature, future predictions of The cumulative effect of the above processes (i.e. 5-9) on
the trajectory of the Arctic Ocean GBink/source terms are the balance of C®sinks and sources in the Arctic Ocean is

difficult to make. highly uncertain and in the absence of definitive data their
impact in the near-term has to be considered minor at present
5.1.2 Other sea-ice and gas exchange issues (Table 2).

The loss of sea-ice in the Arctic Ocean should result in5.2 Warming, circulation and other physical changes in
greater open water area, and increased air-sea interaction, the Arctic
with a variety of consequences. At the same time, increased .
latitudinal atmospheric pressure gradients could result in in{n the recent past (1998-2006), Pabi et al. (2008) observed
creased windspeed and storm events over the Arctic. AIPOSitive anomalies in surface temperatures of upot(? 74 )
though the direction of air-sea gas exchange is forced b)}he regions of significant sea-ice loss (mainly on the “inflow
ApCOy, values, the rate of gas exchange of g6igs. 2 and Arctic shelves). This suggests that the cooling of surface
3, process 2) and other gases is primarily driven by wind-waters during transit northward into the Arctic has reduced
speed and atmospheric boundary layer-surface water intef19s. 2 and 3, process 10), and that summertime surface wa-
actions. Given these dictates, even thoughCO, values  €rS have become warmer over the last few decades (ACIA,
might reduce, air-sea GQyas exchange rates can increase2005). Due to sjmple thermodynamics, cooling/warming
since gas transfer velocities increase exponentially relative téhogld decrease/increase seawple0, at a rate oh-4.1%
windspeed (Wanninkhof, 1992; Wanninkhof and McGillis, P€r °C (Takahashi et al., 1993; Millero, 1995). In inflow
1999) and CQ flux in other regions can be dominated by shelf and central basin surface waters, if we assume present
storms and high-wind events (Bates and Merlivat, 2001). ~ day surface watepCO, values of 25¢.atm, a TC warm-
Wintertime sea-ice has thinned over the last few decadedd (O I'C less cooling!) should increase seawat@0, by
and there may be potentially greater air-sea gas exchangg8-12xatm per TC and reducépCO, values and rates of
through sea-ice (Gosink et al., 1978; Semiletov et al., 2004°0¢€an CQ uptake by~10%. If surface waters equilibrate
Delille et al., 2007) with sea-ice a potentially weaker barrier With the predicted 48 warming of the atmosphere over
to gas exchange (Figs. 2 and 3, process 7). Sea-ice can botfie Arctic by the end of the 21st century (ACIA 2005), and if
release and absorb GQDelille et al., 2007) depending on present-day mprganlc.carbon distributions in .the upper lay-
changes in the net metabolism of the sea-ice biological com&'s ©f the Arctic remain unchanged, the Arctic OcearpCO

munity, and the net impact on air-sea £€xchange is uncer- SNk might reduce by~40-50% due to warming.
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The influence of change in the northward transport of remineralization of OM to C@in subsurface waters (Figs. 2
water and carbon (Figs. 2 and 3, process 1) into the Arc-and 3, process 16) and sediments (Figs. 2 and 3, process 17),
tic through the gateways of the Arctic (e.g. Bering Strait) increasing the potential for subsurface waters to reduce air-
is also uncertain at present. Water mass transport througkea disequilibrium in the surface through processes such as
Bering Strait appears to have increased over the last decadgwelling, mixing and vertical diffusion.

(Woodgate et al., 2005). Given that the inflow of Pacific For sea-ice communities that generally account for a rel-
and Atlantic Ocean waters transpot8 PgCyr ! into the  atively small fraction of primary production, the reduction
Arctic, small changes in the transport of carbon into and outof sea-ice extent and thickness will reduce the contribution
of the Arctic, and changes in the G@reconditions of the of sea-ice algae to primary production (Subba Rao and Platt,
Bering Sea and North Atlantic Ocean may have significant1984; Legendre et al., 1992; Gosselin et al., 1997) and their
and rapid impact on the balance of Arctic Ocean,&ihks  influence on surface water inorganic carbon distributions and
and sources. air-sea CQ disequilibrium.

Wind-driven air-sea interaction and eddy forma- Other factors may also influence the marine inorganic car-
tion may also change, including wind-induced up- bon cycle and present-day G@ink in the Arctic Ocean.
welling/downwelling (Melling, 1993; Pickart et al. 2006, For example, reduced sea-ice cover has been proposed to
2009), and formation of eddies that contribute to exchangegavor a “phytoplankton—zooplankton” dominated ecosystem
of water and materials between shelves (Figs. 2 and 3rather than a “sea-ice algae—benthos” dominated ecosystem
process 11) the shelf and basin (process 13; Manley angver the Arctic shelves (Piepenburg, 2005). At present on the
Hunkins, 1985; Muench et al., 2000; Pickart et al., 2005), highly productive Chukchi Sea shetf,10% of NCP is con-
particularly in the western Arctic between the Beaufort Seaverted to dissolved organic carbon (DOC) ants% of NCP
shelf and Canada Basin (Carmack and Macdonald, 2002is converted to suspended particulate organic carbon (POC)
Mathis et al., 2007a; Spall et al., 2008). Deeper mixing (Mathis et al., 2007b, 2009) that gets exported from the shelf
may also entrain C®from subsurface waters (Figs. 2 and into the Canada Basin beneath the mixed layer (Bates et al.,
3, process 12), but if nutrients are also entrained to suppor2005b). The remaining 75% of NCP is exported from the
enhanced rates of new and export production (Figs. 2 andnixed layer to the sea floor as sinking particles (Figs. 2 and
3, process 14 and 15), there may be no net impact on th&, process 15), that sustain the rich benthos on the sea floor of

balance of C@ sinks and sources. the Chukchi Sea shelf (Grebmeier et al., 2008). In the Bering
The cumulative effect of changes to these processes (i.e. §ea, earlier sea-ice loss has led to ecosystem changes and
10-13) also remains uncertain at present (Table 2). altered pelagic-benthic coupling (e.g. Stabeno et al., 2001,

2002; Hunt et al., 2002; Overland et al., 2001; Macklin et

5.3 Changes in biology and ecosystem structure in sur- al., 2002; Napp et al., 2002; Bond et al., 2003; Merico et al.,
face and halocline waters of the Arctic Ocean 2004). If there are ecosystem shifts in the future, for exam-

ple on the Chukchi and Beaufort Seas shelves, the export of
The loss of sea-ice in the Arctic Ocean and greater operorganic carbon and pelagic-benthic coupling might decrease,
water area should also enhance upwelling at the shelf-brealespite concurrent increases in phytoplankton PP.
and potentially increase the input of nutrients from subsur- There may also be changes in the inorganic carbon dis-
face waters to the Arctic shelves (ACIA 2005). The grow- tributions of subsurface waters on the Arctic shelves and
ing season for phytoplankton should increase with reducedalocline layer waters of the central basin. In the central
sea-ice extent and longer open-water conditions. As a conbasin, density stratification generally acts as a barrier to mix-
sequence of increased phytoplankton PP, new production ang between nutrient-poor surface waters and nutrient-rich
NCP (Figs. 2 and 3, process 14), the drawdowrnp 6O, deep waters (Aagaard et al., 1981; Jones and Anderson,
and DIC should increase the air-sea L£@isequilibrium  1986). Halocline waters generally have much high€0O;
(i.e. ApCOp) and increase the net oceanic uptake of,CO and DIC content than surface waters (Jutterstrom and An-
(Anderson and Kaltin, 2001; Bates et al., 2006). Recent rederson, 2004), with low rates of upward vertical diffusion
ductions of sea-ice cover, particularly in the western Arctic between these waters and the surface mixed layer (Wallace
Ocean, have resulted in a longer phytoplankton growing seaet al., 1987; Wilson and Wallace, 1990; Bates, 2006). The
son and a~30-60% increase in primary production over the mixed layer typically extends to 10-50 m, with depth heav-
last decade, with &10-40% increase in phytoplankton pri- ily dependent on seasonality of winds and sea-ice cover (Car-
mary production over the last several years (Arrigo et al.,mack and Macdonald, 2002). The reduction of sea-ice extent
2008). However, enhanced stability of the water column ob-may facilitate deeper mixing and erosion into inorganic nu-
served in the Beaufort Sea shelf (Trembley et al., 2008), iftrient and CQ rich halocline waters. Depending on the sto-
widespread across the Arctic, could reduce the upward fluxchiometry of nutrients and carbon entrained into the mixed
of nutrients and rates of new production with reduced netlayer, enhancement of phytoplankton PP in typically highly
impact on surfacgCO,. Enhanced export of organic mat- oligotrophic surface waters of the Arctic (e.g. English, 1961)
ter (Figs. 2 and 3, process 15) may also enhance the rates ahd subsequent vertical export of organic carbon, this mech-
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anism could either enhance or suppress air-seadi$@qui-  erosion, this process is likely to influence the £8nks and
librium and CQ exchange between atmosphere and ocearsources of the Arctic over the longer-term rather than the next
(Figs. 2 and 3, process 12). The halocline is believed to ventidecade or so.

late predominantly through lateral processes and the transfer

of water from the shelves into the interior formation of dense5.5 Summary of near-term impacts on Arctic Ocean
water on the shelves via brine-driven convection (Weingart- air-sea CQ; fluxes

ner et al., 1998).

If the marine inorganic carbon cycle on the Arctic shelvesIn the near-term, summertime sea-ice loss is expected to
is altered, the transfer of inorganic and organic carbon intoincrease the uptake of Gby surface waters because the
the halocline may also change. For example, if there is in-exposed surface waters have a low&O, than the atmo-
creased transport of DOC from the shelves into the subsursphere. The loss of sea-ice in the Arctic Ocean also is likely
face halocline of the central basin, remineralization of DOCto result in greater open water area, and increased air-sea in-
by the microbial community may enhang&€£0, and DIC  teraction, with the likelihood of increased rates of air-sea gas
contents of surface waters, and in turn, the upward supply ofxchange. Wintertime sea-ice is now thinner than previous
CO; to the surface layer through vertical diffusion and mix- decades and there may be potentially greater atmosphere-
ing (Figs. 2 and 3, process 12). The release of alkalinity fromocean gas exchange directly through sea-ice, with sea-ice
the sediments, produced by anaerobic microbial decomposia potentially weaker barrier to gas exchange. As a conse-
tion, may also be important for suppressing seawa@®, guence of increased phytoplankton growth due to sea-ice loss
contents in shelf waters that could in turn enhance air-se@nd expansion of open water in the Arctic, the potential for
CO, disequilibrium (Thomas et al., 2009). However, no evi- the Arctic Ocean to uptake GBhould also increase.
dence has yet been forthcoming about the potential influence In mitigation, reduced cooling of water during transit pole-
of this process for Arctic shelves (Figs. 2 and 3, process 18)ward and increased absoption of solar radiation resulting
In summary, ecosystem changes in the Arctic Ocean shelvein warming of surface water relative to previous decades
and in the central basin, both in the surface and underlyingshould act to increase theCO, of seawater. This process
halocline layer, may alter inorganic carbon distributions andmay somewhat counteract the impacts of sea-ice loss and in-
the CQ sink or source terms of the Arctic as a whole. creased phytoplankton growth on the atmosphere-ocean ex-

change of CQ.

