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Abstract

This thesis focus on the carbon and oxygen fluxes in the Barents and Norwegian Seas
and presents four studies where the main topics are variability of biological
production, air-sea exchange and budget calculations.

The world ocean is the largest short term reservoir of carbon on Earth, consequently it
has the potential to control the atmospheric concentrations of carbon dioxide (CO,)
and has already taken up ~50 % of the antropogenically emitted CO,. It is thus
important to study carbon related processes in the ocean to understand their changes in
the past, present, and future perspectives. The main function of the Arctic
Mediterranean, within which the study area lies, in the global carbon cycle is to take
up CO, from the atmosphere and, as part of the northern limb of the global
thermohaline circulation, to convey surface water to the ocean interior.

A carbon budget is constructed for the Barents Sea to study the carbon fluxes into and
out of the area. The budget includes advection, air-sea exchange, river runoff, land
sources and sedimentation. The results reviel that ~5.6 Gt C annually is exchanged
through the boundaries of the Barents Sea mainly due to advection, and that the carbon
sources within the Barents Sea itself are larger than the sinks. The change in carbon
content of the Atlantic Water as it passes through the Barents Sea is investigated,
revieling that ~0.030 Gt C is taken up from the atmosphere and exported to the Arctic
Ocean during one year. The main part of the increased carbon content is channelled
through biological production.

Spatial and interannual variability of biological production and air-sea exchange is
investigated in the north-western Barents Sea during the spring-summer season,
interannual variability of oxygen and carbon fluxes due to biological production is also
studied at Ocean Weather Station M in the Norwegian Sea. Both the spatial and
interannual variability in the Barents Sea depend on the distribution of water masses
and sea ice cover while the causes behind the variability at Ocean Weather Station M
are more complex. Air-sea exchange was also studied in the Storfjorden polynya
where it was discovered that formation of sea ice during winter is accompanied by a
large air-sea CO, exchange.
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1. Backdrop: Climate, the global carbon cycle, and the world ocean

The study of the marine carbon cycle can be seen against the large scale backdrop of
the global carbon cycle and the climatic system. Life in the ocean is both reliant on
and an actor in the marine carbon cycle and can consequently affect the climate. The
global carbon cycle and climate are intimately linked through the effect carbon dioxide
(COy,) has on the radiation (i.e. heat) balance of the atmosphere. Climate on the other
hand is essential for most aspects of the global carbon cycle. Climate is a term that in a
narrow sense refers to the long term weather and its variation, while in a wider sense it
refers to the state of the climate system (IPCC, 2001). The global climate is thus
determined by the state of, and interactions between, the parts of the climate system,
see Figure 1.

The sun provides the major input to the radiation balance of the atmosphere, mainly as
short wave radiation. The part of the solar radiation that is not absorbed or scattered as
it passes through the atmosphere reaches and heats the surface of the Earth.
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Figure 1: The components of the global climate system (bold), their processes and
interactions (thin arrows) and some aspects that may change (bold arrows), figure from
[PCC (2001).
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Figure 2: The global carbon cycle with reservoirs in Gt C and fluxes in Gt C/yr.
Picture taken from http://www.grida.no/climate/vital/13.htm.

The Earth on the other hand mainly emits long wave radiation back to the atmosphere.
The CO, in the atmospheric is important for the global climate since it acts as a
“greenhouse” gas, i.e. it absorbs and emits long waved radiation. The long wave
radiation from the Earth’s surface is thus absorbed and re-emitted by the CO,, also
back towards the surface of the Earth. Heat is thus kept trapped within the atmosphere
and the net result is a temperature that is highest at the Earth’s surface and decreases
upwards in the atmosphere. Without the effect of the greenhouse gases (H,0O, CO,,
CH,4, N,O, CFCs etc.) the surface of the Earth would be considerable colder (~33°C)
than it is at present (Graedel and Crutzen, 1993).

During the last 150 years human activities have increased the atmospheric CO,
concentration through fossil fuel burning, land use changes, and cement production,



and the effect of this increased atmospheric CO, concentration is an alteration of the
radiation balance of the atmosphere. The result is an increased altitude from which the
long waved radiation effectively escapes into space (IPCC, 2001) and increasing
temperatures at the surface of the Earth.

The global carbon cycle consists of the carbon fluxes between different reservoirs, i.e.
the atmosphere, hydrosphere, lithosphere and biosphere as illustrated in Figure 2. The
carbon fluxes into the ocean come from the atmosphere, river runoff, groundwater
transport, and coastal abrasion. From the ocean there are fluxes of carbon back to the
atmosphere and to the sediments. The effect of human activities on the global carbon
fluxes consists of altering the size of the carbon fluxes between the reservoirs, both
gross and net fluxes, and sometimes to alter the direction of the net flux.

The lithosphere is the largest reservoir of carbon on Earth followed by the deep ocean
(Figure 2). The vegetation, organic matter, and soil on land contain about twice as
much carbon as the surface ocean while the atmosphere is the smallest of the major
reservoirs. The timescales for the accessibility of the carbon in these reservoirs are
very different, with the carbon in the lithosphere only accessible on geological
timescales (100 to millions years) while the processes associated with the atmospheric
carbon by comparison are very fast (1-10 years). The deep ocean responds much
slower to changes than the surface ocean, as the mean residence time of water in the
deep ocean is 1000 years (Broecker and Peng, 1982). There are only a few areas of the
surface ocean that communicate directly with the deep ocean and the slow transfer of
surface water into the ocean interior is thus a bottleneck for the exchange of CO,
between the atmosphere and the world ocean.

The role of the oceans in both the global carbon cycle and the climate system is very
important since they contain large amounts of CO, and may in this sense control the
atmospheric CO, concentration. The oceans also store and transport large amounts of
heat. One of the important scientific questions is thus how much carbon that is
sequestered in the oceans, dampening the effects of the anthropogenic emission of CO,
in the atmosphere? There are still many unanswered questions in the field of climate
and climate change, e. g. how does the climate system work and what are the roles of
the different components? How to make reliable predictions for the future? How large
an effect do the oceanic biogeochemical feedbacks have on atmospheric CO,
concentrations and what is the net direction of all the feedbacks? The latter is still
difficult to quantify due to lack of knowledge and has until recently not been taken
into consideration in predictions for future climate and environmental change.



2. Motivation and aim for this thesis

In a global perspective the Arctic Mediterranean (the Arctic Ocean with its shelf seas
and the Nordic Seas) is a small and remote area to a large degree covered by sea ice.
Why should we, working with marine biogeochemistry, concern ourselves with this
seemingly insignificant area? The answer to this question is that even if the area is
small the processes that occur within it are significant on a larger scale.

The Arctic Mediterranean consists, together with the Labrador Sea, the northern limb
of the large scale thermohaline circulation of the Atlantic Ocean and consequently has
the ability to change this circulation. Large scale climate variations in the past has
been associated with changes in the thermohaline circulation and it is speculated about
whether the anthropogenic induced climate change we now are starting to observe may
alter it. Being one of the few areas in the world where the surface ocean communicate
directly with the deep ocean the result is that the biogeochemical processes in the
Arctic Mediterranean is of importance for global biogeochemical cycling of many
substances such as carbon, oxygen and nutrients.

Research based on the global carbon cycle has increased in later years as the
importance of CO, as a greenhouse gas has become an important issue for society. In
this context the most important process in the Arctic Mediterranean is the
sequestration of atmospheric CO,. This occurs through uptake of atmospheric CO,
which is incorporated into produced intermediate and deep waters and through export
of biological matter to depth. All the processes involved in the sequestration are
important to study, physical, chemical and biological, especially since they may
change following future climate and environmental changes. Due to its importance for
climate and also its vulnerability to climate change it is important that the Arctic
Mediterranean is thoroughly studied before major changes occur, such as total loss of
summer sea ice.

The aim of this thesis is to explore the biogeochemistry of the Barents and Norwegian
Seas to learn more about the carbon and oxygen fluxes in this area and the processes
controlling them. The focus is the variability of biological production and air-sea
exchange as well as budget calculations. Some of the results are also contemplated in a
climate change perspective. The four papers included in the thesis present new
knowledge which will add to the understanding of the marine carbon cycle in the study
area.



3. Variables

3.1 The marine inorganic carbon system

The marine inorganic carbon system is described by the following four variables,
fugacity of carbon dioxide (fCO,), total dissolved inorganic carbon (Cr), total
alkalinity (Ar), and pH. The system is described by these variables since the individual
species (see Eq. 6) cannot be measured directly. If two of the variables and the
equilibrium constants of the system are known the other two variables can be
calculated. The measurement errors and the systematic errors introduced by the
equilibrium constants limits the accuracy of the results of the calculations and direct
measurements are to be preferred when possible, especially for fCO..

The concentration of CO, in water in equilibrium with the atmosphere can be
described by Henry’s law:

[CO; (aq)] = fCO,"™ - Ky (D

where CO, (aq) is the CO, dissolved in the water, fCO,"™ is the fugacity of CO, in the
atmosphere and Ky is Henry’s law constant. This equation describes the interaction of
the inorganic carbon system in the water with the atmosphere. The equation can also
be used to determine the concentration of CO,; (aq) by determining the fCO, in air that
has been equilibrated with a water sample. fCO, in the equated air is determined by
measuring the mole fraction, XCO,, which is converted to the partial pressure of CO,
(pCO,) following

pCO, =xCO, - P 2)

where P is the total pressure. fCO, is then calculated from the pCO, in order to account
for the non-ideal behaviour of CO,. The difference between pCO, and fCO, is small in
the temperature range relevant for marine studies (the fCO; is 0.995-0.997 times the
pCO, between -2° C and 25° C; DOE, 1994). The terms pCO, and fCO, are often used
interchangeable, but in thermodynamic calculations fCO, should be used.

Some of the CO, that enters the sea water is hydrated and converted to carbonic acid
(H,CO3):

., [H,C0,]

[CO, (aq)] + [H2O] K

3)



where K, is the equilibrium constant. The carbonic acid can then be dissociated in two
steps to bicarbonate ions (HCO5) and carbonate ions (CO5™):

[H*]+[HCO, ]
I<1
[H"]+[CO,™]

[H,COs] < 4

[HCO5] < )

2

Inorganic carbon is thus present as four species in the water and is summarized in the
equation for Cr:

Cr = [CO, (aq)] + [H,CO;5] + [HCO5] + [CO5™] (6)

Dickson (1981) defined Ar as “the number of moles of hydrogen ions equivalent to the
excess of proton acceptors (bases formed from weak acids with a dissociation constant
K <10 at 25° C and zero ionic strength) over proton donors (acids with K > 10™*?)
in one kilogram of sea water”. This corresponds to:

Ar=[HCO;]+ 2 [CO5”] + [B(OH), ] + [HPO,*] + 2 [PO,>] + [SiO(OH); ] + [OH] +
[NH;] + [HS] + other weak bases — [H'] — [HSO,] — [HF] — [H3PO,4] — other weak
acids (7)

Here B(OH), represents the boric acid system, H3;POy,, HPO42', and PO43' represent the
phosphoric acid system, and SiO(OH);" the silicic acid system. H' is the hydrogen ion
and HF is hydrofluoric acid. The At expresses the buffering capacity of sea water,
which is the ability of the sea water to resist the pH change an addition of an acid or
base would cause. The buffering is mainly performed by the inorganic carbon system
which in this context can be summarised as

[CO; (aq)] +[CO5”] + H,0 «> 2 [HCO5] (8)

The consequence of the buffering is that uptake of CO, from the atmosphere
“consumes” carbonate ions to produce bicarbonate ions. Following Eq. 6 and the At
definition uptake of atmospheric CO, thus results in an increase in Ct but no change in
Ar.

pH is calculated as the negative logarithm of the hydrogen ion activity, {H"}:
pH =-log {H'} ©)

The pH is central in the carbonate system. Figure 3 shows the dependence of the
variables in Eq. 6 on pH and the pH found in oceanic waters today. At the pH in the
present day ocean which is slightly above 8 the major part of the inorganic carbon is
present as HCO3™ (~90%).
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Figure 3: Bjerrum plot showing the concentrations of the different species in the
inorganic carbon system in relation to pH. The thick grey vertical line indicates the pH
span in the present day ocean. The diagram is taken from Ridgwell and Zeebe (2005).

Of the other three species CO;5™ occurs in the largest concentrations (~9%) followed by
CO, (aq) (~1%) and very low concentrations of undissociated H,CO;.

There exist several pH definitions in sea water depending on which species are
included in the definition and this lead to the existence of several pH scales. If only
hydrogen ions (H") are included the resulting pH scale is called the free hydrogen ion
concentration scale, when both H" and hydrogen sulphate ions (HSO,) are included it
results in the total hydrogen concentration scale, and if hydrogen fluoride (HF) is
included as well the scale is called the seawater hydrogen ion concentration scale. The
difference between pH values depending on the pH scale can be up to 0.12 units
(Zeebe and Wolf-Gladrow, 2003) and failing to take the different pH scales into
consideration can thus introduce large errors into calculations of other variables of the
inorganic carbon system and acidity constants. The difference between pH values
based on different scales is also much larger than the accuracy and precision of pH
measurements.

3.1.1 Analytical methods

In this thesis many variables have been used to study the carbon fluxes; Cr, Ar,
oxygen, nutrients, temperature, salinity, and volume fluxes. Of these variables Ct and
At have been measured by the author and analytical methods will be presented only
for these.



3.1.1.1 Total dissolved inorganic carbon (Cy)

Cr was measured by acidification of the sample followed by coulometric titration
(Johnson et al., 1987; Johnson et al., 1993) on a SOMMA-type system. In practice this
means that a known volume of sample is acidified by addition of phosphoric acid in
order to transfer all dissolved inorganic carbon to CO,. The resulting CO, is stripped
out of the sample by bubbling the sample with an inert carrier gas (nitrogen) which
subsequently is lead into a titration cell containing a solution including ethanolamine.
The CO, reacts quantitatively with the ethanolamine to produce hydroxyethylcarbanic
acid:

HO(CH,),NH, + CO, — HO(CH,),NHCOO + H" (10)

The hydrogen ions produced in this reaction is then titrated with hydroxide ions
generated at the cathode due to an electrical current.

Cathode reaction: H;O +e¢ — 2 H; (g) + OH’ (11)
Anode reaction: Ag (s) — Ag' +¢ (12)

The pH of the titration is monitored by measuring the transmittance of the indicator
thymolphthalein which shows when the titration is finished. The amount of CO; in the
sample is calculated based on the amount of used electrons. The ethanolamine is
consumed during the analysis and is not regenerated between samples and after a
certain amount of samples the solution has to be replaced.

The accuracy of the analysis is ensured by analysing Certified Reference Material
(CRM) from A. Dickson, Scripps Institution of Oceanography (USA). The precision of
the measurements was calculated as the standard deviation of duplicate samples.

3.1.1.2 Total alkalinity (At)

At was analysed by potentiometric titration with hydrochloric acid on a VINDTA 3S
(Versatile Instrument for the Determination of Titration Alkalinity) system (Mintrop et
al., 2000). During the titration the bases in the At definition are transferred to their
acidic forms and the titration is monitored by a pH electrode. The result of the titration
is evaluated with a Gran function (Gran, 1952). The accuracy was ensured by
measuring CRMs and precision was calculated as for Cr.

3.2 Organic carbon in the ocean

Organic substances is chemically defined as compounds containing carbon, most of
which are produced by biological processes. The sources of organic carbon (OC) in the
ocean are either local (autochthonous sources), i.e. biological production, or land
based (allochthonous sources, also called terrigenous). The OC from land is mainly
transported into the oceans by river runoff, but additional transport ways are with



underground runoff , by direct erosion of the coast line (coastal abrasion) and by the
atmosphere (eolian transport). Sinks for OC in the ocean are respiration, microbial
degradation, burial in the sediments, and photooxidation. Concentrations of OC are
highest in the surface water and close to the coasts (Eglinton and Repeta, 2004),
suggesting a close coupling between production and degradation. The origin of the OC
(marine vs. terrestrial) can be detected by determining its chemical composition (e. g.
Dittmar and Kattner, 2003; Amon, 2004). Some of the OC present in the ocean cannot
be degraded by the bacteria due to its chemical complexity and is referred to as
refractory as compared to the easily degradable labile OC. The OC present in deep
water, whatever its source, is considered to represent the refractory pool.

The measured quantities of OC in the ocean are operationally defined. The OC in sea
water is divided into dissolved organic carbon (DOC) and particulate organic carbon
(POC) by filtration and the fractions are thus determined by the pore size of the filter
(usually 0.7um). The major part of the OC in the ocean occurs as DOC, of which the
world ocean contains approximately 680 Gt (Eglinton and Repeta, 2004). The large
inventory is determined by the deep water concentration of DOC which is relatively
constant world wide. The POC contribution to the OC in the ocean is 10-20 Gt while
the marine biota only constitutes ~3 Gt (Eglinton and Repeta, 2004). In the Arctic
Ocean the rivers carry large amounts of DOC into the shelf seas while most of the
POC carried by the rivers is lost in the estuaries (the so called marginal filter (Lisitzin,
1995)). The sea water POC concentrations are thus much smaller than the DOC
concentrations (e.g. Wheeler et al., 1997). There is still much to learn about DOC and
POC concentrations, distributions, function in the ecosystem, and importance for
climate change.

3.3 Oxygen

The study of oxygen in the ocean is less complicated than the study of the inorganic
carbon system as it does not dissociate in water and thus only appears as dissolved
oxygen (O,). Oxygen is however affected by the same physical forces as inorganic
carbon, advection, mixing etc. The marine oxygen and inorganic carbon cycles are
intimately linked through the biological processes of production, respiration and
remineralisation. In the atmosphere oxygen is consumed during burning of fossil fuel
but due to its high concentration this is of little concern in the environmental change
perspective. The concentration of dissolved oxygen in the ocean is determined by the
atmosphere where it is a major component contrary to inorganic carbon for which the
atmospheric concentration is determined by the oceans (Broecker and Peng, 1982).