5.4 Changes in the hydrological cycle and freshwater

inputs to the Arctic Ocean 5.6 Ocean acidification effects and changes in carbonate

mineral saturation states

Significant changes in the hydrological cycle of the Arctic
are also predicted by the end of the 21st century (ACIAAs a consequence of the ocean uptake of anthropogenic
2005). Freshwater inputs from Arctic rivers, transport of sed-CO,, surfacepCO, and DIC concentration have increased
iment and dissolved materials and coastal erosion (Figs. 2vhile pH has decreased in the upper ocean over the last few
and 3, process 3) constitute a flux ofl2TgCyr?! at decades (e.g. Winn et al., 1994; Bates et al., 1996; Bates,
present (Macdonald et al., 2009) and expected to increas€007; Bates and Peters, 2007; Takahashi et al., 2009). This
At present, Arctic rivers influence the hydrographic proper-gradual process, termeaxtean acidificationhas long been
ties of the Siberian Sea and Beaufort Sea shelves in particrecognized (e.g. Broecker and Takahashi, 1966; Broecker et
ular. The eastern Beaufort Sea shelf is heavily impacted byal., 1971; Bacastow and Keeling, 1973). Estimates based on
Mackenzie River inflow of freshwater (e.g. Macdonald et al., the Intergovernmental Panel on Climate Change (IPCC) pro-
1995, 1999, 2002, 2009; Kadko and Swart, 2005) and plumegections of future CQ emission and subsequent ocean ab-
of elevated sediment loads and chromophoric dissolved orsorption of anthropogenic CAQBindoff et al., 2007; IPCC,
ganic matter (CDOM) can be followed from the Mackenzie 2007) predict that upper ocean pH will decrease by 0.3—
outflow into the Canada Basin using satellite remote sensing0.5 units over the next century and beyond (Caldeira and
However, the impact of increased river flow on the chemi- Wickett, 2003, 2005; Doney, 2006). The effects of ocean
cal characteristics of the Arctic is uncertain at present. Theacidification are potentially far-reaching in the global ocean,
freshwater input of DOC will presumably increase, but its particularly for calcifying fauna (e.g. Buddemeier et al.,
contribution to inorganic carbon distributions on the shelves2004; Royal Society, 2005; Fabry et al., 2008). Decreased
from bacterial remineralization of DOC to G@ highly de-  pH reduces the saturation state3) (of calcium carbonate
pendent on the lability of DOC and its decomposition rel- (CaCQ) minerals such as aragonite and calcite, and in-
ative to residence times in the Arctic. While most riverine creases the potential for reduced production of Ca®®
DOC is thought to be highly refractory (Hansell et al., 2004), calcifying fauna (e.g. Buddemeier et al., 2004; Royal Soci-
enhanced open-water may increase the photochemical breakty, 2005; Fabry et al., 2008; Doney et al., 2009) and disso-
down of refractory DOC to C®in surface waters. Given the lution of CaCQ in the water-column and sediments. Model
relatively small flux of carbon from freshwater and coastal studies suggest that Cag@ineral undersaturation due to
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ocean acidification should impact the Arctic before other re-5.8 Suppression of2 in subsurface waters
gions (Orr et al., 2005, 2006; Steinacher et al., 2009).

In the Arctic Ocean, sea-ice melt, river runoff and phy- | the North Pacific Ocean, Feely et al. (1988) observed sea-
toplankton photosynthesis and respiration appear to be thgonal enhancement of surfagevalues and suppression of
dominant processes that induce divergent directions folgyphsurfacen values due to seasonal phytoplankton PP, ex-
CaCQ; saturation states for surface and subsurface watersyort of organic matter and subsequent remineralization to
As such, these processes may suppress or enlianakies  cQ,. A similar mechanism occurs in the Chukchi Sea where
that in turn amplify or mitigate the impacts of ocean acidifi- high rates of summertime phytoplankton PP (Hill and Cota,
cation in the Arctic. 2005; Bates et al., 2005; Mathis et al., 2009), vertical export
of organic carbon (Lepore et al., 2007) and buildup of,CO
in subsurface waters (primarily through subsurface reminer-
alization of OM to CQ, and benthic respiration) suppresses

In surface waters, freshwater contributions from sea-ice meI§2 values below saturauqn. Subsurface waters.were obseryed
and river runoff appear to be the primary processes that acP be undersatqrated W'th. respect to aragonite an(_j calcite,
to decrease CaCaturation states. Salisbury et al. (2008) and thus 'potentlally corrosive to Cag@r the Chukchi Sea
have shown that th@ values of major Arctic rivers are close shelf sediments and benthic ecosystem.
to zero for the run-off end-member. In the Chukchi Sea and
Canada Basin, surface mixed layer waters were generallp.9 Amplification and mitigation of on acidification im-
saturated with respect to aragonit@afagonitd but Qaragonite pacts in the Arctic Ocean
values decreased as runoff fraction increased (Bates et al.,
2009). These findings are consistent with observations that g many oceanic basins, the oceanic uptake of anthropogenic
wide variety of Arctic rivers are net heterotrophic (e.g. ChenCO, has resulted in the shoaling of the aragonite saturation
and Borges, 2009) with highCO; contents (Kelley, 1970;  horizon (i.e Qaragonite= 1) by 40 to 200 m (Feely et al., 2008)
Makkayeev, 1994; Semiletov, 1999; Semiletov et al., 2007;over the past century. Given the scenariosyfbrchanges in
Nitishinsky et al., 2007) and corresponding I&wvalues.  the Arctic Ocean (Orr et al., 2005; Steinacher et al., 2009),
River DOC remineralization and respiration in combination the Arctic shelves will be increasingly impacted by ocean
with many Arctic rivers having high DIC:TA ratios (Ander- acidification and presence of Cag@ineral undersaturated
son et al., 1988; Olsson and Anderson, 1997; Cooper et alwaters. Superimposed on the ocean acidification effects in-
2008; Bates et al., 2009) act to decre@sealues. duced by ocean uptake of anthropogenic,C&easonal bio-

Q values have also been observed to decrease with increaﬁ)gica| processes are Iikely to mitigate (enham)eand am-
ing sea-ice melt fraction{15%; Bates et al., 2009), and in plify (suppress2) the impacts of ocean acidification on the
a few localized surface areas in the Canada Basin, both aragxrctic Ocean shelves.
onite and calcite undersaturation have been observed. Simi- The seasonal changes i@ induced by biology pri-

larly, Chierici and Fransson (2009) have observed Iocalizedm‘,ir”y have been described as a seasoPdytoplankton-
areas where surface waters were undersaturated with respest,ponate Saturation StatgPhyCASS) interaction that
to aragonite Qaragonitd ON the Canadian Archipelago and yjes divergent trajectories for carbonate chemistry in sur-
Beaufort Sea shelves which they attribute to the influence o, 5nd subsurface waters of Arctic Ocean shelves like the
freshwater contributions from sea-ice melt and river runoff. ~p, .kchi Sea (Bates et al., 2009). For inflow shelves (Car-
Cooling and air-sea uptake of GQwhich increasepCO2  mack and Wassmann, 2006) like the Chukchi Sea and Bar-
and DIC) will also act to decreasevalues, but are relatively ot geq high rates of summertime phytoplankton PP or
minor impacts compared to sea-ice melt and river runoff in-Ncp and vertical export of OM during seasonal sea-ice loss
puts to the Arctic. Lows2 values have also been attributed 5y qrive a strong seasonal divergence in surface and sub-
to upwelling of CQ-rich subsurface waters off the Chukchi g rfaceq. The seasonal divergence inis perhaps attenu-
Sea shelf (Chierici and Fransson, 2009). ated in the Barents Sea compared to the Chukchi Sea since
Oversaturate@ values are been observed for surface wa- e piggeochemical modification 6f is probably dispersed
ters across much of the Chukchi Sea shelf a.nd adjacenkithin a deeper mixed layer and thicker subsurface layer.
Cana'da Basin (Jutterstrom and Anderson, 2005; Bates et algg jnterior shelves such as the Siberian and Beaufort Sea
2009; Chierici and Fransson, 2009). The oversaturated conspe|yes, much lower rates of summertime phytoplankton PP,
ditions for both aragonite and calcite have been attributed tQ,,4 much greater influence of river runoff (with lowey
the high rates of phytoplankton PP that decrep6€, and g 5150 Jikely to result in attenuated divergencesirfor sur-
DIC, and increase2 values on the Chukchi Sea shelf (Bates ¢yce and subsurface waters compared to the Chukchi Sea.
etal., 2009), as well as low DIC:TA ratios and Revelle Fac- o, 4| shelves, a combination of Pacific or Atlantic Ocean

tors presentin the Canada Basin (Bates, 2006) that facilitate§ ater inflow and wintertime homogenization of shelf waters
oversaturate@ conditions. through wind-mixing and brine rejection proceses are likely

5.7 Suppression and enhancement @® in surface wa-
ters
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to “rectify” the seasonal divergences & between surface human-produced C§£) the benthic ecosystem of the Arctic

and subsurface waters. shelves are expected to be negatively impacted by ocean
In an era of rapid change in the Arctic, sea-ice loss, sur-acidification which reduces the ability of many species to

face warming and increased phytoplankton PP on the Arcproduce calcium carbonate shells or tests with profound

tic shelves may act to enhance surf&zand suppress sub- implications for Arctic marine ecosystems.

surfaceQ2 amplifying the existing impact of ocean acidifica-

tion. This may be mitigated somewhat by increased fresh-Edited by: A. V. Borges

water contributions through sea-ice melt and river runoff that

suppress surface watex. In the central basin of the Arctic

Ocean, potentially corrosive waters to aragonite and calciteReferences

are found in the upper halocline layer (Jutterstrom and An-

derson, 2005; Bates et al., 2009), with highly saturaed Aagaard, K., Coachman, L. K., and Carmack, E. C.: On the halo-

values in surface water. Increased air-sea interaction in re- cline of the Arctic Ocean, Deep-Sea Res., 28A(6), 529-545,

gions experiencing continued seasonal sea-ice loss will likely 1981. .

exhibit increased vertical mixing of G@rich subsurface wa- ~29aard, K. and Carmack, E. C.: The role of sea ice and other

ters, increased shelf-basin exchanges and ocean uptake Offresh water in the Arctic circulation, J. Geophys. Res., 94(C10),

. . 14485-14498, 1989.
CO, through gas exchange. Combined, these factors WI||A

- - agaard, K. and Carmack, E. C.: The Arctic Ocean and Climate: A
reduce the vertical gradients &f between surface and sub- perspective, in: The Polar Oceans and Their Role in Shaping the

surface with the net result of suppressing surf@oaver the Global Environment, edited by: Johannessen, O. M., Muench, R.
residence time of surface water in the central basin (2-30 D., and Overland, J. E., American Geophysical Union, Geophys.
years; Macdonald et al., 2009). Monogr., 85, 5-20, 1994.

Alonso-Saez, L., Sanchez, O., Gasol, J. M., Balague, V., and

Pedros-Alio, C.: Winter-to-summer changes in the compo-

6 Conclusions sition and single-cell activity of near-surface Arctic prokary-
otes, Environ. Microbiol, 10(9), 24442454, doi:10.1111/j.1462-

At present, the Arctic Ocean continental shelves and central 2920.2008.01674.x, 2008.

basin have lower C@content than the atmosphere, and theseAndersc_)n, L. G._: Chemical oceanograph_y of the Arctic and its she_lf
sea, in: Arctic Oceanography: Marginal Ice Zones and Conti-

areas are potentla_l sinks of @@om th_e atmosphere_. Th_ere nental Shelves, edited by: Smith Jr., W. O. and Grebmeier, J. M.,
are however Ioca_llze_d areas of sea-ice melt and river inputs Coastal and Estuarine Studies, American Geophysical Union,
v_vhere the opposite is observed, and these areas are poten—Washington, DC, USA, 183-202, 1995.

tial sources of C@to the atmosphere. The G@hemistry  anderson, L. G. and Kaltin, S.: Carbon fluxes in the Arctic Ocean —

of the Arctic Ocean is highly influenced by physical and bi-  potential impact by climate change, Polar Res., 20(2), 225-232,
ological processes such as seasonal phytoplankton PP dur- 2001.

ing summertime sea-ice retreat towards the pole, as well agnderson, L. G., Jones, E. P, Lindegren, R., Rudels, B., and Sehlst-
temperature effects (both cooling and warming), shelf-basin edt, P. I.: Nutrient regeneration in cold, high salinity bottom wa-

exchanges and formation of dense winter waters, and river ter of the Arctic shelves, Cont. Shelf. Res., 8, 1345-1355, 1988.
inputs of freshwater and carbon. Anderson, L. G., Dyrssen, D., and Jones, E. P.: An assessment of the
transport of atmospheric GOnto the Arctic ocean, J. Geophys.
Res., 95(C2), 1703-1711, 1990.

derson, L. G., Olsson, K., and Skoog, A.: Distribution of dis-

Although seasonal sea-ice cover provides a barrier to
atmosphere-ocean gas exchange, the Arctic Ocean is A

sink ,for ,COZ’ on the order of—65 to —199Tg Cye?Tl’ solved inorganic and organic carbon in the Eurasian Basin of the
contributing 5-14% to the global balance of £@inks Arctic Ocean, in: The Polar Oceans and Their Role in Shap-

and sources. The Arctic Ocean has become an important jng the Global Environment, edited by: Johannessen, O. M.,

influence on the global carbon cycle, with the marine carbon Muench, R. D., and Overland, J. E., American Geophysical

cycle and atmosphere-ocean £@&xchanges sensitive to Union, Geophysical Monograph, 85, 252—-262, 1994a.

Arctic Ocean and global climate change feedbacks. In theAnderson, L. G., Bjork, G., Holby, O., Jones, E. P., Kattner, G.,

near-term, further sea-ice loss and increases in phytoplank- Koltermann, K. P., Liujeband, B., Lindegren, R., Rudels, R., and

ton PP rates are expected to increase the uptake of CO Swift, J.. Water masses and cir(.:L.JIation in the Eurasian Basin:
by Arctic surface waters, although mitigated somewhat by gF;ge(sCu;t)s gg;gtgzg; elngglllexpedutlon, J. Geophys. Res.-Oceans,
warming in the ArCtIC'. Thus, the capacny of the Arctic Anderson, L. G., Olsson, K., and Chierici, M.: A carbon budget

Ocean to uptake CPis expected to increase and alter

. ; . for the Arctic Ocean, Global Biogeochem. Cy., 12(3), 455465,
in response to environmental changes driven largely by ;q9g,

climate. These changes are likely to continue to modify anderson, L. G., Olsson, K., Jones, E. P., Chierici, M., and Frans-
the physics, biogeochemistry, and ecology of the Arctic son, A.: Anthropogenic carbon dioxide in the Arctic Ocean:
Ocean in ways that are not yet fully understood. Finally, Inventory and sinks, J. Geophys. Res., 10(C12), 27707-27716,
in response to increased phytoplankton PP and uptake of 1998b.

www.biogeosciences.net/6/2433/2009/ Biogeosciences, 6, 245832009



2452 N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle

Anderson, L. G, Jones, E. P, and Rudels, B.: Ventilation of the Arc- Oceanic Climate Change and Sea Level, in: Climate Change
tic Ocean estimated by a plume entrainment model constrained 2007: The Physical Science Basis, Contribution of Working

by CFCs, J. Geophys. Res., 104(C6), 13423-13429, 1999. Group | to the Fourth Assessment Report of the Intergovernmen-
Anderson, L. G., Falck, E., Jones, E. P., Jutterstrom, S., and Swift, J. tal Panel on Climate Change, edited by: Solomon, S., Qin,D.
H.: Enhanced uptake of atmospheric £during freezing of sea- Manning, M. Chen,Z. Marquis, M., Averyt, K. B., Tignor, M.,
water: A field study in Storfjorden, Svalbard, J. Geophys. Res., and Miller, H. L.: Cambridge University Press, Cambridge, UK
109(C6), C06004, doi:10.1029/2003JC002120, 2004. and NY, NY, USA, 2007.
Arctic Climate Impact Assessment (ACIA): Cambridge University Bjork, G.: A one-dimensional time-dependent model for the verti-
Press, Cambridge, UK and NY, NY, USA, 2005. cal stratification of the upper Arctic Ocean, J. Phys. Oceanogr.,

Arrigo, K. R., van Dijken, G. L., and Pabi, S.: The impact of a 19, 52-67, 1989.
shrinking Arctic ice cover on marine primary production, Geo- Bond, N. A., Overland, J. E, Spillane, M., and Stabeno, P.: Re-
phys. Res. Lett., 35, L19603, doi:10.1029/2008GL035028, 2008. cent shifts in the state of the North Pacific, Geophys. Res. Lett.,

Bacastow, R. D. and Keeling, C. D.: Atmospheric carbon dioxide 30(23), 2183, doi:10.1029/2003GL018597, 2003.
and radiocarbon in the natural carbon cycle Il. Changes from A.Borges, A. V.: Do we have enough pieces of the jigsaw to integrate
D. 1700 to 2070 as deduced from a geochemical model, in: Car- CO2 fluxes in the coastal ocean?, Estuaries, 28(1), 3—-27, 2005.
bon and the biosphere, edited by: Woodwell, G. M. and PecanBorges, A. V., Delille, B., and Frankignoulle, M.: Budget-
E. V., US Atomic Energy Commission, 86—135, 1973. ing sinks and sources of GOn the coastal ocean: Diver-

Bates, N. R.: Air-sea C&fluxes and the continental shelf pump of sity of ecosystems counts, Geophys. Res. Lett., 32, L14601,
carbon in the Chukchi Sea adjacent to the Arctic Ocean, J. Geo- doi:10.1029/2005GL023053, 2005.
phys. Res. Oceans, 111, C10013, doi:10.129/2005JC003083Broecker, W. S. and Takahashi, T.: Calcium carbonate precipitation
2006. on the Bahama Banks, J. Geophys. Res., 71, 1575-1602, 1966.

Bates, N. R.: Interannual variability of the oceanic £8nk Broecker, W. S., Li, Y-H., Peng, T-H.: Carbon dioxide — man’s
in the subtropical gyre of the North Atlantic Ocean over the unseen artifact, in: Impingement of man on the oceans, edited
last two decades, J. Geophys. Res. Oceans, 112, C09013, by: Hood, D. W., John Wiley and Sons, Inc, 287-324, 1971.
doi:2006JC003759, 2007. Buddemeier, R. W., Kleypas, J. A., and Aronson, R. B.: Coral Reefs

Bates, N. R. and Merlivat, L.: The influence of short-term wind  and Global Climate Change: Potential Contributions of Climate
variability on air-sea C@exchange, Geophys. Res. Lett., 28(17), Change to Stresses on Coral Reef Ecosystems, 44, (download re-
3281-3284, 2001. port at: http://www.pewclimate.org/global-warmingindepth/all

Bates, N. R. and Peters, A. J.: The contribution of atmo- reports/corakeefs/index.cfijy Pew Center on Climate Change,
spheric acid deposition to ocean acidification in the sub- 2004.
tropical North Atlantic Ocean, Mar. Chem., 107, 547-558, Cai, W.-J. and Dai, M.. A Comment on “Enhanced open ocean
doi:10.1016/j.marchem.2007.08.002, 2007. storage of C@ from shelf sea pumping”, Science, 306, 1477c,

Bates, N. R., Michaels, A. F., and Knap, A. H.: Seasonal and inter- 2004.
annual variability of the oceanic carbon dioxide system at the US,Cai, W.-J., Dai, M., and Wang, Y.: Air-sea exchange of carbon diox-
JGOFS Bermuda Atlantic Time-series Site, Deep-Sea Res. Il, idein ocean margins: A province-based synthesis, Geophys. Res.
43(2-3), 347-383, d0i:10.1016/0967-0645(95)00093-3, 1996. Lett., 33, L12603, doi:10.1029/2006GL026219, 2006.

Bates, N. R., Best, M. H. P., and Hansell, D. A.: Spatio-temporal Caldeira, K. and Wickett, M. E.. Anthropogenic carbon and ocean
distribution of dissolved inorganic carbon and net community  pH, Nature, 425(6956), 365-365, doi:10.1038/425365a, 2003.
production in the Chukchi and Beaufort Seas, Deep-Sea Res. lICaldeira, K. and Wickett, M. E.: Ocean model predictions of
52(22-24), 3303-3323, doi:10.1016/j.dsr2.2005.10.005, 2005a. chemistry changes from carbon dioxide emissions to the atmo-

Bates, N. R., Hansell, D. A., Moran, S. B., and Codispoti, L. A.:  sphere and ocean, J. Geophys. Res., Oceans, 110(C9),C09S04,
Seasonal and spatial distributions of particulate organic matter doi:10.1029/2004JC002671, 2005.