4. Important processes for the marine carbon cycle

4.1 Biological production

Primary production has a profound impact on the marine carbon cycle. During
photosynthesis CO, is taken up from the water and turned into organic matter:

CO, + NO; + HPO, + M* + H" + H,0 —
(CH,0),(CH,),(NHCH,CO),(CHPO,M) + O, (13)

Note that the equation is unbalanced. Some marine organisms also form hard shells
made of calcium carbonate:

[Ca®'] + 2 [HCO;] — CaCO; + CO, + H,0 (14)

Note that it is the acid, CO,, which is consumed during photosynthesis while the base,
HCOy’, 1s consumed when shells are formed. The effect photosynthesis have on the
inorganic carbon system is a decrease in Ct and fCO, and an increase in At and pH.
Formation of shells, on the other hand, leads to a decrease of Ct, At and pH while the
fCO, increases. It is important to remember that the building of CaCOj shells always
occurs together with production of soft organic matter (photosynthesis). When shells
are formed the net effect on the inorganic carbon system will thus be something
intermediate between the effect of photosynthesis and formation of CaCOs. The easiest
way to trace shell building is through the change in At since this processes decrease
At by two units per unit formed CaCOj;. The decrease in Cr and fCO, that follows
biological production leads to increasing potential for CO, uptake from the
atmosphere.

In the ocean biological production is detected through the change of the chemical
composition of the water or through the accumulation of organic matter. Production in
the water can be traced by a decrease in Cr, nitrate (NOs), phosphate (PO4>) or an
increase in dissolved oxygen (O,). Biologists often study primary production by the
inclusion of different isotopes of carbon and nitrogen such as carbon-14 (**C) and
nitrogen-15 (*°N) into organic matter. When production is studied through the change
of constituents the production in terms of carbon can be established by converting
between the different elements included in organic matter according to Eq. 13. In order
to do this conversion X, y and z in Eq. 13 has to be known. Redfield et al. (1963)
studied the relation between C, N, and P and found the relation 106:16:1 on atom basis
and this relation is known as the much used Redfield (Redfield-Ketchum-Richards,
RKR) ratio. The oxygen consumed during remineralisation, and produced during
photosynthesis, in relation to P, would be 212 atoms if only oxidation of carbon was
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considered and 276 if oxidation of the nitrogen was included (Redfield et al., 1963).
This gives a C:N:P:O, ratio of 106:16:1:-138 (note that -138 refers to the molecule
0,). Today there exist several studies of the ‘Redfield ratio’ made with different
techniques and in different areas of the world ocean (Takahashi et al., 1985; Sambrotto
et al., 1993; Anderson and Sarmiento, 1994; Brostrom, 1998; Daly et al., 1999;
Kortzinger et al., 2001). There is still a debate on the correct ratio in organic matter but
it is also recognised that the ratio is not constant but changes due to species,
phytoplankton growth state, and environmental conditions such as nutrient availability.

Depending on the method used to estimate the biological production different types
(amounts or rates) of production are achieved. This is mainly due to the fact that
production and respiration goes on simultaneously and also that the major nutrients
occur in more than one form. The common notions of production, how they are
defined and how they can be measured are:

» Gross primary production: The total amount of carbon fixed during primary
production (Platt et al., 1989). The only method for measuring gross primary
production is the C method (Steemann Nielsen, 1952), there have however
been a lot of debate around this method and what it actually measures (e. g.
Peterson, 1980).

» Net primary production: The gross primary production minus the respiration of
the autotrophs (Platt et al., 1989). This is the part of primary production
available for other trophic levels and can be calculated from remotely sensed
information (Falkowski et al., 1998).

» Net community production: The gross primary production minus the respiration
of both autotrophs and heterotrophs (Platt et al., 1989). Can be measured by
increase in O, or depletion of Cr in the euphotic zone.

» New production: The part of primary production based on nitrate, NO5
(Dugdale and Goering, 1967). Can be measured by NO; depletion in or flux
into the euphotic zone and by '°N assimilation experiments.

» Regenerated production: The part of primary production based on regenerated
organic matter including nitrogen, ammonia (NH,") and other dissolved organic
nitrogen (Dugdale and Goering, 1967). Can be measured by '°N assimilation
experiments.

» Export production: The part of the primary production that is exported out of
the euphotic zone. Under steady state conditions equal to net community and
new production. Can be measured with sediment traps (N or C) and by
consumption of O, below the euphotic zone

The difference in time and space scales of the different techniques calls for caution
when the results are compared, production in the ocean can vary on almost all time and
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space scales. The strength of the methods that consider the change in constituents in
the water column is that the signal represents the integration of production over a
longer time than the measurements made in Situ in bottles and this decreases the
uncertainty when extrapolations are done. The weakness with this approach is the
uncertainty the horizontal advection of the water column introduces into the
calculations since this often is difficult to quantify. The ‘biological pump’ refers to the
fixation of carbon and nutrients into organic matter by phytoplankton in the euphotic
zone and subsequent export to the deep ocean, which in practice makes it equal to the
new and export production.

The size of the primary production is limited by several variables, e. g. light, nutrients,
and grazing. At high latitudes light is limiting in winter due to the short days and low
solar angle or indeed total absence of sunlight. Clouds, fog, ice, and snow can also
decrease the amount of light that reaches the water, especially snow on top of ice.
During the period of enough sunlight the depth of the mixed layer is important for the
production since the amount of light decreases with increasing depth. Photosynthesis is
proportional to light intensity and will thus decrease downwards in the water column
while respiration (which is independent of light) is more or less constant with depth.
When the mixed layer is deep the integrated respiration will be larger than the
integrated production. According to Sverdrup (1953) the spring bloom in temperate
and polar waters occurs when the depth of the mixed layer has decreased to the point
where the integrated production exceeds the integrated respiration. The decrease and
stabilisation of the mixed layer in spring has the opposite effect on nutrient limitation
as compared to the light limitation. As the spring bloom proceeds in the shallow mixed
layer the concentration of NO;™ and PO, decrease and sometimes even become
depleted. New nutrients to fuel the new or export production can however be
introduced from below during the productive season if the mixed layer deepens e.g.
due to storms (Sakshaug and Slagstad, 1992). Grazing of the primary producers
reduces their standing stock and thus the size of the primary production.

4.2 Air-sea exchange

The second process of great importance for the marine carbon cycle is air-sea gas
exchange. The exchange of a gas across the air-sea interface is determined by the
difference in concentration between the atmosphere and the ocean and how fast the
transfer can occur;

Fa=k-A[A] (15)

where F, is the flux of the gas A, A[A] is the difference between the present
concentration in the water (AS") and the concentration in the water if it is in
equilibrium with the atmosphere (A"?) and k is the transfer velocity (also called piston
velocity). For oxygen A[A] is expressed as ([02]SW - [OZ]EQ) while A[A] for CO, is
expressed as K, - (fCO,*" - fCO,*™) which is equal to ([CO; (aq)]>" — [CO, (aq)]"9).
The water concentration (in this case of CO, and O,) varies more than the atmospheric
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concentration and the concentration in the water is thus the most important factor for
the air-sea exchange since it determines the net direction of the flux. The saturation
concentration or solubility of a gas in sea water is dependent on temperature, salinity,
and pressure.

Since the air-sea exchange is very difficult to measure directly the value of the transfer
velocity is estimated by indirect techniques, The widely used estimates of transfer
velocity are based on measurements of natural and/or deliberately released tracers, but
it can also be estimated with the eddy correlation method, the inertial dissipation
method, and the profile method (Donelan and Wanninkhof, 2002 and references
therein). The transfer velocity depends on the molecular diffusivity of the gas, the
kinematic viscosity of water and the turbulence at the air-water interface, which in turn
depends on several factors such as wind speed, surface film, waves, bubbles etc (e.g.
Jéhne et al., 1987). Many of the factors influencing the turbulence are difficult to
measure and thus conceptual models are used to parameterize the transfer of gas.
These models include the stagnant (thin) film model, the surface renewal model, and
the boundary layer model (Ledwell, 1984 and references therein).

In order to be able to calculate air-sea exchange relatively easily the transfer velocity is
usually parameterized in terms of wind speed since wind speed has a major effect on
the turbulence. Wind speed is also easily measured and available for large areas over a
long period of time. Several parameterizations of transfer velocity based on wind
speed exist; in this thesis the parameterization by Wanninkhof (1992) has been used:

-0.5
k=0.39 -’ - [SSCJ (16)

C

where uy is the wind speed at 10 m above the surface, Sc,, is the Schmidt number of
the gas in sea water at 20° C (660 for CO, and 600 for O,, see e.g. Wanninkhof (1992))
and Sc is the Schmidt number at the present temperature. The Schmidt number is
defined as the ratio between the kinematic viscosity of water and the molecular
diffusivity of the gas in question. The number 0.39 is a proportionality factor between
the transfer velocity and the wind speed, in this case for long term wind speeds. If
short term or instantaneous wind speeds are used for the calculations a proportionality
factor of 0.31 should be used instead (Wanninkhof, 1992). The averaging of the wind
speeds may have a large impact on the air-sea fluxes and care should be taken when
selecting the appropriate parameterization of k. Other parameterizations of the transfer
velocity (Figure 4) can be found in Smethie et al. (1985), Liss and Merlivat (1986),
Wanninkhof and McGillis (1999) and Nightingale et al. (2000). The different
parameterizations agree within a factor of three on the size of the transfer velocity
(Donelan and Wanninkhof, 2002), but this is a large uncertainty which indicates the
complexity of the subject. In some types of calculations this uncertainty is too large,
e.g. when the CO, uptake by the ocean is calculated in the context of climate change,
in these cases an alternative approaches may be used.
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Figure 4: Different parameterisations of the transfer velocity. Abbreviations in the
legend are S for Smethie et al. (1985), LM for Liss and Merlivat (1986), W for
Wanninkhof (1992), WM for Wanninkhof and McGillis (1999), and N for Nightingale
et al. (2000). Inlay is an enlargement of the wind speeds up to 10 m/s.

One such is the property change in the ocean; after relevant physical, chemical and
biological processes have been taken into account this will represent the exchange with
the atmosphere.

The transfer velocity estimation by Wanninkhof (1992) was based on CO, exchange
but the air-sea exchange of CO, and O, are slightly differently affected by some
processes, however, due to the difference in solubility and atmospheric concentration
between the two. Due to its low solubility the transfer of O, is considerably more
affected by bubble injection than the highly soluble CO,. Thus corrections are
sometimes made for injection of bubbles when air-sea O, fluxes are calculated. In an
equilibrium situation the injection of bubbles can support super saturation of a gas.
This super saturation will be greatest for the less soluble gases such as oxygen where
bubble injection can maintain a super saturation of over 1 % (Woolf and Thorpe,
1991). The super saturation is much smaller for CO, and this correction is thus not
necessary when calculating CO, fluxes but necessary for O, fluxes. The result of the
correction proposed by Woolf and Thorpe (1991) is an increasing super saturation with
increasing wind speeds with a 1 % super saturation occurring at a wind speed of 9 m/s.

The air-sea flux of a gas is also affected by changes in sea level pressure and this has
to be considered when fluxes are calculated in areas with changing sea level pressure
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(SLP), e.g. in the Nordic Seas. The correction is done since the variation in SLP
induces a variation in the atmospheric concentration (and thus saturation
concentration) of the gas that is so large that it can not be neglected (Najjar and
Keeling, 2000). When calculating CO, flux this correction is unnecessary since fCO,
in itself is dependent on the total pressure. The effect on O, at high latitudes is to
increase the A[O,] (the difference between atmosphere and ocean) on annual scale and
to decrease the seasonal amplitude of A[O,] (Najjar and Keeling, 1997). When
calculating both CO, and O, air-sea fluxes corrections can also be made for the skin
temperature (the temperature in the very thin uppermost layer of the water) since this
is slightly lower compared to the temperature of the bulk of the water (Saunders, 1967;
Fairall et al., 1996). Such a correction will give a slightly different saturation
concentration; this has however not been included in this thesis.

The cooling of water that occurs along the route of the Atlantic Water as it flows north
creates a potential for annual net uptake of both CO, and O,. The uptake of CO, is also
increased by the biological production that lowers the fCO, in the water during the
productive season. The uptake of CO, due to the cooling of the surface water (and
consequent increase in solubility) is often referred to as the ‘physical pump’ (compare
‘biological pump’).

Extra uptake of CO, from the atmosphere has been reported in brine water in
Storfjorden (Anderson et al., 2004). This extra uptake was believed to be promoted by
formation of ice in the surface water. They believed that this faster uptake was caused
by the salt rejection during ice formation and the following sinking of the very surface
water in which the addition of salt increased the density. Rysgaard et al. (2007)
observed elevated pCO, and Cr in the surface water underlying sea ice and attributed
this to rejection of Ct from the ice. The rejected Ct may then be carried to deeper
layers in the surface water that has achieved increased density due to the rejection of
salt from the ice.

4.3 Environmental change

Environmental change is a concept that refers to change in chemical and biological
parameters. Some of these changes are, similar to some parts of climate change, due to
human activities. Among these activities is emission of chemicals, intentional or
accidental, including CO,, nutrients, heavy metals, pesticides, nuclear material etc.
Humans also affect the environment by interfering in ecosystems, via hunting and
fishing, and by changing biotopes e.g. by deforestation, agriculture, and aquacultures.

The result of the rising atmospheric CO, concentrations in the ocean is an increase in
the surface water fCO, and Cr concentrations while the pH decreases. During the last
25 years the oceans have taken up ~30% or ~2 Gt C/yr of the anthropogenically
emitted CO, (Solomon et al., 2007). Since the start of the industrial revolution the
oceans have in total taken up ~ 50% of the anthropogenically emitted CO, (Sabine et
al., 2004), this uptake has resulted in a total anthropogenic carbon inventory of ~120
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Gt C in the oceans today (Sabine et al., 2004). The increase in Ct concentrations has
lead to an average pH decrease of 0.1 units in surface water (Solomon et al. 2007).
Changes in Ct and pH change the buffer capacity of the surface water. The Revelle
factor is often used to quantify the buffer capacity:

Revelle factor = [5[C02(aq)]J/(§CT J = (5 1co, j/[éCT ]

[co,aml )/ | ¢, ico, )/ | C,
In oceanic waters today typical values of the Revelle factor lie between 8 and 15
(Zeebe and Wolf-Gladrow, 2003). The lower the Revelle factor is the lower the
fractional change in CO, (aq) or fCO, is compared to the fractional change in Cr,
which means that the water has a high capacity to buffer. The two main effects of
increasing anthropogenic CO, concentrations in the atmosphere on the surface ocean
are increasing fCO, and temperature. If all other variables are constant increasing fCO,
increases the Revelle factor while increasing temperatures results in a decrease of the
Revelle factor (Zeebe and Wolf-Gladrow, 2003). For a more thorough discussion of
the Revelle faction the reader is refered to Zeebe and Wolf-Gladrow (2003) and Butler
(1982) A decrease in the capacity of the surface water to buffer leads to decreasing
potential for uptake of atmospheric CO, and the effect is a positive feedback on the
increasing atmospheric CO, concentrations.

The buffer capacity feedback is only one of the potential feedbacks from the marine
inorganic carbon cycle on atmospheric CO, concentrations; others include the
solubility, carbon overconsumption, and calcification feedbacks. The decreasing
solubility due to increasing temperatures and changing salinity is a positive feedback
on the atmospheric CO, concentrations while the two other feedbacks are negative.
Overconsumption of carbon (Toggweiler, 1993) in relation to nitrate and phosphate
increases the potential of export production to remove carbon from the surface waters
to depth. Decreasing pH leads to a decreasing potential for calcification and since
calcification increases the fCO, decreasing calcification acts as a negative feedback.
The sizes of the different feedbacks are not well known.
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5. The study area

5.1 Hydrography
5.1.1 General circulation in the Arctic Mediterranean

The Arctic Mediterranean (Figure 4) consists of the deep basins of the Arctic Ocean
(AO), the surrounding shelf seas and the Nordic Seas. The area is restricted by the
shallow Bering Strait, the Canadian Archipelago and the Greenland-Scotland Ridge.
The main exchange with the surrounding area takes place across the Greenland-
Scotland Ridge where the relatively warm and salty Atlantic Water enters the area and
cold and fresh surface water exits along with the dense overflow waters (Hansen and
Osterhus, 2000). The surface circulation of the Nordic Sea is dominated by the
northward flow of Atlantic Water in the Norwegian Atlantic Current (NWAC) in the
east and the southward flow of polar waters in the East Greenland Current (EGC) in
the west (Blindheim and Osterhus, 2005). In the northern Norwegian Sea the Atlantic
Water divides into two branches, one branch passes through the Barents Sea and the
other enters the deep AO through Fram Strait and flows eastwards along the northern
Barents Sea slope (Rudels et al., 1999). The two branches unite again north of the Kara
Sea (Schauer et al., 2002b), by the time the two branches meet they have submerged
below fresher and colder water and been modified by cooling and mixing with low
salinity waters. They travel around the deep AO counter-clockwise as a subsurface
boundary current (Rudels et al., 1999). The surface circulation in the AO is dominated
by the transpolar drift from the eastern Arctic shelf seas toward Fram Strait and the
Beaufort gyre in the Canadian basin. As the EGC exits the AO it carries surface,
intermediate, and deep waters from the central AO into the Nordic Seas and toward the
North Atlantic (Rudels et al., 2004). Some of the modified, intermediate layer of the
Atlantic Water finally exits the Arctic Mediterranean as part of the dense overflow
waters which together with dense water formed in the Labrador Sea forms the North
Atlantic Deep Water, the densest water formed in the North Atlantic (Dickson and
Brown, 1994).

5.1.2 Atlantic and Coastal Water in the Norwegian Sea

The current structure of the Atlantic Water close to the Iceland-Scotland ridge is
complex (Hansen and @sterhus, 2000) but further north it forms two current cores, the
Faroe Current in the west and the Norwegian Atlantic Slope Current in the east (Orvik
and Niiler, 2002). The two current cores constitute the eastern and western cores of the
NwAC which are fairly distinct in the southern Norwegian Sea.
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Figure 5: The surface circulation in the Arctic Mediterranean. Red arrows represent
warm water while blue arrows represent cold water (modified from ACIA, 2005).

As the NwAC reaches about 70° N it splits into two branches, one branch continues
northwards along the west coast of Svalbard as the West Spitsbergen Current (WSC)
and the other branch turns east into the Barents Sea Opening (BSO; the passage
between Norway and Svalbard) as the North Cape Current (NCC). The water in the
NwAC is to the west bordered by the Arctic Front separating the Atlantic Water from the
colder and less saline Arctic Surface Water. On the eastern side, and inshore of the
NwAC, the Norwegian Coastal Current (NwCC) flows along the Norwegian coast.
The NwCC has its origin in the Baltic Current in Skagerrak and it carries water from
the Baltic and North Seas mixed with Atlantic Water. As the NwCC flows northwards
along the Norwegian coast the exchange with the NwAC is large and the current
gradually loses its characteristics (Gascard et al., 2004).
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Figure 6: Map of the Barents Sea with surface currents and some topographical
features. Solid arrows represent Atlantic Water, dashed arrows Arctic Water and
dotted arrows coastal water. K.K.L. is Kong Karls Land. Figure by courtesy of T.
Gammelsrad and F. Cleveland, Geophysical institute, University of Bergen.