(POM) in the Chukchi and Beaufort Seas, Deep-Sea Res. Il,Carmack, E. C. and Chapman, D. C.: Wind-driven shelf/basin ex-
52(22—24), 3324-3343, doi:10.1016/j.dsr2.2005.10.003, 2005b. change on an Arctic shelf: The joint roles of ice cover extent
Bates, N. R., Moran, S. B., Hansell, D. A., and Mathis, J. T.: Anin-  and shelf-break bathymetry, Geophys. Res. Lett., 30(14), 1778,

creasing C@ sink in the Arctic Ocean due to sea-ice loss, Geo-  d0i:10.1029/2003GL017526, 2003.
phys. Res. Lett., 33(23), L23609, doi:10.1029/2006GL027028,Carmack, E. C. and Macdonald, R. W.: Oceanography of the Cana-
2006. dian shelf of the Beaufort Sea: A setting for marine life, Arctic,

Bates, N. R., Mathis, J. T., and Cooper, L.: The effect of ocean acid- 55, Supplement 1, 29-45, 2002.
ification on biologically induced seasonality of carbonate min- Carmack, E. and Wassmann, P.. Food webs and physical-
eral saturation states in the Western Arctic Ocean, J. Geophys. biological coupling on pan-Arctic shelves: Unifying concepts
Res.-Oceans, doi:10.1029/2008JC004862, in press, 2009. and comprehensive perspectives, Prog. Oceanogr., 71, 446—477,

Benner, R., Benitez-Nelson, B., Kaiser, K., and Amon, R. M.  doi:10.1016/j.pocean.2006.10.004, 2006.

W.: Export of young terrigenous dissolved organic carbon Cavalieri, D. J. and Martin, S.: The contribution of Alaskan,
from rivers to the Arctic Ocean. Geophys. Res. Lett.,, 31, Siberian, and Canadian coastal polynyas to the cold halocline
doi:10.1029/2003GL019251, 2004. layer of the Arctic Ocean, J. Geophys. Res., 99(C9), 18343—

Bindoff, N. L., Willebrand, J., Artale, V., Cazenave, A., Gregory, 18362, 1994.

J., Gulev, S., Hanawa, K., Le @, C., Levitus, S., Nojiri, Y.,  Cavalieri, D. J., Parkinson, C. L., and Vinnikov, K. Y. 30-
Shum, C. K., Talley, L. D., and Unnikrishnan, A.: Observations:  year satellite record reveals contrasting Arctic and Antarctic

Biogeosciences, 6, 2433459 2009 www.biogeosciences.net/6/2433/2009/


http://www.pewclimate.org/global-warmingindepth/all_reports/coral_reefs/index.cfm
http://www.pewclimate.org/global-warmingindepth/all_reports/coral_reefs/index.cfm

N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle 2453

decadal sea ice variability, Geophys. Res. Lett., 30(18), 1970Dickson, R. R., Osborn, T. J., Hurrell, J. W., Meincke, J. Blindheim,
doi:10.1029/2003GL018031, 2003. J., Adlandsvik, B., Vinje, T., Alekseev, G., and Maslowski, W.:

Cauwet, G. and Sidorov, I.: The biogeochemistry of Lena River:  Arctic ocean response to the North Atlantic oscillation, J. Cli-
organic carbon and nutrients distribution, Marine Chemistry, 53, mate, 13, 2671-2696, 2000.

211-227, 1996. Dieckmann, G. S., Nehrke, G., Papadimitriou, S@ttGcher, J.,

Chapman, W. L. and Walsh, J. E.: Observed climate change in the Steininger, R., Kennedy, H., Wolf-Gladrow, D., and Thomas,
Arctic: updated from Chapman and Walsh, 1993: Recent varia- D. N.: Calcium carbonate as ikaite crystals in Antarctic sea ice,
tions of sea ice and air temperatures in high latitudes, Bull. Am.  Geophys. Res. Lett., 35, L08501, doi:10.1029/2008GL033540,
Met. Soc., 74(1), 33-47, 2003. 2008.

Chen, C. T. A. and Borges, A. V.. Reconciling opposing Dittmar, T. and Kattner, G.: The biogeochemistry of the river and
views on carbon cycling in the coastal ocean: Continen- shelf ecosystem of the Arctic Ocean: a review, Mar. Chem., 83,
tal shelves as sinks and near-shore ecosystems as sources103-120, doi:10.1016/S0304-4203(03)00105-1, 2003.
of atmospheric C@ Deep-Sea Res. I, 56(8-10), 578-581, Dmitrenko, I. A., Tyshko, K. N., Kirillov, S. A., Eicken, H.,
doi:10.1016/j.dsr2.2009.01.001, 2009. Holemann, J. A., and Kassense, H.-M.: Impact of flaw polynyas

Chen, L. Q, and Gao, Z. Y.: Spatial variability in the partial pres-  on the hydrography of the Laptev Sea, Global Planet. Change,
sures of CQ in the northern Bering and Chukchi seas, Deep-Sea 48(1-3), 9-27, doi:10.1016/j.gloplacha.2004.12.016, 2005.

Res. Il, 54(23-26), 2619-2629, doi:10.1016/j.dsr2.2007.08.010Dmitrenko, I. A., Kirillov, S. A., and Tremblay, B. L.: The long-
2007. term and interannual variability of summer fresh water storage

Chierici, M. and Fransson, A.: Calcium carbonate saturation in the over the eastern Siberian shelf: Implications for climate change,
surface water of the Arctic Ocean: undersaturation in freshwater J. Geophys. Res., 113, C03007, doi:10.1029/2007JC004304,
influenced shelves, Biogeosci. Discuss., 6, 4963-4991, 2009. 2008.

Coachman, L. K., Aagaard, K., and Tripp, R. B.: Bering Strait: DOE: Handbook of Methods for the Analysis of the Various Pa-
The Regional Physical Oceanography, University of Washington rameters of the Carbon Dioxide System in Seawater; version 2.0,
Press, Seattle, 169 pp., 1975. (Dickson, A. G. and Goyet, C.), US Department of Energy,CO

Codispoti, L., Flagg, C., and Kelly, V.: Hydrographic conditions Science Team Report, 1994.
during the 2002 SBI process experiments. Deep Sea Res., PaRoney, S. C.: The dangers of ocean acidification, Sci. Am., 294(3),
I, 52, 3199-3226, 2005. 58-65, 2006.

Comiso, J. C., Parkinson, C. L., Gersten, R., and Stock, L.: Accel-Doney, S. C., Fabry, V. J., Feely, R. A., and Kleypas, J. A.: Ocean
erated decline in the Arctic sea ice cover, Geophys. Res. Lett., acidification: The other C®problem, Annual Reviews of Ma-
35, L01703, doi:10.1029/2007GL031972, 2008. rine Science, 1, 169-192, 2009.

Cooper, L. W., Benner, R., McClelland, J. R., Peterson, B. J.,Ducklow, H. W. and McAllister, S. L.. Biogeochemistry of car-
Holmes, R. M., Raymond, P. A., Hansell, D. A., Grebmeier, J.  bon dioxide in the coastal oceans, in: The Sea, Volume 13, The
M., and Codispoti, L. A.: Linkages among runoff, dissolved or-  Global Coastal Ocean-Multiscale Interdisciplinary Processes,
ganic carbon, and the stable oxygen isotope composition of sea- edited by: Robinson, A. R. and Brink, K., J. Wiley and Sons,
water and other water mass indicators in the Arctic Ocean, J. NY, USA, 2005.

Geophys. Res., 110, G02013, doi:1029/2005JG000031, 2005. Else, B. G. T., Papakyriakou, T. N., Granskog, M. A., and Yackel, J.

Cooper, L. W., McClelland, J. W., Holmes, R. M., Raymond, P.  J.: Observations of sea surfac€0, distributions and estimated
A., Gibson, J. J., Guay, C. K., and Peterson, B. J.: Flow- air-sea CQ fluxes in the Hudson Bay region (Canada) during

weighted values of runoff tracers&l@o, DOC, Ba, alkalin- the open water season, J. Geophys. Res. Oceans, 113, C08026,
ity) from the six largest Arctic rivers. Geophys. Res. Lett.,, 35, d0i:10.1029/2007JC004389, 2008.
L18606, doi:10.1029/2008GL035007, 2008. English, T. S.: Some biological oceanographic observations in the

Cota, G. F., Pomeroy, L. R., Harrison, W. G., Jones, E. P., Peters, F., central north Polar Sea, Drift Station Alpha, 1957-1958. Arctic
Sheldon W. M., and Weingartner T. R.: Nutrients, primary pro- Institute of North America Scientific Report 15, 1961.
duction and microbial heterotrophy in the southeastern ChukchiFabry, V. J., Seibel, B. A., Feely, R. A., and Orr, J. C.. Im-
Sea: Arctic summer nutrient depletion and heterotrophy, Marine pacts of ocean acidification on marine fauna and ecosystem
Ecol., Prog. Ser., 135(1-3), 247-258, 1996. processes, ICES Journal of Marine Science, 65, 414-432,
Delille, B., Jourdain, B., Borges, A. V., Tison, J.-L., and Delille, D.:  doi:10.1093/icesjms/fsn048, 2008.
Biogas (CQ, O,, dimethylsulfide) dynamics in spring Antarctic Falkner, K. K., MacDonald, R. W., Carmack, E. C., and Wein-

fast ice, Limnol. Oceanogr., 52, 1367-1379, 2007. gartner, T.: The potential of barium as a tracer of Arctic water
Dickson, A. G.: Thermodynamics of the dissolution of boric acid in  masses, in: Polar Oceans and Their Role in Shaping the Global

synthetic seawater from 27345 to 318.15K, Deep-Sea Res., Environment, edited by: Johannessen, O. M., Muench, R. D.,

37A(5), 755-766, 1990. and Overland, J. E., American Geophysical Unions, Geophys.

Dickson, A. G. and Millero, F. J.: A comparison of the equilibrium Monogr., 85, 63-76, 1994.
constants for the dissociation of carbonic acid in seawater mediaFeely, R. A., Byrne, R. H., Acker, J. G., Betzer, P. R., Chen, C. T.-
Deep-Sea Res., 34, 1733-1743, 1987. A., Gendron, J. R., and Lamb, M. F.: Winter summer variations
Dickson, A. G., Sabine, C. L., and Christian, J. R.: Guide to of calcite and aragonite saturation in the northeast Pacific, Mar.
best practices for ocean GQneasurements, Sidney, British Chem., 25(3), 227-241, 1988.
Columbia, North Pacific Marine Science Organization, PICES Feely, R. A., Sabine, C. L, Lee, K., Berelson, W., Kleypas, J.,
Special Publication 3, 2007. Fabry, V. J., and Millero, F. J.: Impact of anthropogenic QD

www.biogeosciences.net/6/2433/2009/ Biogeosciences, 6, 245832009



2454 N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle

the CaCQ system in the oceans, Science, 305(5682), 362—366, Arctic estuarine sediments: implications for terrestrial or-
doi:10.1126/science.1097329, 2004. ganic carbon export, Global Biogeochem. Cy., 18, GB1036,

Feely, R. A., Sabine, C. L, Hernandez-Ayon, J. M., lanson, D., doi:10.1029/2003GB002087, 2004.
and Hales, B.: Evidence for upwelling of corrosive “acidi- Hakkinen, S.: An Arctic source for the Great Salinity Anomaly:
fied” water onto the continental shelf, Science, 320, 1490-1492, A simulation of the Arctic ice-ocean system for 1955-1975, J.
doi:10.1126/science.1155676, 2008. Geophys. Res., 98(C9), 16397-16410, 1993.

Fransson, A., Chierici, M., Anderson, L. C., Bussmann, |., Kat- Hameedi, M. J.: Aspects of water column primary productivity in
tner, G., Jones, E. P., and Swift, J. H.: The importance of shelf Chukchi Sea during summer, Mar. Biol., 48(1), 37-46, 1978.
processes for the modification of chemical constituents in theHansell, D. A., Whitledge, T. E., and Goering, J. J.: Patterns of
waters of the Eurasian Arctic Ocean: implication for carbon nitrate utilization and new production over the Bering-Chukchi
fluxes, Cont. Shelf Res. 21(3), 225-242, doi:10.1016/S0278- shelf, Cont. Shelf Res., 13, 601-628, 1993.
4343(00)00088-1, 2001. Hansell, D. A., Kadko, D., and Bates, N. R.: Degradation of terrige-

Fransson, A., Chierici, M., and Nojiri, Y.: New insights into the nous dissolved organic carbon in the western Arctic Ocean. Sci-
spatial variability of the surface water carbon dioxide in varying  ence, 304(5672), 858—861, doi:10.1126/science.1096175, 2004.
sea ice conditions in the Arctic Ocean., Cont. Shelf Res., 29(10) Hill, V. and Cota, G.: Spatial patterns of primary production on the
1317-1328, d0i:10.1016/j.csr.2009.03.008, 2009. shelf, slope and basin of the Western Arctic in 2002, Deep-Sea

Gammelsrod, T., Leikvin, O., Lien, V., Budgell, W. P., Loeng, H., Res. Il, 52(22-24), 3344-3354, doi:10.1016/j.dsr2.2005.10.001,
and Maslowski, W.: Mass and heat transports in the NE Barents 2005.

Sea: Observations and models, J. Marine Syst., 75(1-2), 56—6%olland, M. M., Bitz, C. M., and Tremblay, B.: Future abrupt reduc-
doi:10.1016/j.jmarsys.2008.07.010, 2009. tions in the summer Arctic sea ice, Geophys. Res. Lett., 33(23),

Garneau, M. E., Vincent, W. F., Terrado, R., and Lovejoy, C.: L23503, doi:10.1029/2006GL028024, 2006.

Importance of particle-associated bacterial heterotrophy in aHunt, G. L., Stabeno, P., Walters, G., Sinclair, E., Brodeur, R. D.,
coastal Arctic ecosystem, J. Marine Syst., 75(1-2), 185-197, Napp, J. M., and Bond, N. A.: Climate change and control of the
doi:10.1016/j.jmarsys.2008.09.002, 2008. southeastern Bering Sea pelagic ecosystem, Deep-Sea Res. I,

Gattuso, J. P., Frankignoulle, M., and Wollast, R.: Carbon and 49(26),5821-5853, d0i:10.1016/S0967-0645(02)00321-1, 2002.
carbonate metabolism in coastal aguatic ecosystems, Ann. ReVPCC, 2007: The Physical Science Basis. Contribution of Working
Ecol. Syst., 29, 405-434, 1998. Group | to the Fourth Assessment Report of the Intergovernmen-

Giles, K. A., Laxon, S. W, and Ridout, A. L..: Circum- tal Panel on Climate Change, edited by: Solomon, S., Qin, D.,
polar thinning of Arctic sea ice following the 2007 record Manning, M., Chen, Z., Marquis, M., Avery, K. B., Tignor, M.,
ice extent minimum, Geophys. Res. Lett.,, 35(22), L22502, and Miller, H. L., Cambridge University Press, Cambridge, UK
doi:10.1029/2008GL035710, 2008. and NY, NY, USA, Climate Change, 996 pp., 2007.

Gordeeyv, V. V., Martin, J. M., Sidorov, I. S., Sidorova, M. V.: A Jones, E. P. and Anderson, L. G.: On the origin of chemical prop-
reassessment of the Eurasian River input of water, sediment, ma- erties of the Arctic Ocean halocline, J. Geophys. Res., 91(C9),
jor elements, and nutrients to the Arctic Ocean, J. Am. Sci., 296, 10759-10767, 1986.

664—691, 1996. Jones, E. P., Anderson, L. G., and Wallace, D. W. R.: Tracers of

Gosink, T. A., Pearson, J. G., and Kelley, J. J.: Gas movement near-surface, halocline and deep waters in the Arctic Ocean: Im-
through sea ice, Nature, 263, 41-42, doi:10.1038/263041al, plications for circulation, J. Mar. Syst., 2, 241-255, 1991.

1976. Jones, E. P., Rudels, B., and Anderson, L. G.: Deep waters of the

Gosselin, M., Levasseur, M., Wheeler, P. A., Horner, R. A., and Arctic ocean — origin and circulation, Deep-Sea Res. |, 42, 737—
Booth, B. C., New measurements of phytoplankton and ice al- 760, 1995.
gal production in the Arctic Ocean, Deep-Sea Res. I, 44, 1623-Jones, E. P., Swift, J. H., Anderson, L. G., Lipzer, M., Civatarese,
1644, doi:10.1016/S0967-0645(97)00054-4, 1997. G., Falkner, K. K., Kattner, G., and McLaughlin, F.: Tracing

Gow, A. J. and Tucker, W. B.: Sea ice in the polar regions, in:  Pacific water in the North Atlantic Ocean. J. Geophys. Res.,
Polar Oceanography, edited by: Smith, W. O., Academic Press, 108(C4), 3116, doi:10.1029/2001JC001141, 2003.

London, UK, 47-122, 1990. Jones, E. P, Anderson, L. G., Jutterstrom, S., Mintrop, L.,

Goyet, C., and Poisson, A. P.. New determination of carbonic acid and Swift, J. H.: Pacific freshwater, river water and sea-ice
dissociation constants in seawater as a function of temperature meltwater across the Arctic Ocean basins: Results from the
and salinity, Deep-Sea Res., 36, 1635-1654, 1989. 2005 Beringia Expedition, J. Geophys. Res., 113(C8), C08012,

Grebmeier, J. M., Bates, N. R., and Devol, A.: Continental Margins  doi:10.1029/2007JC004124, 2008.
of the Arctic Ocean and Bering Sea, in: North American Con- Jutterstém, S. and Anderson, L. G.: The saturation of calcite and
tinental Margins: A Synthesis and Planning Workshop, US Car-  aragonite in the Arctic Ocean, Marine Chem., 94(1-4), 101-110,
bon Cycle Science Program, Washington DC, edited by: Hales, doi:10.1016/j.marchem.2004.08.010, 2005.

B., Cai, W.-J., Mitchell, B. G., Sabine, C. L., and Schofield, O., Kadko, D. and Swart, P.: The source of the high heat and
120 pp., 61-72, 2008. freshwater content of the upper ocean at the SHEBA site in

Guay, C. K. and Falkner, K. K.: Barium as a tracer of Arctic  the Beaufort Sea in 1997, J. Geophys. Res., 109, C01022,
halocline and river waters, Deep-Sea Res. I, 44(8), 1543-1570, do0i:10.1029/2002JC001734, 2004.
doi:10.1016/S0967-0645(97)00066-0, 1997. Kaltin, S. and Anderson, L. G.: Uptake of atmospheric carbon

Guo, L., Semiletov, I., Gustafsson, O., Ingri, J., Andersson, dioxide in Arctic shelf seas: Evaluation of the relative impor-
P., Dudarev, O., and White, D.: Characterization of Siberian tance of processes that influenp€0O, in water transported

Biogeosciences, 6, 24332459 2009 www.biogeosciences.net/6/2433/2009/



N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle 2455

over the Bering-Chukchi Sea shelf, Mar. Chem., 94(1-4), 67-79, 34, 668-672, 1994.

doi:10.1016/j.marchem.2004.07.010, 2005. Manley, T. O. and Hunkins, K.: Mesoscale eddies of the Arctic
Kaltin, S., Anderson, L. G., Olsson, K., Fransson, A., and Ocean.J. Geophys. Res., 90(NC3), 4911-4930, 1985.

Chierici, M.: Uptake of atmospheric carbon dioxide in the Bar- Maslanik, J., Drobot, S., Fowler, C., Emery, W., and Barry. R.:

ents Sea, J. Marine Syst., 38(1-2), 31-45, doi:10.1016/S0924- On the Arctic climate paradox and the continuing role of atmo-

7963(02)00168-9, 2002. spheric circulation in affecting sea ice conditions, Geophys. Res.
Kattner, G., Lobbes, J. M., Fitznar, H. P., Engbrodt, R., Nothig, E.-  Lett., 34, L0O3711, doi:10.1029/2006GL028269, 2007.

M., and Lara, R. J.: Tracing dissolved organic substances and nuMaslowski, W., Marble, D. C., Walczowski, W., and Semtner, A. J.:

trients from the Lena River through Laptev Sea (Arctic), Marine  On large-scale shifts in the Arctic Ocean and sea-ice conditions

Chemistry, 65(1-2), 25-39, doi:10.1016/S0304-4203(99)00008- during 1979-98, Ann. Glaciol., 33, 545-550, 2001.

0, 1999. Mathis, J. T., Pickart, R. S., Hansell, D. A., Kadko, D., and
Kelley Jr., J. J.: Carbon dioxide in the surface waters of the North Bates, N. R.: Eddy transport of organic carbon and nutrients
Atlantic and the Barents and Kara Sea, Limnol. Oceanogr., 15(1), from the Chukchi Shelf: Impact on the upper halocline of

80-87, 1970. the western Arctic Ocean, J. Geophys. Res., 112(C5), C05011,
Kinney, P., Arhelger, M. E., and Burrell, D. C.: Chemical charac- doi:10.1029/2006JC003899, 2007a.

teristics of water masses in the Amerasian Basin of the ArcticMathis, J. T., Hansell, D. A., Kadko, D., Bates, N. R., and Cooper,

Ocean, J. Geophys. Res., 75, 4097-4104, 1970. L. W.: Determining net dissolved organic carbon production in
Legendre, L., Ackley, S. F., Dieckmann, G. S., Gullicksen, B., the hydrographically complex western Arctic Ocean, Limnol.

Horner, R., Hoshiai, T., Melnikov, I. A., Reeburgh, W. S., Oceanogr., 52(5), 1789-1799, 2007b.