5.1.3 Barents Sea circulation

The NCC enters the Barents Sea along Bear Island Trough (Bjerneyrenna; Figure 6) at
the eastern extend of which the current divides in two, one part continues east while
the other part turns north into Hopen Deep and divides into smaller branches. As the
Atlantic Water moves north and north-eastwards it encounters the Arctic Water at the
Polar Front. The Polar Front is controlled by topography in the western part of the
Barents Sea while it is more diffuse in the eastern Barents Sea. The Arctic Water
enters the Barents Sea in the northern (between Svalbard and Franz Josef Land) and
eastern (between Franz Josef Land and Novaya Zemlya) passages and flows south and
south-westwards. When the Atlantic Water and Arctic Water meet, the Atlantic Water
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1s submerged below the fresher and lighter Arctic Water and continues east and north-
eastwards as a subsurface current.

The southern and northern parts of the Barents Sea are often referred to as the Atlantic
and Arctic domains due to the dominance of the Atlantic and Arctic water masses in
the south and north respectively. The Arctic domain is seasonally ice covered while
the Atlantic domain remains ice free also in winter due to the high sea surface
temperatures of the Atlantic Water. The extent of the ice cover is however variable and
ice can drift into the Atlantic domain due to wind but as soon at it encounters Atlantic
Water it will start to melt. The sea ice in the Barents Sea is formed locally but some is
imported, mainly from the Kara Sea but also directly from the AO in the north (e.g.
Korsnes et al., 2002; Martin and Augstein, 2000). At the Polar Front but also
throughout the Barents Sea mixing occurs between the Atlantic and Arctic water
masses and/or freshwater (sea ice melt water and river runoff), resulting in the
formation of local water masses (e.g. Loeng, 1991; Pfirman et al., 1994). The Atlantic
Water that exits the Barents Sea is colder, fresher, and denser as compared to the
entering water mass due to the heat loss and admixture of low salinity water it
experiences as it flows across the Barents Sea. Another important water mass
transformation in the Barents Sea is the formation of brine water. The major part of the
brine water forms in the polynyas, areas within the sea ice that are opened by wind or
currents. When the sea water in the polynyas is exposed to the atmosphere the intense
heat loss results in rapid sea ice growth. During the ice formation salt is expelled from
the ice, increasing the salinity of the underlying cold surface water. The elevated
salinity increases the density of the water resulting in convection. In the Barents Sea
brine water is formed from some type of Arctic Water or Coastal Water (Schauer et
al., 2002a; Skogseth et al., 2005).

The brine water formed in Storfjorden enters the Norwegian Sea and flows north into
Fram Strait, where it has been observed as deep as 2000 m (Quadfasel et al., 1988), but
the major part of the dense modified Atlantic Water and brine water formed in the
Barents Sea enters the deep AO through the northern and eastern passages (Schauer et
al., 1997). These waters contribute to the intermediate layer in the AO and can be
found between 200 and 1300 m in the eastern Nansen Basin (Schauer et al., 1997,
Rudels et al., 2000). How deep down into the Nansen Basin brine water from the
Barents Sea can penetrate is still uncertain. Plumes of brine water such as the ones
found by Schauer et al. (1997) northwest of Franz Josef Land may, if they are dense
enough, at least penetrate into the Atlantic Layer. The draining of brine water from the
shelf in such plumes is intermittent in time and space and thus difficult to quantify.
The modified Atlantic Water on the other hand is a steady flow that mainly enters the
Nansen Basin through St. Anna Trough (St. Anna Renna Figure 6). As the Atlantic
Water exits St. Anna Trough it turns eastwards along the continental slope and
displaces the Atlantic Water from the Fram Strait branch away from the continental
slope (Schauer et al., 2002b). The volume flow of the Barents Sea branch of Atlantic
Water seems to be at least as large as that of the Fram Strait branch (e.g. Maslowski et
al., 2004 and references therein). The difference between the two branches when they
enter the deep AO is the larger heat content of the Fram Strait branch; the Barents Sea
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branch has lost more heat after the branching of the NwAC during its passage of the
Barents Sea than the Fram Strait branch on its passage west of Svalbard. If the Barents
Sea branch has a larger volume transport it provides larger amounts of salt to the AO
(Maslowski et al., 2004).

5.2 Climate change in the Arctic

The Arctic average air temperature has increased almost twice as fast as the global
average temperature during the last 100 years, with significant decadal variability
(IPCC, 2007). This implies that the increase in the Arctic does not simply follow the
global increase but is affected by regional processes. The temperature increase has
been 2-3° C since the 1950s, largest over land areas and during winter (ACIA, 2005).
The results of the increasing temperature in the Arctic has been melting of glaciers,
thawing of permafrost and decreasing sea ice extent (ACIA, 2005). The sea ice extent
has decreased at least during the last 25 years, e. g. Johannessen et al. (2004) found a
decrease of 7.4 % from 1978 to 2003. The effect of these changes can already be seen
in the Arctic environment (Weller, 1998) and includes effects on ecosystem, economy
and cultures. According to the ACIA report (ACIA, 2005) projections for future
changes indicate further air temperature increases of 2-3° C by 2050 with following
increasing sea surface temperatures in ice free areas. The sea ice extent will decrease
with 15-20 % in winter and 30-50 % in summer compared to the present, there is even
one model that predicts an ice free AO in summer by 2050 (ACIA, 2005). The result
of the difference between summer and winter will be a larger seasonal ice zone which
undergoes seasonal freezing and melting of sea ice compared to the present.

Even if the decrease in sea ice extent is projected to be smaller in winter than in
summer it is possible that the Barents Sea will be totally ice free by the middle of this
century, it is also possible that the western AO where the Atlantic Water inflow in the
Fram Strait branch takes place will remain ice free during winter. The disappearance
of the ice cover will have effects on surface circulation, water mass properties and
mixed layer depth. Ice cover also comprises a hindrance for air-sea exchange and
absorbs much light, reducing primary production. Since the production of dense waters
in the Arctic Mediterranean is important for the thermohaline circulation through the
formation of North Atlantic Deep Water changes in water mass properties in the Arctic
Mediterranean may have large consequences.

The amount and properties of inflowing Atlantic Water to the Arctic Mediterranean is
of large importance both for its heat and salt balance and for the carbon cycle. Changes
in the Atlantic Water inflow has e.g. been observed in changing core temperatures
along the Atlantic Water route northwards (Holliday et al., 2007) and changing front
position between Atlantic and Pacific Water in the central AO (McLaughlin et al.,
1996; Morison et al., 1998). The inflow of Atlantic Water to the Nordic Seas is
projected to increase slightly by 2020 and by ~12 % to the Barents Sea by 2070
(ACIA, 2005). The decreasing sea ice cover and increasing inflow of Atlantic Water

21



will lead to an ‘Atlantification’ (sensu Wassmann et al., 2004) of the Barents Sea,
meaning an expansion of the Atlantic domain northwards.

5.3 Air-sea CO, exchange and biological production in the study area

The Norwegian, Iceland and southern Barents Seas are permanently ice free while the
rest of the Arctic Mediterranean to a smaller or larger degree is covered by seasonal
and/or multiyear sea ice. The presence of the ice is of large importance for the carbon
cycling in the area. An ice cover is generally considered as an effective barrier to air-
sea CO, exchange even though recent observations have shown transport of CO,
through ice (Semiletov et al., 2004; 2007). Exchange of CO, with the atmosphere in
the permanently ice covered regions thus mainly occurs through leads and polynyas.

The ice free parts of the Arctic Mediterranean and the seasonally open waters
generally act a sink for atmospheric CO, (Table 1) although smaller areas can act as
sources. The chemical potential for uptake of atmospheric CO; is created by cooling of
the water as it is transported north and/or primary production. The amount of primary
production and its export or remineralisation in the mixed layer is thus of large
importance for the amount of CO, taken up from the atmosphere. On an area basis the
strongest sinks in the Arctic Mediterranean are located in the Chukchi and Greenland
Seas but the Iceland, Barents and Norwegian Seas are also clearly acting as sinks (see
Table 1). The Russian shelf seas (the Kara, Laptev, and East Siberian Seas) act as
weaker sinks, or indeed sources, compared to the other areas due to their heavy ice
cover and the large discharge of freshwater they receive from rivers. The river plumes
tend to be sources of CO, to the atmosphere since river water contain high
concentrations of terrigenous organic carbon that can be remineralised making the
water net heterotrophic (Nitishinsky et al., 2007; Semiletov et al., 2007). Areas
removed from the river plumes on the other hand tend to be sinks for atmospheric
CO,. This is illustrated in Semiletov et al. (2007) where they found that the western
part of the East Siberian Sea, which is heavily influenced by river runoff, acted as a
source of CO, while the eastern Pacific Water influenced part of the sea acted as a
sink. Little is known about the CO, exchange in the Kara Sea; the Eastwind expedition
in 1967 found pCO, values well below the atmospheric (down to -160 ppm) in the
larger part of the Kara Sea (Kelley, 1970) and this indicate that the area acted as a sink
at that time.

Lundberg and Haugan (1996) found a net CO, uptake in the entire Arctic
Mediterranean of 110 Tg C/yr while Anderson et al. (1998) calculated a flux of 24 Tg
C/yr into the Arctic Ocean. The difference of these two estimates, 86 Tg C/yr, should
then be ascribed to the Nordic Seas. Given the large sinks in the Barents and Chukchi
Seas (Table 1) a total uptake of 24 Tg C/yr in the Arctic Ocean may seem low and
would require substantial loss of CO, within the ice covered regions. Bates, (2006) has
added their estimate for the Chukchi Sea to earlier mass balance estimates of other
areas within the Arctic Ocean and found an total uptake of ~66 Tg C/yr. The uptake of
CO; in the Arctic Ocean has earlier been neglected on a larger scale since the air-sea
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exchange has been assumed to be small in the area due to the hindrance of the ice
cover. If considerable amounts of CO, are transported through sea ice it will change
the estimate of net uptake of CO, in the Arctic Ocean. Summer data of pCO, under the
ice in the deep Arctic Ocean show undersaturation (Jutterstrom, pers. com.), this gives
the potential for uptake of CO,, but if exchange of CO, through sea ice will result in a
net uptake or outgassing is uncertain due to lack of winter data. The global uptake of
CO,; from the atmosphere is today 2.2 0.5 Gt C/yr (Denman et al. 2007), if the uptake
in the Arctic Ocean is assumed to be 66 Tg C (Bates, 2006) the uptake in the Arctic
Ocean constitutes 3 % of the global while the 110 Tg C/yr estimated by Lundberg and
Haugan (1996) corresponds to 5%.

The sea ice cover in the Arctic Mediterranean is as important for the primary
production as for CO, exchange. In the ice free areas of the Nordic Seas and the
Barents Sea, production starts when the mixed layer has been decreased sufficiently
due to thermal heating. The spring bloom continues as long as there are enough
nutrients. After the spring bloom production decreases but can increase again if the
mixed layer deepens and new nutrients are injected from deeper layers e.g. due to
storms (Sakshaug and Slagstad, 1992). In the marginal ice zone the water column is
stratified by ice melt water, production can start as soon as the ice starts to melt and
the peak of production follows the retreating ice. The rate of production can be very
high in the marginal ice zone bloom but the bloom is short so the annual production
can be much smaller than in the open water further south. The stratification is strong in
the marginal ice zone and difficult to erode and the spring bloom thus contributes the
main part of the annual production (Wassmann, 2006b).

In the Arctic Mediterranean, the highest production on the annual scale occurs in the
Chukchi Sea (Table 2 and Sakshaug, 2004) where the nutrient rich water from the
Pacific Ocean enters the Arctic Ocean. The other highly productive area within the
Arctic Ocean is the Atlantic domain of the Barents Sea while the Arctic domain of the
Barents Sea and the rest of the ice covered central Arctic Ocean is much less
productive. The figures presented in Table 2 are production estimates based on water
column changes and in the Russian shelf seas no information of this kind is available.
Sakshaug (2004) presented data on '*C-production indicating that the production in
these areas is low. In the ice covered areas production by ice algae also takes place
within the ice, in seasonally ice covered areas this production generally only accounts
for a few percent of the total water column plus ice production while it in multiyear ice
can account for the major part of the production (Sakshaug, 2004; Carmack et al.,
2006 and references therein; Wassmann et al., 2006a). The productivity of the central
Arctic Ocean, although small, has been adjusted upwards in later years since earlier
estimates did not include the ice algae production (Sakshaug, 2004).

The fate of the organic matter resulting from primary production depends on the

physical and biological conditions where it is produced; it can be utilized by other
organisms, transported away from the production area, or buried in the sediments.
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Table 1: Uptake of atmospheric CO, estimated from measurements in the major seas
of the Arctic Mediterranean and total amount of CO, uptake if the uptake is
extrapolated to the entire area of the respective sea. Areas of the central Arctic Ocean
and its shelf seas are taken from Jakobsson (2002) while the areas for the Nordic Seas
Simonsen and Haugan (1996).

CO, Period Reference Area Total uptake
uptake 10° 10" g C/m?
g C/m’ km’
Norwegian 36 annual | Skjelvan et al. (2005) 1390 49
Sea 20 winter' | Olsen et al. (2003) 28
32 annual | Falck & Anderson (2005) 26
Greenland Sea 54 annual | Hood et al. (1999) 810 31°
53 annual | Anderson et al. (2000) 30°
40-50 winter' | Olsen et al. (2003) 23-28*
67-85 annual | Skjelvan et al. (2005) 38-48°
52 annual | Nakaoka et al. (2006) 29?
Iceland Sea 69 annual | Skjelvan (1999) 510 25
40-50 winter' | Olsen et al. (2003) 20-26
Barents Sea 44° during | Fransson et al. (2001) 1512 9.2*
passage
29° seasonal’ | Kaltin et al. (2002) 29°
13’ seasonal’ | Kaltin et al. (2002) 6.2°
46 annual | Nakaoka et al. (2006) 47"
51° annual | Omar et al. (2007) 51°
Chukchi Sea 86° during | Kaltin & Anderson 620 22°
passage | (2005)
49 ice free | Bates et al. (2005) 29°
period
64 annual | Bates et al. (2005) 38’
Kara Sea ? 926 ?
Laptev Sea 31 ice free | Nitishinsky et al. (2007) 498 1.5
period
East Siberian 0.4 ice free | Nitishinsky et al. (2007) 987 -0.43
Sea period
Arctic 10" annual | Lundberg & Haugan 10720" 110
Mediterranean (1996)
Arctic Ocean 2.5 annual | Anderson et al. (1998) 9541 24
Nordic Seas 19" annual | Anderson et al. (1998) 4489 86

1. October to March. 2. Assuming 30% ice cover. 3. In Atlantic Water only. 4. Combined
with volume transport in original publication. 5. Late winter to late June/early July.

6. Assuming that the Atlantic Water covers 2/3 and Arctic Water 1/3 of the total area.

7. Recalculated from published values in Arctic Water. 8. Estimate for passage from the water
enters the Bering Sea shelf until it reaches the northern Chukchi Sea shelf slope. 9. Calculated
based on an area of 595 km” in the original publication. 10. Recalculated from the original
publication assuming an ice free season of 120 days. 11. Calculated from the total flux and
area. 12. Area taken from Bates et al. (2006). 13. Assuming this flux is representative for the
Atlantic Water.
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Table 2: Primary production estimated based on water column measurements in the
major seas of the Arctic Mediterranean and total amount production if the production
is extrapolated to the entire area of the respective sea. Areas of the central Arctic
Ocean and its shelf seas are taken from Jakobsson (2002) while the areas for the
Nordic Seas Simonsen and Haugan (1996). E=Export production, N=New production,
NCP=Net Community Production, T=Total production.

Production | Period Reference Area Total
g C/m’ 10° km® | production
10" ¢ C/m’
Norwegian | 24-32N" annual Skjelvan et al. (2001) 1390 33-45
Sea 62NF annual Falck & Anderson (2005) 86
14-18F annual Falck & Anderson (2005) 20-25
FNEP1 annual | Falck & Gade (1999) 110
Greenland 34" annual Anderson et al. (2000) 810 19
Sea 62N seasonal’ | Rey et al. (2000) 357
Nordic 36N annual | Falck and Gade (1999) ice free
Seas area
Barents 62.5" during Fransson et al. (2001) 1512 9.6*
Sea passage
712 seasonal® | Kaltin et al. (2002) 727
3pN8 seasonal® | Kaltin et al. (2002) 16
21-30N¢F annual | Olsen et al. (2003) 21-307
Chukchi 68" during Kaltin & Anderson 620 17*
Sea passage | (2005)
~120-240 | ice free 8.9-17.8°
period Bates et al. (2005)
Canadian 2.2-6.5 seasonal '’ | Bates et al. (2005)
Basin
Nansen 1ot annual Zheng et al. (1997)
Basin 3N-12
Arctic annual Anderson et al. (2003) 4489 2.7-5.8
Ocean 0.6-1.3"

1. Estimate for Ocean Weather Station M. 2. Assuming 30% ice cover. 3. From May to
August. 4. Combined with volume transport in original publication. 5. In Atlantic Water only.
6. Late winter to late June/early July. 7. The total production is calculated assuming that the
Atlantic Water covers 2/3 and Arctic Water 1/3 of the total area. 8. Recalculated from
published values in Arctic Water. 9. Estimate is for eastern Chukchi Sea shelf and slope
region. 10. A growing season of 120 days is assumed in the original publication. 11. Southern
part. 12. Northern part.
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The amount of organic matter that reaches the sediments is affected by the
zooplankton grazing; the larger the grazing is the smaller the fraction of organic matter
is that reaches the sediments. The abundance and temporal distribution of the
zooplankton stock can thus have large implications for the carbon fluxes, especially in
areas with a short and intensive bloom (the concept of match and mismatch; Sakshaug,
(2004)). The large primary production in the Chukchi Sea and southern Barents Sea
can sustain large production of zooplankton, fish and animals higher up in the food
chain. In the Arctic Ocean, burial of organic matter of marine origin (in contrast to
organic matter from land sources) is highest in the Chukchi and Barents Seas (Stein
and Macdonald, 2004).