Spindler, M., and Sullivan, C. W.: Ecology of sea ice biota: 2. Mathis, J. T., Hansell, D. A., and Bates, N. R.: Interannual

Global significance, Polar Biol., 12, 429—-444, 1992. variability of dissolved inorganic carbon distribution and net
Lepore, K., Moran, S. B., Grebmeier, J. M., Cooper, L. W.,, La- community production during the Western Arctic Shelf-Basin

lande, C., Maslowski, W., Hill, V., Bates, N. R., Hansell, D. Interactions Project, Deep-Sea Res. I, 56(17), 1213-1222,

A., Mathis, J. T., and Kelly, R. P.: Seasonal and interannual doi:10.1016/j.dsr2.2008.10.017, 2009.

changes in particulate organic carbon export and deposition irMcGuire, A. D., Chapin, F. S., Walsh, J. E., and Wirth, C.: Inte-

the Chukchi Sea. Journal of Geophysical Research, 112, C10024, grated regional changes in arctic climate feedbacks: implications

doi:10.1029/2006JC003555, 2007. for the global climate system. Ann. Rev. Environ. Res., 31, 61—
Levi, B. G.: The decreasing Arctic ice cover. Physics Today, 53(1), 91, doi:10.1146/annurev.energy.31.020105.100253, 2006.
19-20, 2000. Mehrbach, C., Culberson, C. H., Hawley, J. E., and Pytkow-

Lindsay, R. W. and Zhang, J.: The thinning of Arctic sea ice, 1988— icz, R. M.: Measurement of the apparent dissociation constants
2003: Have we passed a tipping point?, J. Climate, 18(22), 4879— of carbonic acid in seawater at atmospheric pressure, Limnol.
4894, doi:10.1175/JCLI3587.1, 2005. Oceanogr., 18, 897-907, 1973.

Lundberg, L. and Haugen, P. M.: A Nordic Seas — Arctic Ocean car-Melling, H.: The formation of a haline shelf front in wintertime in
bon budget from volume flows and inorganic carbon data, Global an ice-covered arctic sea, Cont. Shelf Res., 13, 1123-1147, 1993.
Biogeochem. Cy., 10, 493-510, 1996. Merico, A., Tyrrell, T., Lessard, E. J., Oguz, T., Stabeno, P. J.,

Macdonald, R. W., Paton, D. W., Carmack, E. C., and Omstedt, Zeeman, S. |., and Whitledge, T. E.: Modelling phytoplank-
A.: The fresh-water budget and under-ice spreading of Macken- ton succession on the Bering Sea shelf: role of climate in-
zie River water in the Canadian Beaufort Sea based on salinity fluences and trophic interactions in generating Emiliania hux-
and J'8/06 measurements in water and ice, J. Geophys. Res., leyi blooms 1997-2000, Deep-Sea Res. |, 51(12), 1803-1826,
100(C1), 895919, 1995. doi:10.1016/j.dsr.2004.07.003, 2004.

Macdonald, R. W., Carmack, E. C., and Paton, D. W.: Us- Millero, F. J.: Thermodynamics of the carbon dioxide system in the
ing the delta as composition in landfast ice as a record of oceans, Geochim. Cosmochim. Acta, 59, 661-677, 1995.

Arctic estuarine processes, Marine Chemistry, 65(1-2), 3—24 Mucci, A.: The solubility of calcite and aragonite in seawater at var-
doi:10.1016/S0304-4203(99)00007-9, 1999. ious salinities, temperatures, and one atmosphere total pressure.

Macdonald, R. W., McLaughlin, F. A., and Carmack, E. C.: Fresh Am. J. Sci., 283, 780-799, 1983.
water and its sources during the SHEBA drift in the CanadaMucci, A., Forest, A., Fortier, L., Fukuchi, M., Grant, J., Hattori, H,
Basin of the Arctic Ocean, Deep Sea Res., Part |, 49(10), 1769— Hill, P, Lintern, G., Makbe, R., Magen, C., Miller, L., Sampei,
1785, doi:10.1016/S0967-0637(02)00097-3, 2002. M., Sasaki, H., Sundby, B., Walker, T., and Wassman, P.: Chapter

Macdonald, R. W. Anderson, L. G., Christensen, J. P., Miller, L.  7: Organic and inorganic fluxes, in: On Thin Ice: A Synthesis of
A., Semiletov, I. P., and Stein, R.: The Arctic Ocean, in: Carbon the Canadian Arctic Shelf Exchange Study (CASES), edited by:
and Nutrient Fluxes in Continental Margins: A Global Synthesis,  Fortier, L., Barber, D., and Michaud, J., University of Manitoba
edited by: Liu, K. K., Atkinson, L., Quinones, R., and Talue- Publication, 113-141, 2008.

McManus, L., Global Change — The IGBP Series, Springer, NewMuench, R. D., Gunn, J. T., Whitledge, T. E., Schlosser, P., and
York, USA, 291-303, 2009. Smethie, W.: An Arctic Ocean cold core eddy, J. Geophys. Res,

Macklin, S. A., Radchenko, V. I., Saitoh, S., and Stabeno, P. J.. 105(C10), 23997-24006, 2000.

Variability in the Bering Sea ecosystem, Prog. Oceanogr., 55(1-Murata, A. and Takizawa, T.: Summertime €@inks in shelf
2),1-4, 2002. and slope waters of the western Arctic Ocean, Cont. Shelf Res.,

Makkaveev, P. N.: The dissolved inorganic carbon in the Kara Sea 23(8), 753-776, do0i:10.1016/S0278-4343(03)00046-3, 2003.

and in the mouths of the Ob and Yenisei Rivers, Okeanologiya,Mysak, L. A., Manak, D. K., and Marsden, R. F.: Sea ice anomalies

www.biogeosciences.net/6/2433/2009/ Biogeosciences, 6, 245832009



2456 N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle

observed in the Greenland and Labrador Seas during 1901-1984 recent decrease of the Arctic Oscillation, Geophys. Res. Lett.,

and their relation to an interdecadal Arctic climate cycle, Clim.  32(6), L06701, doi:10.1029/2004GL021752, 2005.

Dynam., 5(2), 111-133, 1990. Overland, J. E. and Wang, M.: Future regional Arctic
Nagurnyi, A. P.: On the role of Arctic sea-ice in seasonal variabil- sea ice declines. Geophys. Res. Lett, 34(17), L17705,

ity of carbon dioxide concentration in Northern Latitudes, Russ.  doi:10.1029/2007GL030808, 2007.

Meteorol. Hydrol., 33(1), 43—-47, 2008. Overland, J. E., Wang, M., and Salo, S.: The recent Arctic
Nakaoka, S., Aiki, A., Nakazawa, T., Hashida, G., Morimoto, S., warm period, Tellus A, 60(4), 589-597, doi:10.1111/j.1600-

Yamanouchi, T., and Yoshikawa-Inoue, H.: Temporal and spatial 0870.2008.00327.x, 2008.

variations of oceanipCO, and air-sea C®flux in the Green-  Pabi, S., van Dijken, G. L., and Arrigo, K. R.: Primary produc-

land Sea and the Barents Sea, Tellus, 58(2), 148-161, 2006. tion in the Arctic Ocean, 1998-2006, J. Geophys.Res., 113(C8),
Napp, J. M., Baier, C. T., Brodeur, R. D., Coyle, K. O, Shiga, N,  C08005, doi:10.1029/2007JC004578, 2008.

and Mier, K.: Interannual and decadal variability in zooplankton Paquette, R. G. and Bourke, R. H.: Observations on the coastal

communities of the southeast Bering Sea shelf, Deep-Sea Res. ll, current of arctic Alaska, J. Mar. Res., 32, 195-207, 1974.

49(26), 5991-6008, doi:10.1016/S0967-0645(02)00330-2, 2002Parkinson, C. L.: Variability of Arctic seaice: The view from space,
Nikolopoulos, A., Pickart, R. S., Fratantoni, P. S., Shimada, K., Tor- and 18-year record, Arctic, 53, 341-358, 2000.

res, D. J., and Jones, E. P.: The western Arctic boundary currenPerovich, D. K. Light, B., Eicken, H., Jones, K. F., Runciman,

at 152 W: Structure, variability, and transport, Deep-Sea Res. Il, K., and Nghiem, S. V.: Increasing solar heating of the Arc-
56(17), 1164-1181, doi:10.1016/j.dsr2.2008.10.014, 2009. tic Ocean and adjacent seas, 1979-2005: Attribution and role
Nitishinsky, M., Anderson, L. G., anddfemann, J. A.: Inorganic in the ice-albedo feedback, Geophys. Res. Lett.,, 34, L19505,

carbon and nutrient fluxes on the Arctic Shelf, Cont. Shelf Res., do0i:10.1029/2007GL031480, 2007
27(10-11), 1584-1599, doi:10.1016/j.csr.2007.01.019, 2007. Peterson, B. J., Holmes, R. M., McClelland, J. W., Vorosmarty, C.
Olsen, A., Bellerby, R. G. J., Johannessen, T., Omar, A. M., and J., Lammers, R. B., Shiklomanoy, A. I., Shiklomanov, I. A., and
Skjelvan, I.: Interannual variability in the wintertime air-sea flux ~ Rahmstorf, S.: Increasing river discharge to the Arctic Ocean,
of carbon dioxide in the northern North Atlantic, 1981-2001, Science, 298, 2171-2173, doi:10.1126/science.1077445, 2002.
Deep-Sea Res. |, 50(10-11), 1323-1338, do0i:10.1016/S0967Pickart, R. S., Weingartner, T. J., Zimmermann, S., Torres, D. J.,
0637(03)00144-4, 2003. and Pratt, L. J.: Flow of winter-transformed Pacific water into
Olsson, K. and Anderson, L. G.: Input and biogeochemical trans- the Western Arctic, Deep-Sea Res. I, 52(24-26), 3175-3198,
formation of dissolved carbon in the Siberian shelf seas, Cont. doi:10.1016/j.dsr2.2005.10.009, 2005.

Shelf Res., 17(7), 819-833, 1997. Pickart, R. S., Fratantoni, P. S., Goldsmith, R. A., Moore, G. W. K.,
Omar, A. M., Johannessen, T., Kaltin, S., and Olsen, A.: Agnew, T., and Vandeweghe, J.: Upwelling in the western Arc-
Anthropogenic increase of oceanipCO, in the Barents tic boundary current north of Alaska, EOS Trans. AGU, 87(36),
Sea surface water, J. Geophys. Res., 108(C12), 3388, Ocean Sci. Meet. Suppl., Abstract 0S350-07, 2006.
doi:10.1029/2002JC001628, 2003. Pickart, R. S., Moore, G. W. K., Torres, D. J., Fratantoni,

Omar, A., Johannessen, T., Bellerby, R. G. J., Olsen, A., Anderson, P. S., Goldsmith, R. A., and Yang, J.: Upwelling on the
L. G., and Kivinae, C.: Sea ice and brine formation in Storfjor-  continental slope of the Alaskan Beaufort Sea: Storms, ice,
den: Implications for the Arctic wintertime air-sea g@ux, in: and oceanographic response, J. Geophys. Res., 114, CO0A13,
The Nordic Seas: An Integrated Perspective: Oceanography, cli- doi:10.1029/2208JC005009, 2009.
matology, biogeochemistry, and modeling, edited by: Drange,Piepenburg, D.: Recent research on Arctic benthos: common no-
H., Dokken, T., Furevik, T., Gerdes, R., and Berger, W., Geoph. tions need to be revised, Polar Biol., 28(10), 733-755, doi:

Monogr., 158, 177-187, 2005. 10.1007/s00300-005-0013-5, 2005.