Some of the organic matter produced on the shelves is transported out into the deep
Arctic Ocean. Both the Barents and Chukchi Seas, being inflow shelves, export
considerable amounts of water to the central Arctic Ocean. Shelf pumping is a concept
that refers to the carbon enrichment of water on a shelf by air-sea uptake and
biological production followed by export of this water to depth in the nearby open
ocean so it loses contact with the atmosphere. Cooling and uptake of CO, along with
large primary production occurs both in the Chukchi and southern Barents Sea and
gives the potential for transport of both organic and inorganic carbon of shelf origin
into the central Arctic Ocean. Olli et al. (2007) presented the notion that the central
Arctic Ocean is net heterotrophic due to transport of organic matter of both terrigenous
and primary production origin from the shelves.
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6. Results and discussion

This thesis is based on four papers, three of these papers study processes occurring in
the Barents Sea and one in the Norwegian Sea. This section will first focus on the
main findings in the Barents Sea and then move to the Norwegian Sea.

To learn more about the carbon fluxes into, out of and within the Barents Sea a carbon
budget was constructed for the area in paper I. The budget includes advection of Cr,
DOC and POC, air-sea exchange, river runoff and sedimentation. Information about
these variables in and around the Barents Sea is limited and this is the first attempt to
combine the available information in the form of a budget. The results show that
~5600-10° t C is exchanged through the boundaries of the Barents Sea during one year.
There is a net import of water and carbon to the Barents Sea through the BSO and a
net export through the other three passages (see Figure 6). Considering all passages
into the AO the Barents Sea net Cr export is ~2500-10° t C/yr of which ~1800-10° t
Cl/yr (72%) is in subsurface water masses and thus sequestered from the atmosphere.
The Barents Sea is also a source of organic carbon to the AO; it exports ~80-10° t C/yr
to the AO of which ~20-10° t C/yr is labile. It have been proposed that the central,
deep AO is net heterotrophic (Olli et al., 2007) and the net export of labile organic
matter from the Barents Sea could support such a net heterotrophy.

Advection of Cr is the single largest component of the carbon budget and the Atlantic
Water and the modified Atlantic Waters are the most important water masses for the
advection of carbon. These water masses contribute the major part of the volume flow
through the two main passages into (Norway-Svalbard) and out of (Franz Josef Land-
Novaya Zemlya) the Barents Sea, they also have the highest Ct concentrations due to
their high salinity. In addition the strength of the inflow of Atlantic Water controls the
areal extent of the Atlantic and Arctic domains within the Barents Sea which in turn
determine the amounts of primary production and uptake of atmospheric CO,. The
advection of organic carbon was the second largest contributor to the budget followed
by the sources and sinks within the Barents Sea itself, uptake of atmospheric CO,,
river runoff, land sources, and finally burial in the sediments. Considering the
difference in volume flows the net advective influx of carbon through the BSO is
similar to the flux estimated by Anderson et al. (1998) through the same passage. The
net advective of carbon influx through the BSO is also about half of the carbon influx
in the North Atlantic Water and Coastal Water Lundberg and Haugen (1996) estimated
across the Iceland-Scotland ridge.

As the Atlantic Water flows across the Barents Sea its carbon content increase due to

uptake of CO, from the atmosphere and remineralisation of export production. The
increase in the carbon content of the modified Atlantic Water is important since it is
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this water that contributes to the intermediate Atlantic Layer in the AO and the carbon
it contains is sequestered from the atmosphere for decades to hundreds of years. In
modified Atlantic Water the Barents Sea exports ~1800-10° t C/yr to the AO, where
30-10° t C/yr of this is CO, taken up from the atmosphere within the Barents Sea. The
major part of this carbon, 23-10° t C/yr, enters the modified Atlantic Water as export
production which is converted to Cr.

In paper II seasonal CO, air-sea exchange and new production was studied in the
north-western Barents Sea (seasonal here refers to the end of winter until July). This
study was based on data obtained in 2003 from ice covered Atlantic Water and Arctic
Water. The Atlantic domain of the Barents Sea is a sink for CO, throughout the year
(Omar et al., 2007) due to cooling of the surface water in winter and primary
production in summer. Less is known about the air-sea CO, exchange in the Arctic
domain since the area is ice covered. Even though some CO, may penetrate through
the sea ice (Semiletov et al., 2004), it is generally assumed that a sea ice cover is an
effective barrier for gas exchange. The phytoplankton bloom that occurs as the ice
melts reduces the f{CO, and thus induces an uptake of atmospheric CO,.

The seasonal uptake of CO, was at least twice as high in the Atlantic Water as in the
Arctic Water, 29 g C/m’ compared to 6-14 g C/m’. Kaltin et al. (2002) presented
similar values in the Atlantic Water based on data from 1999, but in the Arctic Water
there were clear differences between the years. The estimated seasonal uptake of CO,
in the Atlantic Water in paper II and Kaltin et al. (2002) are larger than the 16 g C/m’
obtained by Omar et al. (2007) for March-July. This is probably due to the differences
in methodology; the seasonal estimates in paper II and Kaltin et al. (2002) are based on
water column changes while Omar et al. (2007) calculated the air-sea exchange
directly from fCO,. The amounts of air-sea exchange presented above were calculated
with the Takahashi et al. (1985) C:N ration, 8.75. A higher C:N ration than the
classical 6.6 (Redfield et al., 1963) is required to prevent surface water outgassing of
CO, at some of the stations. There are no records of outgassing of CO, in the Barents
Sea and the surface fCO, were below atmospheric levels at the time of the
investigation. Calculations were also made with the Redfield et al. (1963) ratio and
when the Redfield et al. (1963) ratio was used the resulting uptake of CO, in the
Atlantic Water was 16 g C/m” similar to what Omar et al. (2007) obtained.

The total uptake of atmospheric CO, in the Barents Sea is augmented by the increased
CO, uptake in polynyas within otherwise ice covered areas as found for the
Storfjorden polynya in paper III. Investigations in Storfjorden in 2001 and 2002
showed that the brine enriched shelf water produced during ice formation was enriched
in Cr (17 £4 pmol/kg) due to uptake of CO, from the atmosphere. The total winter
time uptake of CO, in Storfjorden due to this intense air-sea exchange was 65 +40 g
C/m?, which may be compared to the yearly uptake of CO, in the Atlantic Water of 51
g C/m’ found by Omar et al. (2007). If the same behaviour can be expected from all
the coastal polynyas in the AO, an total uptake of 2.3 + 1.4 - 10'? g C/yr would take
place within them. On the other hand, the uptake of CO, due to ice formation in the
non-polynya part of Storfjorden was much lower than in the polynya, 5.2 g C/m?, but
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extrapolated to the seasonally ice covered area of the Arctic it resulted in a total uptake
of 36 +22 - 10" g C/yr.

The same south-north difference that was found for the seasonal air-sea exchange of
CO, in paper II was also found in the seasonal new production. The results revealed a
seasonal new production of 52 g C/m” in the Atlantic Water and 20-27 g C/m” in the
Arctic Water. Comparisons with the study by Kaltin et al. (2002) show that the
interannual variability in the area can be large. Kaltin et al. (2002) found a seasonal
new production of about 70 g C/m? in the non-ice affected Atlantic Water. The
difference is not surprising since the climatic state of the Barents Sea was cold in 2003
while 1999 was a warm year. The larger production in the Atlantic Water compared to
the Arctic Water has also been shown in models, Wassmann et al. (2006b) modelled
annual total primary production for the Atlantic and Arctic domains of 130 and 68 g
C/m” respectively. From the variability of the seasonal air-sea exchange of CO, and
new production it was concluded that the concentration and melting of the sea ice
cover is of importance for the resulting carbon fluxes in addition to the water mass.

The only annual estimate of production based on measurements in the Barents Sea to
my knowledge is the estimate by Olsen et al. (2002). They estimated production in the
Atlantic domain along the Kola section (33.5° E) during both warm and cold years
based on deficits of phosphate. The result was a production of 30 g C/yr during cold
and 21 g C/yr during warm years. These results are not only smaller than the seasonal
estimates in Atlantic Water in paper II and Kaltin et al. (2002), but they also indicate
more production during cold than warm years. The latter is surprising since other
available information point at the opposite; both the comparison between paper II and
Kaltin et al. (2002) and several modelling studies (e.g. Slagstad and Wassmann, 1996;
Wassmann et al. 2006b) show larger production during warm years. It is possible that
the parameterisation of the vertical mixing in Olsen et al. (2002) to some degree is
responsible for the unexpected results (Olsen pers. comm.).

In paper IV the annual net community production (NCP) and its variability is studied
during the years 1955-2005 at Ocean Weather Station M (OWS M, 66° N, 2°E) in the
Norwegian Sea. The annual NCPs were calculated with a box model for the mixed
layer based on the unique time series of oxygen collected at OWS M. The mean annual
NCPs for the period 1955-2005 was 103 g C/m” yr (11.1 mol O, /m? yr), while the
minimum and maximum annual NCPs were 43 and 169 g C/m” yr (4.7 and 18.3 mol
O, /m? yr) respectively. Falck and Gade (1999) made similar NCP calculations at
OWS M based on data for 1955-1988, but the data was only used to calculate a mean
NCP for that period. Their result was similar to the mean NCP from paper [V
calculated for the same time period when their mean NCP was calculated with the
same air-sea exchange formulation. Since the NCP in both studies was represented by
the difference between the change in oxygen content, air-sea exchange, and vertical
eddy diffusion the choice of formulation of the air-sea oxygen exchange becomes
essential for the calculated amount of NCP. If a formulation that resulted in smaller
amounts of air-sea exchange was used consequently the NCP also decreased.
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OWS M lies in the path of the Atlantic Water on its way north into the AO. The width
and strength of the NwWAC in the Norwegian Sea makes it the most “stable” area in
hydrographic sense within the Nordic Seas. The production and its variability found at
OWS M may thus be representative for the surrounding Atlantic Water. Falck and
Gade (1999) found similar NCP at OWS M and in the entire ice free part of the Nordic
Seas (these results were calculated with another air-sea exchange formulation and are
thus not directly comparable to the results from paper IV). Skjelvan et al. (2001) on
the other hand found smaller NCPs in the northern Norwegian Sea, 32 and 24 g C/m’
in the Bjornaya-W and Gimsey-NW sections respectively. It was not possible to
attribute the variability of the annual NCPs in paper IV to a single environmental
parameter even though the NCPs clearly were influenced by the temperature and depth
of the mixed layer in the beginning of the productive season (May). The cause for the
variability is probably due to several interacting factors. In addition to temperature and
mixed layer depth both wind speed and presence of Coastal Water were identified as
important for the amount of NCP during single years. Other potentially important
factors are for example insolation and species composition. A shift to generally higher
NCPs occurred in the early 1990s which could not be explained with the data at hand.

Even though it is complicated to compare different types of production the results
from paper II together with results from Kaltin et al. (2002) and several modelling
studies (e.g. Sakshaug and Slagstad, 1992; Wassmann et al., 2006b) indicate higher
production in the Atlantic Water in the Barents Sea than in the same water in the
Norwegian Sea (paper [V). When making this comparison it has to be remembered
that NCP on shorter time scales always is larger than new production since the NCP
represents the sum of the new and regenerated production. In order to make a proper
comparison between new production and NCP the ratio between new and regenerated
production has to be known. A larger production in the Barents Sea may be due to the
high grazing pressure in the Norwegian Sea (Rey, 2004).

In a global perspective the carbon fluxes in the Norwegian and Barents Seas may seem
insignificant due to the small area and volume flows into and out of these seas, but
their importance 1s not due to their size but to the processes that occur within them. It
1s the modification of the Atlantic Water as it passes through that makes the
Norwegian and Barents Seas so urgent to study. In a future of changing climate the
Barents Sea 1s also one of the areas that will be severely affected. The south-north
gradient of new production and air-sea exchange found in paper II indicate that an
Atlantification of the northern Barents Sea will increase both these processes in that
area. Since model studies (e.g. Sakshaug and Slagstad, 1992; Wassmann et al., 2006b)
have shown higher production in the Atlantic domain during warm than cold years it is
also possible that the predicted increasing temperatures in the Atlantic Water advected
into the BSO (ACIA, 2005) will result in increasing production in the Atlantic domain.
Another result of climate change in the Barents Sea may, as mentioned in paper [ be a
decrease or total stop in the production of the densest part of the modified Atlantic
Water. This part of the modified Atlantic Water includes brine water and in a future
Barents Sea with little or no sea ice the production of brine water will decrease or stop
altogether. This would change the depth to which water from the Barents Sea can
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penetrate the AO and thus the storage of the carbon sequestered in the Barents Sea. It
1s however possible that the extra uptake of CO, in brine water during formation of sea
ice may increase in the central AO in the future if the area of polynyas and the extent
of the seasonal ice covered area increase (paper I1I).
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Abstract

The first carbon budget constructed for the Barents Sea to study the fluxes of carbon
into, out of, and within the region is presented. The budget is based on volume flows
and dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and
particulate organic carbon (POC) concentrations. The location of the Barents Sea
between the Nordic Seas and the Arctic Ocean makes it a site for large variations in
both physical, chemical, and biological parameters and also sensitive to future climate
change. Since the Barents Sea is a site for formation of intermediate and deep waters
penetrating into several layers of the Arctic Ocean, the processes determining the
Barents Sea carbon budget has significance also for the Arctic Ocean carbon budget.
The results of the budget show that ~5600-10° t C is exchanged through the boundaries
of the Barents Sea during one year. The Barents Sea is a net exporter of carbon to the
Arctic Ocean; the net DIC export is ~2500-10° t C yr'' of which ~1800-10° t C yr’!
(72%) is in subsurface water masses and thus sequestered from the atmosphere. The
net total organic carbon export to the Arctic Ocean is 80-10° t C yr'' of which 20-10° t
C yr' is labile. Shelf pumping in the Barents Sea results in an uptake of 30-10°t C yr™!
from the atmosphere which is exported out of the area in the dense modified Atlantic
Waters. The main part of this carbon was channelled through export production
(23-10°t C yr'h).

1. Introduction

The Barents Sea is an important transformation area within the Arctic Mediterranean
where properties such as temperature, salinity, and carbon concentration of the water
masses can change considerably. Both intermediate and deep waters are produced
within the Barents Sea and the carbon contained in these waters is sequestered for
decades to hundreds of years when the waters exit into the neighbouring deep basins of
the Nordic Seas and Arctic Ocean (Bonisch and Schlosser, 1995; Anderson et al.,
1998). In an era of climate change it is important to quantify the carbon fluxes both



into, out of, and within the ocean since the fluxes of total dissolved inorganic carbon
(DIC), dissolved organic carbon (DOC) and particulate organic carbon (POC) control
many aspects of the marine carbon cycle, such as the potential for uptake of
atmospheric CO,, availability of labile organic matter and sequestration of CO,. A
carbon budget for the Barents Sea will reveal how large these carbon fluxes are.

The Barents Sea is the largest of the Arctic Ocean shelf seas (1.512-10° km?) with a
mean depth of 200 m (Jakobsson, 2002). It acts as a conduit for the Atlantic Water
(AW) on its way north into the Arctic Ocean (AO) and due to the presence of the AW
it is one of the most productive areas in the AO (Sakshaug, 2004). The AW that enters
the south-western Barents Sea through the Barents Sea Opening (BSO) is warm and
relatively saline; it also has high concentrations of DIC and nutrients. From the BSO
the AW flows east and north-eastwards (Figure 1) to the Polar Front where it
encounters and is subducted below the cold and fresh Arctic Water (ArW) (Loeng,
1991; Schauer et al., 2002a). The ArW is advected into the Barents Sea from the north
and northeast (Novitsky, 1961; Loeng, 1991; Pfirman et al., 1994). The warm AW
keeps the southern Barents Sea ice free during the entire year while the ArW is
seasonally ice covered, the majority of the ice is produced within the Barents Sea but
some 1s also imported from the Kara Sea and Arctic Ocean (Martin and Augstein,
2000). The distribution of water masses and sea ice cover is important for the
processes in the carbon cycle since it determines the amount of CO, uptake from the
atmosphere and primary production. Ice cover reduces the CO, uptake from the
atmosphere and seasonal studies has shown that the uptake north of the Polar Front is
significantly lower than in the AW (Kaltin et al., 2002; Kivimée et al., submitted). The
primary production in ArW below the ice is lower than in the AW due to light
limitation and less favourable nutrient conditions (Sakshaug and Slagstad, 1992;
Wassmann et al., 2006). North of the Polar Front the larger part of the annual
production occurs during the spring bloom due to the limited access to new nutrients in
the strongly stratified waters while the periodic passage of low pressure systems
introduces new nutrients to the euphotic zone in the less stratified AW (Sakshaug and
Slagstad, 1992).

The strength and properties of the AW inflow determines the climatic state of the
Barents Sea with respect to the distribution of hydrographic conditions and sea ice.
Hence, the Barents Sea climate has a cold and a warm state (Loeng, 1991; Adlandsvik
and Loeng, 1991). The AW looses heat and mixes with lower salinity water as it
passes through the Barents Sea (Schauer et al., 2002a). The heat loss during winter
which increases the solubility of CO, and the primary production during summer
results in a fCO, in the seawater that is lower than the atmospheric throughout the year
(Omar et al. 2007) and thus potential for CO, uptake from the atmosphere. When the
AW reaches the passages between Svalbard-Franz Josef Land and Franz Josef Land-
Novaya Zemlya the AW has been extensively transformed so that it no longer is
recognised as AW according to the classical definitions (Hopkins, 1991; Loeng, 1991).
In this work it will be referred to as Barents Sea modified Atlantic Water.
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Figure 1: Map of the Barents Sea with main surface currents and some topographical
features. Solid arrows represent Atlantic Water, dashed arrows Arctic Water and
dotted arrows Coastal Water. K.K.L is Kong Karls Land. Figure by courtesy of T.
Gammelsrod and F. Cleveland, Geophysical institute, University of Bergen.

The Barents Sea is also a production area for brine water (Midttun, 1985) which forms
when sea ice freezes and the salts are rejected into the surface water. The result is cold,
relatively salty, and dense water that can sinks to considerable depth depending on its
density. Brine water can thus be an effective conduit for carbon from the atmosphere
to the deeper layers of the ocean (Omar et al., 2005; Anderson et al., 2004; Rysgaard et
al., 2007). Brine water is known to form in the polynyas of Storfjorden (Skogseth et
al., 2004), west and northwest of Novaya Zemlya and around Franz Josef Land
(Martin and Cavalieri, 1989). The densest part of the outflow from the Barents Sea,
through the passage between Franz Josef Land and Novaya Zemlya, consists of a
mixture of brine water and modified AW (Schauer et al., 2002b) and will be referred
to as Barents Sea Bottom Water in this work.



In the BSO the inflowing AW is accompanied by the Coastal Water which flows along
the coast of Norway and Russia until it reaches the south-eastern Barents Sea. Here
some parts of the water exits through the Kara Gate (the straits of Karskie Vorota and
Yugorsky Shar), the straits between Novaya Zemlya and the Russian mainland, while
some turns north along the western coast of Novaya Zemlya. The Coastal Water
constitutes a freshwater source for the Barents Sea due to its low salinity, along its way
eastwards it is supplied with even more river runoff.

A carbon budget for the Barents Sea has not hitherto been attempted but a carbon
budget for the Arctic Ocean has been constructed by Anderson et al. (1998). They
found that the AW transported 1291-10° tons C yr™' into the AO through the BSO
while the central AO was supplied with 863-10° tons C yr' from the lower halocline
and Atlantic layer inflow through Fram Strait. This implies that the Barents Sea branch
of AW is at least as important as the Fram Strait branch for the carbon budget of the
AOQ. The carbon budget made by Lundberg and Haugan (1996) covered the entire
Arctic Mediterranean and they concluded that the role of this area in the global carbon
cycle was as a transit area for carbon from the Pacific Ocean and river runoff. In
addition, the area was a sink for atmospheric CO, as well as an area of substantial
transformation from surface water to deep water. The objective of the present study is
to focus exclusively on the Barents Sea and construct a carbon budget based on
volume flows and concentrations of DIC, DOC, and POC. The part of the budget
associated with the local change in carbon properties in and export of the transformed
AW, the shelf pumping (Tsunogai et al., 1999), is also studied in detail.

River runoff and Air-sea exchange
land sources \

v
DIC _ DIC
import > DIC pool " export

Production /
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import K‘/ export
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Figure 2: Conceptual model showing the DIC and TOC pools with their sources and
sinks and the processes that act upon them.



2. Method

The carbon in the Barents Sea was divided into two pools, one for total dissolved
inorganic carbon (DIC) and one for total organic carbon (TOC) which contains
dissolved organic carbon (DOC) and particulate organic carbon (POC). Figure 2 shows
the conceptual model of the carbon flows into, out of, and within the Barents Sea. The
sources and sinks for carbon in the area can be written as

Carbon in = DIC*" + DOC™ + POC™ + DIC™ + DOC™" + POC™ + DIC#™ + DIC®*
Carbon out = DIC* + DOC* + POC*" + POC*

The superscripts in the equations above stand for advection (adv), river and land
sources (rl), air-sea exchange (air-sea), extra uptake from the atmosphere during ice
formation (eif), and burial in the sediments (sed). Transformation between DIC, DOC,
and POC inside the Barents Sea is assumed to be through biological production and
remineralisation (Figure 2). Section 2.1 will outline the construction of the carbon
budget and section 2.2 will show how the shelf pumping is evaluated.

2.1 Barents Sea carbon budget
2.1.1 Volume flows and water masses

Volume flows were taken from the model by Maslowski et al. (2004), see Table 1,
who computed climatological (1979-2001) volume and salt transports. 0.04 Sv was
added to the outflow between Franz Josef Land and Novaya Zemlya from Maslowski
et al. (2004) to balance the volume flows. Five water masses were defined within the
in- and outflows: Atlantic Water (AW), Coastal Water (CW), Arctic Water (ArW),
Barents Sea modified Atlantic Water (BSAW) and Barents Sea Bottom Water
(BSBW). The fraction of each water mass in each in/outflow (Table 2) was calculated
based on the mean salinity of each in/outflow, mean salinities of the water masses and
mass conservation. The mean salinity for an inflow or outflow was calculated from the
salt and volume flows according to Maslowski et al. (2004). It was assumed that the
added 0.04 Sv had the same mean salinity as the other outflow in the same passage.

Table 1: Volume flows (Sv) from Maslowski et al. (2004) with direction in/out of the
Barents Sea in parenthesis.

Passage Net Positive  Negative
Svalbard - Norway 3.27 (in) 5.07 (in)  -1.8 (out)
Svalbard - Franz Josef Land 0.36 (out) 1.17 (out) -0.81 (in)
Franz Josef Land - Novaya Zemlya 2.56 (out) 3.16 (out) -0.61 (in)
Kara Gate 0.32 (out) 0.33 (out) -0.01 (in)




Table 2: Contribution from each water mass to the total in- or outflow through the four
passages into the Barents Sea. Abbreviations are f=fraction, CW=Coastal Water,
AW=Atlantic Water, ArW=Arctic Water, BSAW=Barents Sea modified Atlantic

Water, BSBW=Barents Sea Bottom Water, No=Norway, Sv=Svalbard, FJL=Franz
Josef Land, NZ=Novaya Zemlya and KG=Kara Gate.

Passage fcw fAW fArwW f{BSAW f{BSBW

IN

No - Sv 0.220  0.780

Sv - FJL 0.837 0.163

FIL - NZ 0.049 0951

KG 1

ouT

No - Sv 0.896 0.104

Sv - FJL 0.073 0.927

FIL - NZ 0.458 0.125 0.417
KG 1

The salinity range and mean salinity (Table 3) of the five water masses were chosen
based on comparison of cruise data with existing water mass definitions (Loeng, 1991;
Pfirman et al., 1994; Steele et al., 1995; Harris et al., 1998; Schauer et al., 2002b;
Leikvin, 2003; Smolyar and Adrov, 2003; Panteleev et al., 2004). The flows through
Kara Gate were assumed to be 100 % CW due to their low mean salinities. The
outflow between Franz Josef Land and Novaya Zemlya consists of three water masses
and the fractions could thus not be calculated (since only salinity was known along
with mass conservation).

Table 3: Mean salinities used for fraction calculations (Table 2). Abbreviations as in
Table 2.

Passage Cw AW  ArWw BSAW BSBW

IN

No - Sv 34.5 35.07

Sv - FIL 3494 344

FIL -NZ 3494 344

KG 27

ouT

No - Sv 35.07 344

Sv - FIL 344 34.909

FIJL -NZ 344 34909 34.904
KG 33.06




The fractions for this outflow were therefore based on the percentages of the different
water masses present in this outflow as found by Leikvin (2003) and the assumption
that the low-salinity surface water encountered in that study was melt water and not
present in winter. The mean salinity was also kept close to the mean salinity from the
model by Maslowski et al. (2004).

It was assumed that BSAW is formed by mixing of cooled AW with ArW (Loeng,
1991) and that BSBW is formed by mixing of cooled AW with brine water, the latter
being formed from ArW. The fractions of cooled AW and ArW that contribute to
BSAW were calculated based on salinities while the fractions in BSBW were
calculated based on temperature since salinity of brine water varies widely in the
Barents Sea (Midttun, 1985; Pfirman et al., 1994; Maus, 2003; Skogseth et al., 2004;
Skogseth et al., 2005) and the water mass is formed subsurface. The temperature for
brine water was assumed to be at the freezing point (-1.8° C) and the AW was assumed
to have a temperature of 1° C.

2.1.2 Water mass carbon concentrations

The DIC concentrations in the five water masses were taken from field observations
(Table 4) while the DOC and POC concentrations were obtained from the literature
(Table 5 and 6). DIC concentrations were normalised to the mean salinity when there
was a clear relationship between DIC concentration and salinity (Friis et al., 2003) in
absence of a relationship a mean value was used. CW was treated as AW diluted with
freshwater (i.e. salinity normalised to the assumed salinity for the CW with zero
intercept). The exchange between the Norwegian Coastal Current and the Norwegian
Atlantic Current is large as they flow north (Gascard et al., 2004) and when the CW
arrives in the BSO the traces of the Baltic Sea water is small. The DIC concentrations
in the surface water change during a year, mainly due to biological production. The
production is not easily corrected for when data from several cruises are used together
and to decrease the uncertainties added by biological production the budget was set up
to represent the winter situation. Since winter data was not available DIC
concentrations were only used from the lower part of the winter mixed layer, not from
the surface where production had taken place. In the case of AW data below ~100 m
was used while data below ~50 m was used in ArW since the production does not
occur as deep here as in AW (Kaltin et al., 2002; Kivimée et al., submitted).

Olsen et al. (2006) found an increase of seawater DIC due to anthropogenic sources of
CO, in the Nordic Seas of 0.6-0.9 umol kg™ yr™' during the period 1981 to 2002/2003.
Due to the long time span of the cruises from which data has been used in this study,
1996-2005, a correction for this increase was done. The DIC concentration in the
waters of the West Spitsbergen Current was found to increase by 12-14 umol kg™
during 21 years giving a mean increase of 0.62 pmol kg™ yr' (Olsen et al., 2006). It
was assumed that the increase in the DIC concentration in the North Cape Current kept
track with the West Spitsbergen Current and thus an increase of 0.62 pmol kg™ yr™
was used for all AW associated waters in the budget. All DIC concentrations were
normalised to 2003.



Table 4: Concentrations of DIC (umol kg™) for the five water masses of the budget
with cruise(s) from which the data was taken. The concentrations have been corrected
for the increase of CO, due to increasing atmospheric concentration. Abbreviations as

in Table 2.
Water DIC Water DIC
Passage mass  Data source (umol  mass Data source (umol
IN /kg) ouT /kg)
) Knorr 2002%, G. O.
No-Sv CW Diluted AW 2112 AW Sars 2003 2145
Jan Mayen 1999°,
Knorr 2002% G. O. Hékon Mosby
AW Gars 20030 2145 AW 0009 CABANERA 2128
2003-5°¢
Jan Mayen 1999°, Jan Mayen 1999°,
Sv - Hakon Mosby Hakon Mosby
FIL AW 5000%, CABANERA 2128 AW 50000 CABANERA 2128
2003-5°¢ 2003-5°¢
Polarstern ARK XII Polarstern ARK XII
AW 1996 2149 BSAW 1996 2155
FJL - Polarstern ARK XII Polarstern ARK XII
NZ ArW 1996" 2147 ArW 1996 2147
Polarstern ARK XII Polarstern ARK XII
AW 1996" 2149 BSAW 1996 2155
Polarstern ARK XII
BSBW 1996 2188
KG CW Diluted AW 1653 CW Diluted AW 2024

Originator of dataset:

*R. Bellerby/T. Johannessen, University of Bergen
® A. Olsen/T. Johannessen, University of Bergen
¢ M. Chierici/A. Fransson/L. G. Anderson, Géteborg University

¢ A. Olsen/A. Omar/T. Johannessen, University of Bergen

°R. Bellerby/C. Kivimée/T. Johannessen, University of Bergen
"M. Chierici/A. Fransson/L. G. Anderson, Goteborg University

The changes in DIC concentration in ArW due to uptake of anthropogenic CO, are not
well known, the increase has been lower in the Polar Water of the East Greenland
Current than in the AW of the West Spitsbergen Current (Olsen et al., 2006) but the
concentration of anthropogenic carbon is fairly similar in the two currents, 34 and 38.9
umol kg™ respectively (Jutterstrom, 2006). Since the ArW has a stronger relation to
AW than to Polar Water the same increase rate as in AW was assumed. The DIC
concentrations presented in Table 4 are corrected for the increase due to uptake of
anthropogenic carbon.



Table 5: Concentrations of DOC (umol/l) for the five water masses of the budget with
literature source(s).

Water Water

DOC DOC
Passage mass Data source ( moI/I) mass Data source ( moI/I)
IN H ouT H
No-Sv. CW  Assumption 70 Aw  Amonand 58.2
0>V SSUMmpto Budéus (2003) '
Amon and Modified from
AW , 582 ArW Gasparovic et al. 62.5
Budéus (2003) (2007)
Modified from Modified from
Sv-FIL ArW  Gasparovic et al. 62.5 ArW Gasparovic et al. 62.5
(2007) (2007)
Amon and
AW Budéus (2003) 58.2 BSAW AW + ArW 60.7
Bussmann and Bussmann and
FIL-NZ = AtW- ¢ o ttner (2000) 7T AW K attner (2000) 7
Amon and
AW Budéus (2003) 58.2 BSAW AW + ArW 60.7
BSBW AW + brine 63.6
KG CW Amon (2004) 196 CW Amon (2004) 85

The DOC and POC concentrations in and around the Barents Sea presented in Table 5
and 6 represent either wintertime values or values from the base of the mixed layer
during the productive season where it is assumed that the influence of the active
biological production is small. DOC and POC concentrations in BSAW and BSBW
are based on the fractions and concentrations in their source waters.

2.1.3 River runoff and land sources

Values for water discharge and concentration of hydrogen carbonate (HCO;") were
taken from Gordeev et al. (1996), see Table 7, giving a total HCO; inflow of 31.9-10°
t yr'' to the Barents Sea corresponding to 6.27-10° t C yr''. Vetrov and Romankevich
(2004) found a total DOC flow from land of 6.05-10° t C yr'' including river runoff
and ground water transport (underground runoff) while the total POC flow, including
river runoff, wave abrasion, and eolian transport amounted to 1.7 10°t C yr'l. The
POC flux also included contributions from the White Sea.

2.1.4 Air-sea exchange of CO,
The net CO, flux in the Barents Sea is from the atmosphere to the surface water due to

cooling of the water in winter and biological (export) production in summer and hence,
atmospheric uptake of CO, is a local source of DIC in this area.



Table 6: Concentrations of POC (ug C I'") for the five water masses of the budget with
literature source(s).

Water POC Water POC
Passage  mass Data source (ug C/1) mass Data source (ug C/1)
IN Ho ouT Ho
Wassmann et al. Olli (pers.
No-Sv CW (1999) 100 AW comm.) 50
Olli (pers Andreassen et al.
AW Comnf) ' 50  ArW  (1996), Olli et al. 60
) (2007)
Andreassen et al. Andreassen et al.
Sv-FIL ArW (1996), Olli et al. 60 ArW (1996), Olli et al. 60
(2007) (2007)
Aw  Olli(pers. 50  BSAW AW+ ArW 52
comm.)
Andreassen et al. Andreassen et al.
FIL-NZ ArW (1996), Olli et al. 60 ArW (1996), Olli et al. 60
(2007) (2007)
Aw  Olli(pers. 50  BSAW AW+ ArW 52
comm.)
BSBW AW + brine 55
KG CW Wassmann et al. 100 CW Wassmann et al. 100

(1999)

(1999)

The amount of CO, uptake from the atmosphere in the AW of the Barents Sea was
taken from Omar et al. (2007) who found a mean annual uptake of 4.27 +0.68 mol C
m~ (51.3 +8.2 g C m™). The uptake of CO, in ArW was assumed to be half of that in
AW (Kaltin et al., 2002; Kivimée et al., submitted). To find the total CO, uptake it was

assumed that 2/3 of the Barents Sea area is covered by AW and 1/3 by ArW.

Table 7: Water and HCO;" discharges of the rivers entering the Barents Sea from
Gordeev et al. (1996).

River Discharge [HCOj] HCO3
km® yr” mg 1! 10° t yr”
Onega 15.9 102 1.5
N. Dvina 110 106 11.5
Mezen 27.2 87.3 2.19
Pechora 131 39.5 5.68
Other area 179 10.9
Total 463 31.9
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2.1.4.1 Air-sea uptake of CO, during ice formation

Brine water is formed during ice formation when salts are rejected from the ice and
accumulates in the surface water. Polynyas at several locations in the Barents Sea
produce large amounts of brine water, especially the Storfjorden polynya, the polynyas
west and northwest of Novaya Zemlya, and around Franz Josef Land (Martin and
Cavalieri, 1989; Skogseth et al., 2004). Omar et al. (2005) found that there was an
increase in the uptake of atmospheric CO, in relation with brine water formation in the
Storfjorden polynya, resulting in an extra uptake of 59.8 g C m™ during the winter in
the polynya compared to the adjacent ice covered area. If it is assumed that this extra
CO, uptake takes place in a similar way in all the polynyas in the Barents Sea the total
amount of extra CO, taken up during brine water formation can be calculated from the
total polynya area. Areas for the Storfjorden polynya and the polynyas west of Novaya
Zemlya and south of Franz Josef Land were obtained from Skogseth et al. (2004) and
Martin and Cavalieri (1989). The respective areas were then multiplied with the extra
CO, uptake.

2.1.5 Burial of organic carbon in the sediments

Burial of organic carbon in the sediment is a sink for organic carbon in the ocean.
Rates of organic carbon burial in the sediments of the Barents Sea have been estimated
by Carrol et al. (this issue) based on measurements from sediment cores. They found
rates of burial for the last ~150 years ranging between 3.7 and 8.5 g C m™ yr' with a
mean of 6.1 £1.8 g C m™ yr’'. The mean burial rate was multiplied with the area of the
Barents Sea to find the total burial of organic carbon.

2.2 Shelf pumping in the Barents Sea

Extensive cooling of water in winter and large biological production in summer on
continental shelves lead to the production of dense, carbon enriched waters that flow
into the subsurface layers of the adjacent deep basins. This process is sometimes
referred to as “shelf pumping” (Tsunogai et al., 1999; Yool and Fasham, 2001;
Thomas et al., 2004; Borges et al., 2005; Bates, 2006). Cooling of the water serves
both to increase its density and to increase the solubility of CO,.

DIC concentrations in BSAW and BSBW are larger than in their respective source
waters (see section 2.1.1). This extra DIC content comes from uptake of atmospheric
CO,. In the Barents Sea this CO, uptake is driven by cooling of the surface water and
export production. BSAW and BSBW are here seen as water masses that are formed
by mixing of AW and ArW / brine water after the AW has been cooled and taken up
CO; from the atmosphere. The change in DIC (ADIC) attributed to shelf pumping in
BSAW and BSBW was calculated as the difference between the measured DIC
concentration and the concentrations in the original mixed water mass. The
concentration in the original mixed water mass for BSAW was calculated as the
fractions of cooled AW and ArW times the DIC concentrations these waters had as
they entered the Barents Sea. The concentration in the BSBW original mixed water
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mass was calculated in the same way with cooled AW and brine water. To discern
between the two drivers for increased DIC concentration the amount of CO, uptake
due to cooling in the AW was calculated first and the residual ADIC was then
attributed to remineralised export production.