Omar, A. M., Johannessen, T., Olsen, A., Kaltin, S., and Rey, F.:Pipko I. I., Semiletov I. P., Tishchenko P. Y., Pugach S. P., and
Seasonal and interannual variability of the air-sea@Ox in Christensen J. P.: Carbonate chemistry dynamics in Bering
the Atlantic sector of the Barents Sea, Mar. Chem., 104(3-4), Strait and the Chukchi Sea, Prog. Oceanogr., 55(1-2), 77-94,
203-213, doi:10.1016/j.marchem.2006.11.002, 2007. doi:10.1016/S0079-6611(02)00071-X, 2002.

Opsahl, S., Benner, R., and Amon, R. W.: Major flux of terrige- Polyakov, I. V., Alekseev, G. V., Timokhov, L. A., Bhatt, U. S,
nous dissolved organic matter through the Arctic Ocean, Limnol. Colony, R. L., Simmons, H. L., Walsh, D., Walsh, J. E., and
Oceanogr., 44(8), 2017-2023, 1999. Zakharov, V. F.: Variability of the intermediate Atlantic water of

Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, the Arctic Ocean over the last 100 years, J. Clim., 17(23), 4485—
R. A., Gnanadesikan, A., Gruber, N., Ishida, A., Joos, F., Key, 4497, doi:10.1175/JCLI-3224.1, 2004.

R. M., Lindsay, K., Maier-Reimer, E., Matear, R., Monfray, P., Rigor, . G. and Wallace, J. M.: \Variations in the age of

Mouchet, A., Najjar, R. G., Plattner, G. K., Rodgers, K. B., Arctic sea-ice extent, Geophys. Res. Lett,, 31(9), L09401,
Sabine, C. L., Sarmiento, J. L., Schlitzer, R., Slater, R. D., Tot-  d0i:10.1029/2004GL019492, 2004.

terdell, I. J., Weirig, M. F., Yamanaka, Y., and Yool, A.: Anthro- Rigor, I. G., Wallace, J. M., and Colony, R. L.: Response of sea
pogenic ocean acidification over the twenty-first century and its ice to the Arctic Oscillation, J. Climate, 15(18), 2648—2663,

impacts on calcifying organisms, Nature, 437, 681-686, 2005. doi:10.1175/1520-0442(2002)015, 2002.

Orr, J., Anderson, L. G., Bates, N. R., Bopp, L., Fabry, V. J., Roach, A. T., Aagaard, K., Pease, C. H., Salo, S. A., Weingartner,
Jones, E. P., and Swingedouw, D.: Arctic Ocean acidification, T.J., Pavlov, V., and Kulakov, M.: Direct measurements of trans-
AGU/TOS/ASLO meeting, Hawaii, February 2006. port and water properties through Bering Strait, J. Geophys. Res.,

Overland, J. E. and Wang, M.: The Arctic climate paradox: The 100(C9), 18443-18457, 1995.

Biogeosciences, 6, 24332459 2009 www.biogeosciences.net/6/2433/2009/



N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle 2457

Rothrock, D. A. and Zhang. J.: Arctic Ocean sea ice volume: Serreze, M. C. and Francis, J. A.: The Arctic amplification debate,
What explains its recent depletion?, J. Geophys. Res., 110(C1), Clim. Change, 76, 241-264, 2006.

C01002, doi:10.1029/2004JC002282, 2005. Serreze, M. C., Walsh, J. E., Chapin, F. S., Osterkamp, T., Dyurg-

Rothrock, D. A., Zhang, J., and Yu, Y.: The arctic ice thick- erov, M., Romanovsky, V., Oechel, W. C., Morison, J., Zhang, T.,
ness anomaly of the 1990s: A consistent view from ob- and Barry, R. G. Observational evidence of recent change in the
servations and models, J. Geophys. Res., 108(C3), 3083, northern high-latitude environment, Clim. Change, 46, 159-207,
doi:10.1029/2001JC001208, 2003. 2000.

Roy, R. N., Roy, L. N., Vogel, R., Moore, C. P., Pearson, T., Good, Serreze, M. C., Barrett, A. P.,, Slater, A. G., Woodgate, R. A,,
C. E., Millero, F. J., and Campbell, D.: Determination of the  Aagaard, K., Lammers, R. B., Steele, M., Moritz, R., Mered-
ionization constants of carbonic acid in seawater, Marine Chem., ith, M., and Lee, C. M.: The large-scale freshwater cycle
44, 249-268, 1993. of the Arctic. Journal of Geophysical Research, 111, C11010,

Royal Society: Ocean acidification due to increasing atmospheric doi:10.1029/2005JC003424, 2006.
carbon dioxide, The Clyvedon Press, Ltd, Cardiff, UK, 2005. Serreze, M. C., Holland, M. M., and Stroeve, J.: Perspectives on

Rudels, B., Anderson, L. G., and Jones, E. P.: Formation and evolu- the Arctic’s shrinking sea-ice cover, Science, 315(5818), 1533—
tion of the surface mixed layer and halocline of the Arctic Ocean, 1536, doi:10.1126/science.1139426, 2007.

J. Geophys. Res.-Ocean., 101(C4), 8807-8821, 1996. Shimada, K., Kamoshida, T., Itoh, M., Nishino, S., Carmack, E.,

Rysgaard, S., Glud, R. N., Sejr, M. K., Bendtsen, J., and Chris- McLaughlin, F., Zimmermann, S., and Proshutinsky A.: Pa-
tensen, P. B.: Inorganic carbon transport during sea ice growth cific Ocean inflow: influence on catastrophic reduction of sea ice
and decay: A carbon pump in polar seas, J. Geophys. Res., 112, cover in the Arctic Ocean, Geophys. Res. Lett., 33(8), L08605,
C03016, doi:10.1029/2006JC003572, 2007. doi:10.1029/2005GL025624, 2006.

Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullis- Skjelvan, I., Olsen, A., Anderson, L. G., Bellerby, R. G. J., Falck,
ter, J. L., Wanninkhof, R., Wong, C. S., Wallace, D. W. R,, E., Kasajima, Y., Kivinde, C., Omar, A., Rey, F., Olsson, K. A.,
Tilbrook, B., Millero, F. J., Peng, T.-H., Kozyr, A., Ono, T., and Johannessen, T., and Heinze, C.: A review of the biogeochem-
Rios, A. F.: The oceanic sink for anthropogenic £Gcience, istry of the Nordic Seas and Barents Sea, in: Drange, edited by:
305, 367-371, doi:0.1126/science.1097403, 2004. Drange, H., Dokken, T., Furevik, T., Gerdes, R., and Berger, W.,

Sakshaug, E.: Primary and secondary production in the Arctic seas, The Nordic Seas: An Integrated Perspective Oceanography, Cli-
in: The Organic Carbon Cycle in the Arctic Ocean, edited by: = matology and Modelling, American Geophysical Union, Wash-
Stein, R. and Macdonald, R. W., Springer Publishing Company, ington DC, USA, 157-175, 2005.

Heidelberg, Germany, 57-81, 2004. Skjelvan, I. M., Joahannessen, T., and Miller, L.: Interannual vari-

Salisbury, J. E., Green, M., Hunt, C., and Campbell, J.: Coastal ability of fCO, in the Greenland and Norwegian Seas, Tellus B,
acidification by rivers: A threat to shellfish?, EOS, Transactions, 51, 477-489, 1999b.

89(50), 513-0528, 2008. Smith, D. M.: Recent increase in the length of the melt season of

Salmon, D. K. and McRoy, C. P.: Nutrient-based tracers in the perennial Arctic sea ice, Geophys. Res. Lett., 25(5), 655-658,
Western Arctic: A new lower halocline water defined, in: The  1998.

Polar Oceans and Their Role in Shaping the Global EnvironmentSmith, S. V. and Hollibaugh, J. T.: Coastal metabolism and the
edited by: Johannessen, O. M., Muench, R. D., and Overland, J. oceanic organic carbon balance, Rev. Geophys., 31, 75-89, 1985.
E., American Geophysical Union, Geoph. Monogr., 85, 47-61, Spall, M. A., Pickart, R. S., Fratantoni, P. S., and Plueddemann, A.
1994. J.: Western Arctic shelfbreak eddies: Formation and transport, J.

Sambrotto, R. N., Goering, J. J., and McRoy, C. P.: Large yearly Phys. Oceanogr., 38, 1644-1668, doi:10.1175/2007JP03829.1,
production of phytoplankton in the western Bering Sea, Science, 2008.

225,1147-1155, 1984. Stabeno, P. J., Bond, N. A,, Kachel, N. B., Salo, S. A., and Schu-

Santana-Casiano, J. M., Gonzalez-Davila, M., Rueda, M.-J., Lli- macher, J. D. On the temporal variability of the physical environ-
nas, O., and Gonzalez-Davila, E.-F.: The interannual variability —ment over the south-eastern Bering Sea, Fish. Oceanogr., 10(1),
of oceanic CQ parameters in the western Atlantic subtropical  81-98, 2001.
gyre at the ESTOC site, Global Biogeochem. Cy., 21, GB1015,Stabeno P. J., Kachel N. B., Sullivan, M., and Whitledge, T. E.:
doi:10.1029/2006GB002788, 2007. Variability of physical and chemical characteristics along the

Schlosser, P., Swift, J. H., Lewis, D., and Pfirman, S.: The role of 70m isobath of the southeastern Bering Sea, Deep-Sea Res. Il,
the large-scale Arctic Ocean circulation in the transport of con-  49(26), 5931-5943, doi:10.1016/S0967-0645(02)00327-2, 2002.

taminant, Deep-Sea Res. Il, 42, 1341-1368, 1995. Steele, M. and Boyd, T.: Retreat of the cold halocline layer in the
Semiletov, |. P.: Aquatic sources of G@nd CH; in the Polar re- Arctic Ocean, J. Geophys. Res., 103(C5), 10419-10435, 1998.
gions, J. Atmos. Sci., 56(2), 286—306, 1999. Steinacher, M., Joos, F., Frolicher, T. L., Plattner, G.-K., and Doney,

Semiletov, I., Makshatas, A. |., Akasofu, S.-I., and Andreas, E. L.: S. C.: Imminent ocean acidification of the Arctic projected with
Atmospheric CQ balance: The role of arctic sea ice, Geophys. the NCAR global coupled carbon-cycle climate model, Biogeo-
Res. Lett., 31(5), L05121, doi:10.1029/2003GL017996, 2004. sciences, 6(4), 515-533, 2009.

Semiletov, I. P., Pipko, I. I., Repina, I., and Shakhova, N. E.: Car-Stroeve, J. C., Serreze, M. C., Fetterer, F., Arbetter, T., Meier, W.,
bonate chemistry dynamics and carbon dioxide fluxes across the Maslanik, J., and Knowles, K.: Tracking the Arctic’s shrinking
atmosphere-ice-water interface in the Arctic Ocean, J. Marine ice cover: Another extreme September minimum in 2004, Geo-
Syst., 66(1-4), 204-226, doi:10.1016/j.jmarsys.2006.05.012, phys. Res. Lett., 32(4), L04501, doi:10.1029/2004GL021810,
2007. 2005.

www.biogeosciences.net/6/2433/2009/ Biogeosciences, 6, 245832009



2458 N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle

Stroeve, J., Holland, M. M., Meier, W., Scambos, T., and Serreze Wallace, D. W. R., Moore, R. M., and Jones, E. P.: Ventilation of
M.: Arctic sea ice decline: Faster than forecast, Geophys. Res. the Arctic Ocean cold halocline: rates of diapycnal and isopycnal

Lett., 34(9), L09501, d0i:10.1029/2007GL029703, 2007. transport, oxygen utilization and primary production inferred us-

Subba Rao, D. V. and Platt, T.: Primary production of Arctic waters. ing chlorofluoromethane distributions, Deep-Sea Res., 34, 1957—
Polar Biol., 3(4), 191-201, 1984. 1979, 1987.

Takahashi, T., Olafsson, J., Goddard, J. G., Chipman, D. W., andVang, J., Ikeda, M., Zhang, S., and Gerdes, R.: Linking the north-
Sutherland, S. G.: Seasonal variation of £hd nutrients in the ern hemisphere sea-ice reduction trend and the quasi-decadal arc-
high-latitude surface oceans: a comparative study, Global Bio- tic sea-ice oscillation, Clim. Dynam., 24(2-3), 115-130, 2005.
geochem. Cy., 7(4), 843-878, 1993. Wang, W. Q., Yang, X. T., Huang, H. B., and Chen, L. Q.: Investi-

Takahashi, T., Sutherland, S. C., Sweeney, C., Poisson, A., Metzl, gation on distribution and fluxes of sea—air £a the expedition
N., Tilbrook, B., Bates, N., Wanninkhof, R., Feely, R. A., Sabine, areas in the Arctic Ocean, Science in China Series D — Earth Sci-
C., Olafsson, J., and Nojiri, Y.: Global sea-air €@ux based ences, 46, 569-580, 2003.
on climatological surface ocegrCO,, and seasonal biological Wanninkhof, R.: Relationship between wind speed and gas ex-
and temperature effects, Deep-Sea Res. Il, 49(9-10), 1601-1622, change over the ocean, J. Geophys. Res. Oceans, 97, 7373-7382,
doi:10.1016/S0967-0645(02)00003-6, 2002. 1992.

Takahashi, T., Sutherland, S. C., Wanninkhof, R., Sweeney, C.Wanninkhof, R. and McGillis, W. R.: A cubic relationship be-
Feely, R. A., Chipman, D. W., Hales, B., Friederich, G., Chavez, tween air-sea C® exchange and windspeed, Geophys. Res.
F., Sabine, C., Watson, A., Bakker, D. C. E., Schuster, U., Metzl, Lett., 26(13), 1889-1892, 1999.

N., Yoshikawa-Inoue, H., Ishii, M., Midorikawa, Nojiri, Y., Ko-  Weingartner, T. J., Cavalieri, D. J., Aagaard, K., and Sasaki, Y.:
rtzinger, A., Steinhoff, T., Hoppema, M., Olafsson, J., Arnar-  Circulation, dense water formation, and outflow on the northeast
son, T. S., Tilbrook, B., Johannessen, T., Olsen, A., Bellerby, R., Chukchi shelf, J. Geophys. Res., 103(C4), 7647-7661, 1998.
Wong, C. S., Delille, B., Bates, N. R., and de Baar, H. J. W.: Cli- Weingartner, T. J., Danielson, S., Sasaki, Y., Pavlov, V., and Ku-
matological mean and decadal change in surface op€aDp, lakov, M.: The Siberian Coastal Current: A wind- and buoyancy-
and net sea-air C&flux over the global oceans, Deep-Sea Res.  forced Arctic coastal current, J. Geophys. Res., 104(C12),
I, 56(8-10), 554-577, doi:10.1016/j.dsr2.2008.12.009,2009. 29697-29713, 1999.

Tanhua, T., Jones, E. P, Jeansson, E., Jutterstrom, S., SmethM/eingartner, T., Aagaard, K., Woodgate, R., Danielson, S.,
W. M., Wallace, D. W. R., and Anderson, L. G.: Ventilation of Sasaki, Y., and Cavalieri, D.: Circulation on the north central
the Arctic Ocean: Mean ages and inventories of anthropogenic Chukchi Sea shelf, Deep-Sea Res. Il, 52(24-26), 3150-3174,
CO, and CFC-11, J. Geophys. Res. Oceans, 114(C1), C01002, doi:10.1016/j.dsr2.2005.10.015, 2005.
doi:10.1029/2008JC004868, 2009. Wheeler, P. A., Gosselin, M., Sherr, E., Thibault, D., Kirchman, D.

Thomas, H., Schiettecatte, L.-S., Suykens, K., Kone, Y. J. M., Shad- L., Benner, R., and Whitledge, T. E.: Active cycling of organic
wick, E. H., Prowe, A. E. F,, Bozec, Y., de Baar, H. J. W., and  carbon in the central Arctic Ocean, Nature, 380(6576), 697—699,
Borges, A. V.: Enhanced ocean carbon storage from anaerobic al- 1996.
kalinity generation in coastal sediments, Biogeosciences, 6, 267-Wijffels, S. E., Schmitt, R. W., Bryden, H. L., and Stigebrandt, A.:
274, 2009 http://www.biogeosciences.net/6/267/2009/ Transport of freshwater by the oceans, J. Geophys. Res.,22, 155—

Tremblay, JE., Simpson, K., Martin, J., Miller, L., Gratton, Y., 162, 1992.

Barber, D., and Price, N. M.: Vertical stability and the an- Wilson, C. and Wallace, D. W. R.: Using the nutrient ratio NO/PO
nual dynamics of nutrients and chlorophyll fluorescence in the as a tracer of continental shelf waters in the central Arctic Ocean,
coastal, southeast Beaufort Sea, J. Geophys. Res., 113, C07S90,J. Geophys. Res., 95(C12), 22193-22208, 1990.
doi:10.1029/2007JC004547, 2008. Wwinn, C. D., Mackenzie, F. T., Carillo, C. J., Sabine, C. L., and Karl,

Tucker, W. and Cate, D.: The 1994 Arctic ocean Section: The first D. M.: Air-sea carbon dioxide exchange in the North Pacific Sub-
major scientific crossing of the Arctic Ocean, US Army Cold  tropical Gyre: Implications for the global carbon budget, Global
Regions Research and Engineering Laboratory, Special Report, Biogeochem. Cy., 8(2), 157-163, 1994.

117, 96-23, 1996. Winsor, P. and Bjork, G.: Polynya activity in the Arctic Ocean from

Wadley, M. R. and Bigg, G. R.: Impact of flow through the Cana- 1958 to 1997, J. Geophys. Res., 105(C4), 8789-8803, 2000.
dian Archipelago and Bering Strait on the North Atlantic and Winsor, P. and Chapman, D. C.: Pathways of Pacific water across
Arctic circulation: An ocean modelling study, Q. J. Roy., Me-  the Chukchi Sea: A numerical model study, J. Geophys. Res.,
teor. Soc., 128, 2187-2203, 2002. 109, C03002, doi:10.1029/2003JC001962, 2004.

Walsh, J. E. and Chapman, W. L.: Arctic contribution to upper- Winton, M.: Does the Arctic sea-ice have a tipping point?, Geo-
ocean variability in the North Atlantic, J. Climate, 3(12), 1462—  phys. Rese. Lett., 33(23), L23504, doi:10.1029/2006GL028017,
1473, 1990. 2006.

Walsh, J. J.: Importance of continental margins in the marine bio-Wollast, R.: Evaluation and comparison of the global carbon cycle
geochemical cycling of carbon and nitrogen, Nature, 350, 53-55, in the coastal zone and in the open ocean, in: The Sea 10, The
1991. Global Coastal Ocean, edited by: Brinkm K. H. and Robinson,

Walsh, J. J., Premuzic, E. T., Gaffney, J. S., Rowe, G. T., Harbottle, A.R., Wiley, New York, USA, 213-252, 1998.

G., Stoenner, R. W., Balsam, W. L., Betzer, P. R., and Macko, S.Woodgate, R. A. and Aagaard, K.: Revising the Bering Strait fresh-

A.: Organic storage of C®on the continental slope off the Mid- water flux into the Arctic Ocean, Geophys. Res. Lett., 32(2),
Atlantic bight, the southeastern Bering Sea, and the Peru coast, L02602, doi:10.1029/2004GL021747, 2005.
Deep-Sea Res., 32, 853-883, 1985. Woodgate, R. A, Aagaard, K., and Weingartner, T. J.: Ayear in the

Biogeosciences, 6, 2433459 2009 www.biogeosciences.net/6/2433/2009/


http://www.biogeosciences.net/6/267/2009/

N. R. Bates and J. T. Mathis: The Arctic Ocean Marine Carbon Cycle 2459

physical oceanography of the Chukchi Sea: Moored measureYamamoto-Kawai, M., Tanaka, N., and Pivovarov, S.: Freshwater

ments from autumn 1990-1991, Deep-Sea Res. Il, 52(24-26), and brine behaviors in the Arctic Ocean deduced from historical

3116-3149, d0i:10.1016/j.dsr2.2005.10.016, 2005. data of delta O-18 and alkalinity (1929—2002 AD), J. Geophys.
Woodgate, R. A., Aagaard, K., and Weingartner, T. J.: Monthly Res., 110(C10), C10003, doi:10.1029/2004JC002793, 2005.

temperature, salinity and transport variability of the Bering Yamamoto-Kawai, M., McLaughlin, F. A., Carmack, E. C.,

Strait through flow, Geophys. Res. Lett.,, 32(4), L04601, Nishino, S., and Shimada, K.: Aragonite undersaturation in the

doi:10.1029/2004GL021880, 2005. Arctic Ocean: effects of ocean acidification and sea ice melt, Sci-
Wu, B. Y., Wang, J., and Walsh, J. E.: Dipole anomaly in the winter  ence, accepted, 2009.

Arctic atmosphere and its association with sea-ice motion. JourZeebe, R., and Wolf-Gladrow, D., 2001. CO2 in Seawater: Equilib-

nal of Climate, 19(2), 210-225, doi:10.1175/JCLI3619.1, 2006.  rium, Kinetics, Isotopes. Elsevier Oceanography Series, 65.
Yager, P. L., Wallace, D. W. R., Johnson, K. M., Smith, W. O.,

Minnett, P. J., and Deming, J. W.: The Northeast Water Polynya

as an atmospheric CQink: A seasonal rectification hypothesis,

J. Geophys. Res., 100, 4389-4398, 1995.

www.biogeosciences.net/6/2433/2009/ Biogeosciences, 6, 245832009