2.2.1 DIC increase due to cooling

The net CO, flux mentioned in section 2.1.4 constrains the total CO, exchange forced
by cooling and biological drawdown of CO, in the surface ocean in the entire Barents
Sea. Here the uptake of CO, in the AW due to cooling of the water mass in winter will
be calculated. In 2003 the AW in the BSO had a mean temperature of ~4°C while it in
the proximity of the Polar Front (where AW is subducted) in Hopen deep had been
cooled to ~2°C. The air-sea CO, flux into the AW was calculated based on
atmospheric mole fraction of CO, (xCO,), fCO, from stations in the BSO and in the
proximity of the Polar Front, monthly mean wind speeds, and the formulation of k
(exchange velocity) from Wanninkhof (1992). Atmospheric xCO, is measured at
Zeppelin Mountain, Svalbard (79° N), and are available from the NOAA ESRL Global
Monitoring Division. Monthly xCO, values for 2003 were obtained from
ftp://140.172.192.211/ccg/co2/flask/month/sep 01D0 _mm.co2. fCO, in the seawater
was calculated from DIC concentration and total alkalinity with the program
developed by Lewis and Wallace (1998) using the constants of Mehrbach et al. (1973)
refitted by Dickson and Millero (1987). Monthly wind speeds were calculated from 6-
hourly wind speeds from the Hindcast database from the Norwegian Meteorological
Institute (Eide et al., 1985). The resulting air-sea flux estimate is the best possible with
the available data but the scarceness of measured DIC concentration data has to be
kept in mind when it is interpretated. It should also be noted that this estimate is not
directly comparable with the results from Omar et al. (2007) mentioned in section
2.1.4.1 due to the differences in time span, data coverage, and calculation method.

The change in DIC concentration was then calculated as the result of six months
(October to March) air-sea CO, flux into a mixed layer of 250 m (this is about the
maximum mixed layer depth in AW during winter). The reason for using six months is
that a residence time of two years is used for the AW in the Barents Sea in this work
(for a discussion of the residence time see section 4.3) and further it was assumed that
the AW is in contact with the atmosphere only during the first of these two years.
During the first year cooling takes place during winter which is assumed to last for six
months. Finally the concentration change in BSAW and BSBW was calculated
according to the fractions of their source waters.

2.2.2 DIC increase due to export production

The size of the annual net CO, uptake driven by primary production is equal to the
export production, which represents the amount of carbon, in form of organic carbon
that 1s exported from the mixed layer to depth. Since the water below the mixed layer
is isolated from the atmosphere, the CO, evolved during remineralisation can not be
exchanged with the atmosphere and is accumulated in the water. Seasonal pycnoclines
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exist in both AW and ArW but the significant permanent pycnocline in the Barents Sea
1s the separation between ArW and AW where AW is subducted below ArW. Thus
BSAW and BSBW accumulate the export production from the ArW as it passes below
it.

To find the ADIC caused by remineralisation of export production in BSBW both the
CO; uptake in the AW and the extra CO, uptake as brine water forms, as described in
section 2.1.4.1, must be subtracted. The extra CO, uptake in the Storfjorden polynya
on volume basis was 0.15 £0.044 ¢ C m™ (Omar et al., 2005).

3. Results
3.1 Barents Sea carbon budget

Volume flows for the separate water masses, calculated from the total volume flows
from Maslowski et al. (2004) and the fractions in Table 2 are presented in Table 8. In
the passage between Norway and Svalbard 3.96 Sv AW enters the Barents Sea of
which about 40 % is recirculated back to the Norwegian Sea. The remaining AW
entering the Barents Sea both in the BSO and in the north and northeast is transformed
to BSAW, BSBW, or ArW. More CW enters the Barents Sea than exits, which
indicates that the coastal current is a freshwater source for the water mass
transformations that occur in the Barents Sea.

The results in Table 8 indicate that the main exchange in the passage between Svalbard
and Franz Josef Land is made up of AW from the Fram Strait branch and BSAW from
the Barents Sea while ArW has only a small contribution.

Table 8: Volume flows (Sv) through the different passages to the Barents Sea for the
five water masses in the budget based on the volume flows in Table 1 and the fractions
in Table 2. Abbreviations as in Table 2.

Passage Cw AW ArW BSAW BSBW
IN

No - Sv 1.11 3.96

Sv - FIL 0.68 0.13

FIL -
N7 0.03 0.58

KG 0.01

ouT

No - Sv 1.61 0.19

Sv - FJL 0.09 1.08

FJL -
N7 1.47 0.40 1.33

KG 0.33
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Table 9: The Barents Sea carbon budget, all entries are in 10°t C yr'.

Source / sink DICin DOCin POC in DICout DOC out POC out
Svalbard - 4204.8 1163 9.72 1497.0 39.8 2.89
Norway

Svalbard - Franz 005 180 1.32 977.2 26.9 1.93
Josef Land

Franz Josef Land 508.0 17.5 1.14 2687.4 83.8 5.73
- Novaya Zemlya

Kara Gate 6.37 0.74 0.03 258.7 10.6 1.04

River runoff and

6.27 6.05 1.70
land sources

Sedimentation 9.21
Air-sea uptake 64.6
Extra CO; uptake 0.63

in brine water

Subtotal 5464.9 158.6 13.9 5420.3 161.1 20.8

Total 5637 5602

The second major flow-through passage after Norway-Svalbard is the one between
Franz Josef Land and Novaya Zemlya, here the inflow is mainly made up of ArW but
there is also a small contribution from the Fram Strait branch of AW. The outflow is
based on assumed fractions which were chosen so that the mean salinity corresponded
closely to the mean value from the model by Maslowski et al. (2004). ArW and BSBW
contribute with comparable amounts while the BSAW contributes about 15% of the
flow. Flow through the Kara Gate is almost entirely to the east (out of the Barents Sea)
and the assumption was that all this water is CW.

The Barents Sea carbon budget detailing advection, river runoff and land sources, total
CO, air-sea exchange, extra uptake of CO, in the polynyas, and burial in the sediments
is presented in Table 9. The budget show a total input of 5638-10° t C yr™' to the
Barents Sea and a total output of 5602:10° t C yr'. The DIC import to the Barents Sea
is 5465:10° t C yr'' while the export is 5420-10° t C yr"". The TOC pool is supplied
with 173-10° t C yr'! while 182:10° t C yr™" is exported or buried in the sediments.

Divided by passage, the budget shows that the Barents Sea is a net importer of water
and carbon between Norway and Svalbard while it is a net exporter of both water and
carbon through the other three passages. The Barents Sea is a source of carbon to the
Arctic Ocean; the net DIC export between Svalbard-Franz Josef Land and Franz Josef
Land-Novaya Zemlya is 2474-10° t C yr”' of which 1776-10° t C yr'' is in subsurface
water masses (BSAW and BSBW) and is therefore sequestered from the atmosphere.
The net TOC export to the AO is 80-10° t C yr''. If the concentrations of refractory

14



DOC and POC are 50 uM and 50 pg C/1 respectively the amount of labile organic
carbon exported to the AO is 20-10° t C yr™' of which 16:10° t C yr™ is in the ArW.
This result is consistent with the notion that the AO is net heterotrophic (Olli et al.,
2007) in the sense that the Barents Sea is a net exporter of labile organic carbon to the
AO.

3.2 Shelf pumping in the Barents Sea

Estimated from the salinities the BSAW was composed of 78 % AW and 22 % ArW.
Based on these fractions the ADIC between measured DIC and DIC in the original
contributing waters was 12.1 pmol kg™'. Following the calculations outlined in section
2.2 the result was that 4.2 pumol kg™ of these 12.1 pmol kg™ originated from direct
uptake of atmospheric CO, in the AW while 7.9 pmol kg™ was channelled through
export production. Multiplied by the volume flow of BSAW this corresponds to a total
0f 2.4:10°t C yr' and 4.1-10° t C yr™' respectively. The BSBW, estimated from
temperature, consisted of 54 % AW and 46 % brine water with a total ADIC of 46.9
umol kg™, 2.8 umol kg™ from direct atmospheric uptake and 38.4 pmol kg™ from
export production. 4.4-10° t C yr”' was thus taken up from the atmosphere in the AW
‘E)efore mixing with brine water while remineralisation contributed with 19.3-10° t C yr’

4. Discussion
4.1 Barents Sea carbon budget

The carbon budget for the Barents Sea shows that ~5600-10° t C is exchanged across
the boundaries of the Barents Sea in one year, mainly in the form of advected DIC.
The strength of the AW inflow through the BSO is important for the Barents Sea, both
for the distribution and variability of temperature, salinity and ice cover (Loeng, 1991;
Adlandsvik and Loeng, 1991). The importance of the AW inflow is obvious also in the
carbon budget, mainly through the relation between DIC concentration and salinity.
The amount of AW in the Barents Sea also affects the carbon budget through its
influence on the sea ice extent which, together with the residence time of the AW,
determines the amounts of uptake of atmospheric CO, and primary production with
subsequent export production. The advection of AW through the BSO has increased in
later years (Ingvaldsen pers. comm.) and is projected to increase even more in the
future (ACIA, 2005). Due to its importance for the carbon budget changing AW
advection will have clear effects on the carbon budget and the result of an increased
advection is an increased amount of carbon exchanged through the boundaries of the
Barents Sea.

The second largest contribution to the budget is the advection of organic carbon
followed by the total uptake of atmospheric CO, and river runoff and land sources.
The burial of organic carbon in the sediments is the smallest entry in the budget. The
difference between the advective in- and outflux of carbon to the area consists of the
balance between the sources and sinks within the Barents Sea (Figure 2); the influx
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through air-sea uptake of CO,, river runoff, land sources, and loss through
sedimentation. Since the sources are larger than the sink the advective influx of carbon
to the Barents Sea in theory should be smaller than the advective outflux. Due to the
uncertainties in the estimates of the advective fluxes in the presented budget we cannot
say with confidence that this is the case (for discussion of the uncertainties see section
4.3).

The net advective influx through the BSO is ~2800-10° t C yr™' which is larger than
the influx Anderson et al. (1998) calculated for this passage of 1.291 Gt C yr’'
(~1300-10° t C yr'"). The difference of the two estimates is mainly due to the larger net
volume flow in this budget compared to the budget by Anderson et al. (1998), 3.3 Sv
compared to 1.5 Sv, since Anderson et al.’s (1998) budget only included AW in the
BSO. The net advective DIC influx from this work, ~2700-10° t C yr™', is however
only half of the DIC influx over the Iceland-Shetland ridge in the North Atlantic Water
(NAW) and Norwegian Coastal Current (NwCC) calculated by Lundberg and Haugan
(1996), 14.85:10° mol C s (~5600-10° t C yr'"). Lundberg and Haugan’s (1996)
estimate was based on a volume flow of 6.85 Sv (6.2 Sv NAW and 0.65 Sv in the
NwCC). The other half of the DIC transport to the Norwegian Sea estimated by
Lundberg and Haugan (1996) can then be assumed to be transported northwards into
Fram Strait or recirculated within the Nordic Seas. This rough comparison indicate
that the DIC transport in Barents Sea branch of AW is equal to or larger (if some
recirculation takes place in the Nordic Seas) than the transport in the Fram Strait
branch, similar to what Anderson et al. (1998) found (1.291 Gt C yr™' transported
through the BSO in the Barents Sea branch and 0.863 Gt C yr’' transported through
Fram Strait in the lower halocline and Atlantic layer).

4.2 Shelf pumping in the Barents Sea

The transformation of water masses that occurs in the Barents Sea, the formation of
the colder, fresher, and denser modified Atlantic Waters and brine water, is important
for the carbon budget of the Arctic Mediterranean. The BSAW and BSBW that leaves
the Barents Sea are enriched with CO, from atmospheric uptake and remineralisation
of export production. The total amount of remineralised export production retrieved in
BSAW and BSBW is in this work estimated to be 23.4-10°t C yr''. Reigstad et al. (this
issue) estimated, based on sediment traps, an export production at 90 m in ArW in the
Barents Sea of 31.8 ¢ C m™ yr™'. This corresponds to a total export production of 15.8 -
10°t C yr'' in ArW if it is assumed that ArW covers 1/3 of the Barents Sea. The 31.8 g
C m™ yr”' found by Reigstad et al. (this issue) is equivalent to 47 % of the modelled
annual primary production in ArW of 68 g C m™ yr™' reported by Wassmann et al.
(2006). The amount of carbon attributed to export production in BSAW and BSBW is
higher (~150%) than the export production found by Reigstad et al. (this issue) but
lower (~70%) than the modelled primary production from Wassmann et al. (2006).
This amount is unreasonable high; Reigstad et al. (this issue) found that 47% of the
total production was exported past 90 m. An export in the ArW 50% larger than they
found only accentuates this, and it can be assumed that some of the export production
originates in the AW. If the export production in ArW is consistent with the findings
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of Reigstad et al. (this issue), then the BSAW and BSBW together must contain 7.6
10°t C yr' or 7.5 g C m™ yr”' from export production in the AW. This means that 17
% of the export production in the AW is retrieved in the BSAW and BSBW if again
Reigstad et al.’s (this issue) estimations of the export production in the AW of 44.4 g
C m? yr' (giving 44.9-10°t C yr'' if 2/3 of the Barents Sea is covered by AW) is used.
This is not unlikely considering 78 % and 54 % of the BSAW and BSBW respectively
originates from AW.

The total amount of retrieved export production (23.4:10° t C yr™') is also larger than
the export production calculated by Fransson et al. (2001) for the water that had
crossed the Barents Sea from the BSO to St. Anna Trough. Franzson et al. (2001)
found a total export production from the upper 150 m of this water of 9.6 - 10'* g C yr’
1(9.6:10° t C yr'") by multiplying the deficit of phosphate with the volume flow. The
different method along with a much smaller volume flow, 1.21 Sv compared to 2.8 Sv
in this work, explains most of this difference.

If an Atlantification (sensu Wassmann et al., 2004) occurs in the Barents Sea along
with the modelled decrease of the Northern Hemisphere sea ice cover (ACIA, 2005),
the entire Barents Sea will become ice free also in winter. This will result in absence
of ice formation and thus brine water formation, which will affect the formation of
BSBW. BSBW is the water mass with the strongest shelf pumping signal and this
water mass is also the densest with the deepest penetration depth in the Eurasian Basin
of the AO. BSAW carries a smaller shelf pumping signal and is slightly less dense, but
still dense enough to penetrate the AO below the halocline. According to Schauer et al.
(1997) modified AW from the Barents Sea can be found between 200 and 1300 m in
the Nansen Basin. The Barents Sea is also together with the Kara Sea the only source
areas for shelf water able to ventilate the Eurasian Basin below the halocline (Schauer
et al., 1997). The CO, content of these dense modified AWs is thus effectively
sequestered within the deep AO. In a future with less cooling of the AW in the Barents
Sea and less sea ice melt water in the surface the result may be that the AW still will
be in contact with the atmosphere as it exits the Barents Sea to the north into the AO.
The total uptake of atmospheric CO, in the Barents Sea under such a scenario will
probably decrease since the shelf pump would be less effective.

4.3 Uncertainties

The advective fluxes of DIC, DOC, and POC are based on volume flows and carbon
concentrations at the borders of the Barents Sea (Figure 1). Volume flows have been
measured in three places, between Nordaustlandet and Kviteya (Svalbard archipelago)
1980-81 (Aagard et al., 1983), between Franz Josef Land and Novaya Zemlya 1991-92
(Leikvin, 2003) and for five years in the BSO (Ingvaldsen et al., 2004). These studies
together do not cover all the inflows to and outflows from the Barents Sea so in order
to establish a balanced budget of volume flows data from a model had to be used. The
volume flows from the model of Maslowski et al. (2004) are larger than those reported
from measurements. Ingvaldsen et al. (2004) measured volume flows across the
Fugloya (Norway)-Bjerngya section during five years and found a mean annual net
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inflow of 1.5 Sv AW. Maslowski et al. (2004) found a net inflow for the whole
passage between Norway and Svalbard of 3.27 Sv, which is similar to the inflow
modelled by Budgell (2005) of 3.6 Sv. The inflow modelled by Maslowski et al.
(2004) was about twice as large as the measured flow, but the modelled flow also
included inflow in the coastal current. The volume flow of the coastal current is not
well known but is around 0.5-1 Sv (Ingvaldsen et al., 2004). When the fractions
calculated in this work are employed to the total model volume flows the result is a net
inflow of 2.35 Sv AW through the BSO (Table 8).

The main outflow from the Barents Sea occurs between Franz Josef Land and Novaya
Zemlya and the net outflow based on observations was estimated to 1.9 Sv by Leikvin
(2003). The modelled outflow through this passage was 2.56 Sv, again about 1.5 times
larger than the measured. The larger model volume flows may depend on the absence
of tides in the model (Maslowski et al., 2004) since tides can result in strong tidal
currents in the Barents Sea, also opposing the main flow direction. Another reason is
that the volume flows in the model can be calculated from coast to coast and are not
limited by the extent of the mooring array.

The consequence of the larger model volume flows is a reduction in the residence time
of the waters within the modelled Barents Sea, the combined inflows from Maslowski
et al. (2004) divided by the volume of the Barents Sea results in a mean residence time
of all waters of ~1.5 years. This is a shorter residence time than is achieved if the
calculations are done with the smaller measured volume flows. Asplin et al. (in prep.)
found that it takes 2-4 years for the water to flow through the Barents Sea. A residence
time of two years is used in the budget; the residence time is needed for the
calculations outlined in section 2.2 to differentiate between uptake of CO, driven by
cooling of AW and by export production. If a longer residence time is used then more
of the extra DIC found in the BSAW and BSBW origins from direct uptake of CO,
from the atmosphere and less from remineralised export production.

The DIC concentrations used in the budget were taken from measurements and in this
context the definitions of the water masses are essential for the results. The AW that
flows into the Barents Sea through the BSO is the only thoroughly characterised water
mass in the Barents Sea; it can always be recognised by its relatively high salinity and
in winter by its high temperature. In this work a salinity of 34.95 was used as the lower
limit for AW in the BSO, a somewhat lower limit than the classical 35.0 (Loeng, 1991)
but this lower limit is used in order to include the entire water mass and not only the
core as stricter definitions do. After the salinity range was chosen the mean salinity
was taken from the measurements. For the other water masses salinity spans had to be
chosen based on available data and comparisons with the literature. The water mass
that is most difficult to characterise is the ArW since it is surface water mass from
which few DIC measurements exist. The use of 34.4 as the mean salinity for ArW was
forced by the mean salinities from the model since its mean salinity in the inflow
between Franz Josef Land and Novaya Zemlya was 34.43 and some of this water is
AW from the Fram Strait branch. The mean salinity of ArW may be a bit higher, 34.5-
34.7, depending on what area of the northern Barents Sea is investigated (Loeng, 1991;
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Pfirman et al., 1994; Steele et al., 1995; Harris et al., 1998). Using a higher mean
salinity in the ArW, and thus higher mean DIC concentration, would lead to a larger
outflux of DIC from the Barents Sea since more ArW is exported than imported. DIC
concentration data for the outflowing water between Franz Josef Land and Novaya
Zemlya were taken from a cruise in the northern St. Anna Trough (Polarstern ARK
XII, 1996) since no DIC measurements to our knowledge exist in that passage. It has
been assumed that the changes in DIC concentration in the water masses are
insignificant between the Franz Josef Land-Novaya Zemlya passage and the northern
St. Anna Trough. It is possible that the subsurface water may experience an increase in
DIC concentration due to remineralisation of more export production as they travel
along St. Anna Trough in which case the amount of exported remineralised export
production from the Barents Sea have been overestimated. The ArW on the other hand
may have experienced more atmospheric uptake as it flows south from the northern St.
Anna Trough to the Barents Sea resulting in too low DIC concentrations.

In the context of DIC concentrations is should be noted that the salt budget showed a
small net influx of salt to the Barents Sea even though the volume flow budget was
balanced by adding 0.04 Sv to the fluxes from Maslowski et al. (2004). During winter
DIC concentration in sea water is strongly related to salinity with increasing
concentrations following increasing salinities. If the salt budget was balanced the
advective outflux would be even larger compared to the advective influx as discussed
in section 4.1 and a larger outflux would improve the balance of the carbon budget
(see Table 9).

In addition to the references on DOC concentrations in Table 5 it may be noted that
both Amon (2004) and Wheeler et al. (1997) report DOC concentrations of 58 uM in
the AW layer in the Eurasian Basin. The concentrations used for BSAW and BSBW in
this work (see Table 5) are higher and the transport of DOC to the AO may thus be
overestimated. POC concentrations in sea water are seldom measured, it 1s more often
the vertical flux of POC that is measured, but the uncertainty that the scarcity of data
introduces into the budget is small since the POC concentrations are an order of
magnitude smaller than the DOC concentrations.

6. Summary and conclusions

The carbon fluxes into, out of, and within the Barents Sea have been examined by
constructing a carbon budget based on volume flows from a model, measured DIC
concentrations, and a compilation of DOC and POC concentrations from the literature.
The resulting budget shows a total input/output of ~5600-10° t C yr™' to/from the
Barents Sea. The main part of the budget consists of advected DIC followed by
advection of organic carbon, uptake of atmospheric CO,, river runoff and land sources,
and burial of organic carbon in the sediments. The Barents Sea is a net importer of
water and carbon through the passage between Norway and Svalbard while it is a net
exporter of both water and carbon through the other three passages. The DIC export to
the AO is ~2500-10° t C yr' of which ~1800-10° t C yr'' (72%) is in subsurface water
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masses (BSAW and BSBW). The TOC part of the budget shows a net outflux from the
Barents Sea. The AO is supplied with a net flux of TOC, 80-10° t C yr'', of which
20-10°t C yr' is labile.

Shelf pumping in the Barents Sea results in that the dense waters formed in the area,
BSAW and BSBW, exits with higher DIC concentrations from uptake of atmospheric
CO,. The total amount of CO, taken up from the atmosphere and exported in these
dense waters was 30-10° t C yr’', the main part of this was channelled through export
production (23-10° t C yr'"). Since the dense waters originating from AW penetrates
the water column in the Eurasian Basin below the halocline and the carbon content of
these waters is thus sequestered from the atmosphere for decades to hundreds of years.
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Abstract

The spatial variability of seasonal new production and CO, air-sea exchange in the
north-western Barents Sea and its dependence on the sea ice cover is investigated
based on data collected during a field study in July 2003. New production and uptake
of CO, were calculated from deficits of nitrate and total inorganic carbon after the
different characteristics of the contributing water masses were taken into
consideration. The resulting seasonal new production is twice as high in the Atlantic
Water (AW), 52 g C m™ compared to 20-27 g C m™ in the Arctic Water (ArW). The
uptake of CO, was also at least twice as high in the AW, 29 g C m'z, as in the ArW, 6-
14 g C m™. Comparison with a study conducted in the same area confirms the pattern
of higher new production and uptake of CO, in the AW but also shows large
interannual variations. An ‘Atlantification’ of the northern Barents Sea in connection
with the decreasing sea ice extent in the Arctic Ocean suggests that the productivity
and uptake of CO; in that area will increase due to the larger new production and CO,
uptake in the AW compared to the ArW.

1. Introduction

The Arctic sea ice concentration has decreased during the last 25 years (Parkinson et
al. 1999; Johannessen et al. 2004) due to increasing global mean temperatures.
Climate models predict that the temperatures will continue to rise during the coming
century with up to 4° C (IPCC, 2007). Similarly models predict that the shrinking of
the sea ice cover will continue in the future (Vinnikov et al. 1999; Johannessen et al.
2004; Arzel et al. 2006). If, in addition to this, the multi-year ice extent decreases
more than the winter sea ice extent, large areas of the Arctic Ocean will be
transformed into a seasonal marginal ice zone. Such a change in ice conditions will
have large effects on the ecosystems and biogeochemical cycles in the Arctic.



Air-sea exchange and primary production are two important processes controlling the
distribution of total inorganic carbon in the ocean. Both processes are dependent on
variables such as temperature, wind speed, and ice cover. The interannual variations of
these parameters can be large in the Barents Sea (Adlandsvik and Loeng, 1991; Loeng,
1991) and to be able to discern any long term changes in the future air-sea exchange
and primary production need to be quantified under different conditions. The
knowledge of the size and variability of both primary production and air-sea exchange
of CO, is limited in the Barents Sea, especially in the seasonally ice covered area north
of the Polar Front. The model by Sakshaug and Slagstad (1992) indicates that primary
production is larger in the Atlantic then the Arctic domain of the Barents Sea. Kaltin et
al. (2002) showed through measurements, while focusing on uptake of CO,, that this
was the case for new production and possibly also for uptake of CO, in 1999.

A change in the inorganic carbon content of the surface ocean is conveyed into the
ocean interior through the formation of intermediate and deep waters. This primarily
takes place at high latitudes and hence the carbon cycling at high latitudes has
implications for the global oceans ability to sequester atmospheric carbon dioxide. The
carbon cycling in the Barents Sea 1s important in this context since both intermediate
and deep waters are formed in this region (Swift et al., 1983; Midttun, 1985; Schauer
et al., 2002). Of special interest is the Atlantic Water (AW) that enters the Barents Sea
from the south because it is cooled during its passage through the Barents Sea and
transformed into an intermediate water mass (Schauer et al., 2002). All these modified
waters exiting the Barents Sea contribute to the intermediate layers in the Arctic Ocean
(Schauer et al., 1997), the Nordic Seas, and eventually to the deeper layers of the
North Atlantic Ocean (Mauritzen, 1996; Rudels et al, 2002).

The marginal ice zone of the western Barents Sea was visited the 8-22 July 2003 as
part of the CABANERA (Carbon flux and ecosystem feedback in the northern Barents
Sea in an era of climate change) project. The aim of this paper is to describe the
hydrography related to the encountered biogeochemical features and calculate seasonal
new production and air-sea exchange of CO, in the marginal ice zone.

2. Data and methods

Four stations were occupied during the field study, named I-IV in the order they were
visited (Figure 1). Multiple CTD casts were made at each station, which were
occupied between 32 and 38 hours. A Sea Bird SBE 9 CTD and rosette with 12 6-1
Niskin bottles were used for hydrography and water samples respectively. Total
dissolved inorganic carbon (Ct) was analyzed by acidification of the sample followed
by coulometric titration (Johnson et al. 1993). The accuracy was determined by
running certified reference material from Scripps Institute of Oceanography. The
precision determined by running duplicates was + 2.5 pmol kg™'. Total alkalinity (A7)
was analyzed with a VINDTA 3S (Versatile Instrument for the Determination of
Titration Alkalinity) system, by potentiometric titration with 0.1 M HCI (Mintrop et al.
2000). The same reference material was used as for Ct and the duplicate precision was



+ 1.5 umol kg™'. Nutrient samples were frozen and stored for later analysis on land by
National Environmental Research Institute in Roskilde, Denmark. The ice coverage
and percent first-year/multi-year ice was visually estimated from the bridge.

3. Study area

The Barents Sea is the largest and deepest of the Arctic Ocean shelf seas and is heavily
influenced by the Atlantic Water which crosses the sea from west to east on its way to
the deep Arctic Ocean (Figure 1). The Polar Front separates the Barents Sea into two
regions:

1. The Atlantic domain is the area dominated by warm AW south of the Polar Front.
2. The Arctic domain lies north of the Polar Front where the upper part of the water
column is dominated by cold Arctic Water (ArW).

The Arctic domain is ice covered during winter, the ice normally starts to melt in May
and the whole area is generally ice free in September. No ice is formed in the Atlantic
domain but ice can drift across the Polar Front and be melted by the warm AW. The
position of the marginal ice zone in the Barents Sea varies considerably both on intra-
and interannual time scales due to wind and freezing/melting. The ice in the Barents
Sea is either produced locally or imported. The two import routes are from the Kara
Sea through the strait between Novaya Zemlya and Franz Josef Land and from the
Arctic Ocean through the straits between Nordaustlandet (Svalbard) and Franz Josef
Land. The importance of the two routes varies between years with the dominant wind
field, as does the amount of imported ice (e.g. Martin et al., 2000; Korsnes et al.,
2002; Pavlov et al., 2004). This variability along with the permanently ice free
Atlantic domain means that the Barents Sea is a good area to study how the processes
of the inorganic carbon cycle are affected by different sea ice conditions.

The warm and saline AW in the Barents Sea originates in the Norwegian Atlantic
Current (NWAC) of the Norwegian Sea. When the NwAC reaches the Barents Sea
Opening it splits into two branches (Figure 1), the North Cape Current (NCC) and the
West Spitsbergen Current (WSC). The NCC enters the Barents Sea south of Bear
Island and flows east and north-east, AW from this current will in this work be
referred to as Southern Barents-Atlantic derived Water (SBAW) following Pfirman et
al. (1994). The WSC flows north on the western side of Svalbard until it splits into
several branches north of Svalbard, one of the branches flows east along the northern
shelf edge of the Barents Sea. Parts of this branch are diverted into the northern
Barents Sea. AW with this origin will be referred to as Northern Atlantic derived
Water (NBAW) in order to distinguish it from SBAW.
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Figure 1: Map of the Barents Sea with surface currents and some topographical
features. Solid arrows represent Atlantic Water, dashed arrows Arctic Water and
dotted arrows coastal water. K.K.L. is Kong Karls Land. Figure by courtesy of T.
Gammelsrod and F. Cleveland, Geophysical institute, University of Bergen.

The Arctic Water (ArW) found in the Barents Sea is formed either domestically or is
imported, mainly via the Persey Current (PC) and the East Spitsbergen Current (ESC)
(Novitsky, 1961; Loeng, 1991). The PC flows from the Kara Sea westwards into the
Barents Sea between Franz Josef Land and Novaya Zemlya and crosses the whole
northern Barents Sea. In the area of the Svalbard Bank the PC encounters the ESC
which flows southwards east of Svalbard (Figure 1).



Table 1: The four water masses encountered during the study and their mean
thermohaline and chemical properties.
Southern Barents Northern Barents Arctic Water Sea ice melt River

Atlantic-derived Atlantic-derived (ATW) water  runoff
Water (SBAW) Water (NBAW)
Temperature (°C) >1.0 >1.0 <-1.0 any any
Salinity >34.95 34.7<S<34.95 34.0<S<34.7 6 0
Ar (umol kg™ 395 1400
Cr (umol kg™ 395 1400
Nitrate (umol kg™ 2.1 4

a, Water masses

The temperature and salinity measurements achieved during the field study showed
distributions of these two variables that do not entirely fit within previous water mass
definitions in this area. In order to achieve the best possible estimate of production and
air-sea exchange water mass definitions were slightly modified to fit the encountered
temperature and salinity distributions (Figure 2 and Table 1). The modified water mass
definitions do not deviate dramatically from earlier definitions in this area (Hopkins,
1991; Loeng, 1991; Pfirman et al., 1994; Steele et al., 1995: Harris et al., 1998; Rudels
etal., 1999). The need to modify the water mass definitions is due to the mixing and
transformation the water masses experience to in this area. The new definitions are
applied in the calculations of the physical and chemical properties of the studied
station.
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Figure 2: T-S diagram of the one CTD cast from each station. Boxes represent the

water mass definitions used in this work with T>1.0° and S>34.9 for SBAW, T>1.0°
and 34.7<S<34.95 for NBAW and T<-1.0° and 34.0<S<34.7 for ArW.
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Figure 3: Profiles of temperature, salinity, and density versus pressure for Station I[-1V.
Dominating water masses are marked by their abbreviation. Note that the scale of the
y-axis changes between the panels, reflecting the bottom depth at each station.

b. Hydrographic setting at stations

The four stations differs in degree of ice cover, stratification, water mass composition,
and ocean currents. The stations I, IV, II and III presents the geographical order from
south to north (Figure 1). The ice coverage was extensive in the northwestern Barents
Sea in 2003 and the ice encountered during the present study was mainly first-year ice
(80-90 %, visual estimate). The physical properties at all stations are plotted in figure

3.



Station I, at 75.6°N and 30.2°E, in the northern part of the Hopen Deep lies south of
the mean position of the Polar Front (Loeng, 1991), but ice can drift into and cover this
area in years with extensive ice cover. At the time of investigation the ice coverage
was about 40-70%. The water column was mainly occupied by SBAW while cold
freshwater from melting ice was mixed into the surface layer. The upper 8-10 meters
of the water column were well mixed with a salinity of 32.5 and a temperature of -1°C.
Below a marked pycnocline the core of the SBAW was found between 50-150 m and
had salinity close to 35 and temperatures of 2-3°C. Below 150 m both salinity and
temperature decreased and approached 34.9 and 0 °C close to the bottom.

Station IV (77.0°N, 29.1°E), situated in the very northern end of the Hopen Deep had
slightly denser ice condition then station 1. The water column here had three distinct
layers. First a cold, fresh surface layer similar to that found further south, 8-10 m thick
with salinity 32.5 and a temperature of -1°C. Secondly, below a 10-15 m thick
pycnocline, a layer of ArW, about 40 m thick, was seen with a temperature of -1.7 °C,
and salinity of 34.2-34.5. Last, below another pycnocline, an SBAW layer was seen
below about 90 m. This layer had a maximum temperature of 1.5°C and salinities
between 34.9 and 35.0. Near the very bottom the temperature decreased, typically to
about 1.2°C.

Station II (78.1°N, 27.2°E), situated in the deep basin between Kong Karls Land,
Storbanken and Edgeaya, had an ice-cover of 40-70 %. The water column had three
distinct layers; a melt water layer, an ArW layer and a deep layer. The surface melt
layer was only 5 m deep compared to ~10 m at station I and IV, the temperature in this
layer varied between -0.5 and 0°C and the salinity between 32.0-32.3. Below a
pycnocline the ArW layer was found between 30 and 120 m and it had a temperature
of -1.7°C and the salinity varied from 34.1-34.3. In the deep layer below 120 m both
temperature and salinity increased, reaching values of about 0.3°C and 34.8 at 300 m.
Large variations in both temperature and salinity were seen below the ArW layer both
at this station and at station III.

Station III (79.0°N, 25.4°E) in Erik Eriksen strait between Kong Karls Land and
Nordaustlandet the ice coverage was 50-70%. At this station four layers could be
identified in the water column. The surface water was cold and fresh, followed by a
sharp pycnocline. An intermediate layer of ArW near freezing temperatures and with
moderate but increasing salinities (34.0-34.2) was found between 20-50 m. Below 50
m a thick transition layer was seen with increasing temperatures and salinities. Close
to the bottom a layer of NBAW was found with a temperature of about 2°C and
salinity of almost 34.8.
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4. Data analysis

The variability of total alkalinity (Ar), total dissolved inorganic carbon (Cr) and nitrate
(NO,) at the studied stations depend on the physical conditions as well as primary
production and CO, exchange with the atmosphere. Figure 4 shows the mean profiles
of Ar, Cr, and NOs at the four stations and the variability between casts in each depth
interval for At and Cr. In order to estimate the change in Ct, At, and NOj; caused by
primary production and air-sea exchange the preformed concentrations must be
known, i.e. the concentrations representing the conditions in the mixed layer at the end
of winter. Before this calculation could be made the following steps where taken:

a. The winter mixed layer depth was calculated.

b. The main sea water source in the winter mixed layer and the mean value of its
chemical constituents were identified.

c. The sources for freshwater in the area were identified.

a. Calculation of Winter Mixed Layer Depth (WMLD)

The CTD profiles at Stations I, II1, and IV (Figure 3) all had temperature minima
below the seasonally heated surface layer. WMLD were found by locating the deepest
of these sub-surface temperature minima of each cast, and by then applying a Ap
criterion as if no summer heating had occurred.



Table 2: Water mass in the mixed layer, winter mixed layer depth and properties
observed at the bottom of the mixed layer.

I 11 111 IV
Water mass SBAW ArW ArW ArW
WMLD 200 120 60 60

Salinity 3499 3432 3424  34.58
Ar (umol kg™ 2299 2264 2262 2279
Cr (umol kg™) 2147 2115 2112 2134
Nitrate (umol kg™ 11.3 8.7 8.3 10.4

Following Kara et al. (2003) the depth of the winter mixed layer (WML) was
calculated with a Ap criterion corresponding to a AT of -0.8°C. At Station I there was
no temperature minimum indicative of winter mixing and a gradient criterion
(Brainerd and Gregg 1995) was used below the seasonal pycnocline (Ap >0.001/m).
The WMLD for the different stations are shown in Table 2.

b. Main sea water source in the winter mixed layer and the concentrations of its
chemical constituents

To calculate the preformed concentrations it was assumed that each sample consists of
a mixture of one seawater source and freshwater. The seawater source was ArW for all
stations except Station I where it was SBAW. For each of the seawater source a mean
value was calculated for salinity, Ar, Cr, and nitrate at the bottom of the WML at each
station, and then assumed representing the winter conditions (Table 2).

c. Freshwater sources

The freshwater encountered in the study area is mainly derived from the melting of sea
ice (Ostlund and Hut, 1984). However, in view of the pathways via which Arctic
Water is imported into the Barents Sea the presence of some river runoff cannot be
excluded. There are two possible sources for river runoff in this area, one is surface
water imported from the Kara Sea and the other is the rivers that enter the southeastern
Barents Sea.

Figure 3 and 4 suggest that At is closely related to water mass distribution and this is
confirmed by the close relation between At and salinity that becomes visible when
alkalinity is plotted versus salinity (Figure 5). Most of the points fall around a straight
line (y = 57.6x + 288, R*=0.98) that is very similar to the trend Millero et al. (1998)
reported for the North Atlantic. There are however a few points that deviate from the
“Atlantic line” (shown by triangles in Figure 5) and these points exclusively lie above
the straight line. The samples represented by triangles origin in the upper 20 m of the
water column and their elevated At values in relation to salinity is interpreted as
presence of river runoff. Waters influenced by river runoff can also be distinguished
by their elevated Cr values in a Ct — salinity relation.
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The reason for this is that inorganic carbon in river runoff mainly occurs as HCO;
which give an equal contribution to At and Cr. Therefore a plot of At versus Ct of
samples from river runoff influenced waters will produce a 1:1 relation even though
the At and Cr values of these samples deviate from the Atlantic relation with salinity.
This was the case for the samples shown as triangles in Figure 5.

Due to the presence of river runoff as well as sea ice melt water in the study area the
water in the WML is a mixture of three source waters; seawater (SW) represented by
either SBAW or ArW, sea ice melting (SIM), and river runoff (RRO). Thus a three
component mixing model was used to calculate the fractions of different water masses
on which the calculations of preformed concentrations of NO; and Cr are based. The
fraction (f) of the source waters in each sample was calculated according to

FSW 4 pSIM 4 £RRO _ 0
FSW. gSW 4 pSIM, g SIM | ¢RRO, g RRO _ g MEAS )
FSW. A SW 4 fSIM, A SIM ¢RRO A RRO_ A MEAS 3)
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where S is the salinity. The At values used in the calculations were corrected for the
effect of nitrate uptake during production.

The salinity for the SIM was set to 6 (Table 1) since the ice in the area mainly was
first-year ice (e.g. Eicken 2003, Wadhams 2000). The At of the SIM was calculated by
assuming no fractionation of the At when sea ice freezes. If the ice is frozen from
seawater with a salinity of 34.5 and an At of 2274 this will give a concentration of 395
umol kg™ Figure 5. For river runoff an At of 1400 umol kg™ was used (Anderson and
Dyrssen, 1981; Anderson et al., 2004). The resulting fractions are shown in Figure 6.

The fractions were then used to calculate the preformed concentration of Cr (Cr") and
nitrate (NO;") according to

CTOZfSW'CTSW+fSIM'CTSIM+fRRO'CTRRO (4a)
NO30=fSW'NO3 SW+fSIM'NO3 SIM+fRR0_N03RR0 (4b)

The At in river runoff consists mainly of hydrogen carbonate ions (HCOj5’) and the
concentration of Cr is thus the same as for At (1400 umol kg™). The nitrate value in
the river runoff is set to 4 umol kg™ following Gordeev et al. (1996). For the Cr of the
SIM the same value is used as for At (395 pmol kg™), similar to the case with river
runoff. To our knowledge few measurements have been performed on nitrate in ice.
Since no appropriate values can be found a non fractionation with salinity during
freezing assumption is used here as for Ar. It was assumed that the melted ice was
frozen from seawater with a salinity of 34.5 and a nitrate concentration of 11.8 pmol
kg, giving a nitrate concentration of the SIM of 2.1 umol kg™

From the preformed concentrations and the measured values the deficit of Ct (ACr)
and nitrate (ANO;") were calculated

ACT = CTO - CTMEAS (53)
ANO; = NO;” - NOMEAS (5b)

ANO; is attributed solely to primary production since vertical transport and advection
are set to zero (see below). ACt summarizes the uptake of inorganic carbon by
biological activity (ACt™°), the uptake by air-sea exchange (AC1""***), the vertical
transport (ACt ") and the advection (AC{*¥**"")

ACT — ACTbio + ACTair-sea + ACTvertical + ACTadvection (6)

In this equation the latter two terms are set to zero. The water advected into the area of
each station is assumed to be the same water mass with the same seasonal
development. The vertical transport is set to zero primarily to use the same
computation scheme as Kaltin et al. (2002), to make the results comparable, and
secondly because typical mixing rates in this part of the Barents Sea are not well
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known. The effect of this simplification on the results will be discussed in section 5b i.
The biological contribution to the change in Crcan be calculated from the change in
nitrate according to

AC:"° = C/N - ANOy (7)

where C/N is the carbon to nitrate uptake ratio. Since there is an ongoing debate
concerning the best C/N ratio two were used in this study, the classical ratio described
by Redfield et al. (1963) of 6.6 and the ratio calculated by Takahashi et al. (1985) of
8.75. Equation 7 does not include the effect of production of hard parts since it was
assumed to be so small that it had an insignificant effect on the Ar. The air-sea
exchange (AC1"°*) is then calculated as the difference between the primary
production and the total deficit in Cy

ACTair-sea — ACT _ ACTbIO (8)

where negative values represent uptake of CO, from the atmosphere.

5. Results

Station I had the largest contribution of freshwater in the water column (Figure 6), the
SBAW was diluted with freshwater down to about 50 m. The SIM contribution at
Station I was maximum 8 % in the surface while the RRO contribution was a
maximum of about 4.5 % at 10 m. At Station IV the influence of freshwater on the
ArW went down to about 30 m, with a surface max of 5.5 % SIM and with a max
RRO contribution of 2 % at 10 m. The ArW at Stations II and III was only influenced
by freshwater down to 20 m, both with a SIM content of 5 % at the surface. The RRO
contribution was at a maximum 2% at 5 m at Station II and 3 % at 10 m at Station III.
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Figure 6: The fractional contributions of each source water to the water column at

station I-IV. Left Seawater (SW) source, middle sea ice melt water (SIM) and right
river runoff (RRO).
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The new production (AC1”°) was largest at the surface and gradually decreased with
depth (Figure 7). Production had taken place in the entire WML at all stations except
for Station I where signs of production can be seen down to about 110 m.

The distribution of CO, taken up from the atmosphere AC;*"™**) throughout the WML
(Figure 8) show a different distribution than the new production. The profiles of CO,
uptake show a subsurface maximum, the three northerly stations have a peak at about
20 m while the peak was at 50 m at the southernmost station, this feature will be
discussed in section 5d iii.
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Table 3: Production and air-sea CO, exchange (in g C m™) calculated with the
Redfield et al. (1963) ratio, 6.6, and the Takahashi et al. (1985), 8.75, ratio.
Uncertainties due to measurement precision are included as super- and subscripts.

Production Produktion  Air-sea exchange Air-sea exchange
Station Redfield Takahashi Redfield Takahashi
(g Cm?) (g Cm?) (g Cm?) (g Cm?)
I 39.5%01 522707 16.3%3% 29.0733
11 20.4°%), 26.970% 8.1737 14.773)
111 15.275, 20.175, 1.2 6.1
v 17.275, 22770, 3470 8.9

The air-sea CO, flux profiles also show outgassing at the surface for some profiles;
this is unrealistic since the surface water fCO, values were below atmospheric levels.
The reason for this error is probably the C/N ratio used to convert nitrate deficit to
carbon deficit (see section 5b ii). The profiles show smaller outgassing when a higher
C/N ratio is used. The profiles of new production and uptake of CO, were integrated
down to the depth of the station-mean WMLD with the exception of Station I since
water samples only were taken down to 200 m. The results are listed in Table 3.

a. Uncertainties

Both the measurement errors and the errors due to the choice of a three fraction model
have been assessed. In the first case the new production and air-sea exchange were
calculated with Cr +2.5 pmol kg™ and then with Cy -2.5 pmol kg™ to see the
implications of the + 2.5 umol kg™ precision of the C+ measurement. The same was
done for the measurement uncertainty for At (£ 1.5 pmol kg™'). The largest deviations
from the mean values are displayed in Table 3, showing the largest effects on the air-
sea exchange, about 1-3.5 g C m™

Table 4: Production and air-sea CO, exchange (in g C m™) calculation from two
fractions (seawater and sea ice melt water). Change from three-fraction-scenario in

parenthesis.
Production Production  Air-sea exchange Air-sea exchange

Station Redfield Takahashi Redfield Takahashi
(g Cm?) (gCm?) (g Cm?) (g C/m?)

I 39.6 (+0.1) 52.3 (+0.2) 18.6 (+2.3) 31.3 (+2.4)

II 20.5 (+0.2) 27.1(+0.2) 2.4 (-5.7) 9.0 (-5.8)
11 15.3 (+0.1) 20.2 (+0.1) -0.7 (-1.9) 4.2 (-1.9)
1\% 17.3 (+0.1) 22.9 (+0.2) 2.5 (-0.9) 8.1 (-0.8)
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In the second case the effect of the RRO fraction is evaluated and the calculations are
done with only two fractions, sea water and sea ice melt water. The properties of these
two fractions are kept the same as before (Table 1). The results, shown in Table 4
indicate a change larger than the measurement error primarily in the air-sea exchange
calculations at stations II and III. It is especially noteworthy that the air-sea exchange
changes sign at station III when the Redfield ratio is used.

I. Vertical transport

The vertical transport over the base of the WML was set to zero in this study. To
evaluate the influence that this assumption has on the results the vertical transport of
Cr and nitrate was calculated following Law et al. (2003) according to

Vertical flux = K, - (AX/Az)

where AX is the concentration difference of Cr or NO; over the pycnocline (Az) and
K, is the vertical diffusivity. Vertical diffusivity varies greatly depending on physical
forcing and water column stability at a particular site. To our knowledge, no
measurements of turbulent vertical diffusivity in a marginal ice zone in a shelf area
have been published. Crawford et al. (1999) found values around 10” m?s™ in the
pycnocline under land fast ice in the Canadian Archipelago. Somewhat higher values,
~10"* m? s, have been measured under drift ice along the outer shelf north of Svalbard
and in the deep Polar Ocean (Padman and Dillon 1991). We use the mean of these two
estimates, K, of 5 - 10° m”s™, for our approximation. If the stratification began 60
days previous to the investigation and the gradient AX/Az is kept constant at the value
found during the study, the results give a maximum upward transport of Cr of 1.8 g C
m™ and nitrate corresponding to 1.2 g C m™. The gradient is not constant but develops
during the period of production. Since the exact development of the gradients is not
known we used a constant value to set an upper limit to the error caused by the
assumption of no vertical mixing. The calculation thus indicates that the new
production is underestimated by a maximum of 10 %.

ii. C/N ratio

The C/N ratio used to convert the nitrate deficit to carbon deficit is essential when
calculating production from nitrate. In this study the conversion was done with a
constant ratio, 6.6 or 8.75. It has however been indicated (Sambrotto et al. 1993,
Brostrom, 1998) that carbon over consumption is not unusual, which would give a
higher ratio. The results from the air-sea calculations (Figure 8) give outgassing in the
surface of all the profiles when the usual C/N ratio of 6.6 (Redfield et al. 1963) is used
and for two profiles when 8.75 (Takahashi et al. 1985) is used. These two profiles are
Station II and 111, i.e. the stations with the strongest blooms. This indicates that the
used C/N ratios are too small, at least in the surface layer during the bloom. In order to
eliminate the outgassing of CO, different ratios were tested and all points became zero
or had an uptake of CO, with a ratio of 13.5. If the production is calculated with 13.5
as C/N ratio it will increase by ~50% compared to the Takahashi et al. (1985) ratio.
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Thus the production converted to carbon units at these stations is probably
underestimated, which also will give an underestimation of the atmospheric CO,
uptake.

iii. CO, uptake profiles

The CO, uptake profiles show a curious feature, a subsurface uptake “peak” and then
decreasing uptake towards the surface. This feature can not be explained with the
present data. Here we can only point out two processes that potentially could produce
this feature. Firstly, studies done on sea ice indicate elevated C/N ratios in ice algae
growing inside sea ice (Smith et al., 1990; McMinn et al,. 1999). This will change the
relation between nitrate and total inorganic carbon in the SIM. Secondly, there are
laboratory studies that show that calcium carbonate can precipitate during freezing of
sea ice from sea water (Papadimitriou et al., 2003) although studies done on natural
sea ice were not conclusive (Olsson, 1997 and references therein). If calcium
carbonate is precipitated in sea ice it may dissolve again when the ice melts. The result
is an increase of the alkalinity which is twice as high as that of the total inorganic
carbon. Both processes result in a composition of the SIM which is different from
what we have assumed. Since we cannot say which process is responsible for the peak
in CO, uptake we conclude that this feature needs to be investigated further in the
future.

The main conclusions from the analysis of uncertainties are that the production
estimates are conservative and that even though the preformed concentrations can be
calculated by a two component mixing model the three component mixing model is
the most correct way to represent the preformed concentrations. The discussion will be
based on the results found with the C/N ratio of 8.75 since these have the least
outgassing at the surface. The relation between the stations is independent of what C/N
ratio is used even though the absolute numbers change.

6. Discussion

The southern part of Hopen Deep (St ) is clearly a part of the Atlantic domain of the
Barents Sea. In 2003 the ice extent was large and ice had drifted across the Polar Front
and was melting on top of the Atlantic Water in this area. Nevertheless, this was the
area with the smallest amount of ice during the study. Ice advection and melting had
created a cold and fresh surface layer of about 10 m with a SIM component of
maximum 8 %. The core of the Atlantic Water at this station (50-150 m) is a part of
the North Cape Current branch that recirculates in Hopen Deep. The origin of the
transition layer (10-40 m) is less clear than the AW layer; it could either be a local
mixing product of SBAW and ice melt water or may have been advected into the area.
In this layer a clear river runoff signal was seen (Figure 6). The seasonal new
production in the southern part of Hopen Deep was 52 g C m™ and the uptake of CO,
was 29 g C m™ (Table 3). The production was lower than what was found by Kaltin et
al. (2002) in the same area, 68 g C m™, even though they integrated over a shallower
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depth. The reason for this discrepancy is probably that the area was covered by ice in
2003 but not in 1999, which was a year with little ice (Reigstad et al. 2002) in the area
of investigation. This explanation is strengthened by the fact that Kaltin et al. (2002)
found production in the same range, 49 g C m™, at the location of the ice edge (76-
77.1°N). The air-sea CO, uptake was almost the same as Kaltin et al. (2002) found,
~29 g C m™. The bloom in this area (St I) was the most developed (Sturluson 2005) of
the visited stations, which was indicated by the highest deficit of nitrate in the seasonal
mixed layer.

The upper part of the vertically sloping Polar Front was at the time of investigation
situated between Stations I and IV while the deeper part of the front was situated north
of Station I'V. North of the surface front ArW is encountered as the main water mass in
the WML, diluted with fresh water in the top meters and is in some areas underlain by
an Atlantic layer. At Station IV the ArW may be a part of the Persey Current coming
from the east or northeast. The Atlantic layer has characteristics similar to the SBAW
found further south (St I), only slightly colder, and the source for this layer is also the
North Cape Current. The seasonal new production at this station (77.0°N) was 23 g C
m™. This was lower than what was found by Kaltin et al. (2002) between 76-77.1°N,
49 g C m™, but larger than what they found between 77.1-78.2°N, 15 g C m™. The CO,
uptake was 9 g C m”, the same as Kaltin et al. (2002) found for the transect between
77.1-78.2°N, 8 g¢ C m™. Since the ice situation was less severe in 1999 than in 2003 it
is not surprising that the results of this study are lower than those found by Kaltin et al.
(2002) at the same positions. The ice cover had been dense recently in this area (St IV)
and the bloom was the youngest encountered (Sturluson 2005). This was reflected in
the fact that nitrate was not totally depleted (~0.5 pmol kg™) in the surface at this
station as was found at Station I and II along with the relatively high Ct concentrations
compared to the other stations (Figure 4).

The water column in the basin south of Kong Karls Land (St II) was the most heavily
influenced by Arctic Water. Only below 250 m was water with temperatures above
0°C encountered and this indicates little intrusion of ArW north of the ridge between
Storbanken and Spitsbergenbanken. The water below 250 m is a mixing product of
AW and ArW, but whether the AW source is SBAW or NBAW (or possibly both) is
not possible to deduce from our data. Judged by topography it may well be NBAW
advected from the east as indicated by Novitsky (1961). The seasonal new production
of 27 g C m™ and the CO, uptake of

15 g C m™ are higher than the northernmost values of Kaltin et al. (2002) which
probably reflect different ice extent and melting pattern of the ice in 1999 and 2003. In
2003 the ice did not melt from south to north but was densest in the area around
Station IV while the ice in 1999 seemed to become denser from south to north. Both
the production and the air-sea exchange were larger south of Kong Karls Land than in
the northernmost part of Hopen Deep, probably due to the denser ice cover in that part
of Hopen Deep. The bloom was also more developed south of Kong Karls Land than
in the northernmost part of Hopen Deep, as it was in midstage (Sturluson 2005).
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The ArW layer in Erik Eriksen Strait (St III) was thinner than the layers of ArW found
further south, being only 30 m thick, and also had a lower salinity (Figure 2). This
suggests that there are several sources for the ArW spreading over the northern part of
the Barents Sea. As can be seen from Table 2 the chemical properties of the ArW also
vary with location. The lowest seasonal new production, 20 g¢ C m™, and CO, uptake,
6 g C m™~, during the study was found at this station. The light conditions at these
latitudes along with the ice cover may be the reason for the low production. The bloom
was similar to that at Station II, but higher nutrient concentrations showed that it was
younger (Sturluson 2005). Even though this is further north than the investigation by
Kaltin et al. (2002) the results can be compared to the northernmost part of their
transect. Thus the production in Erik Eriksen Strait was larger than what Kaltin et al.
(2002) found in the northernmost part of their transect (77.1-78.2°N), while the air-sea
exchange was about the same.

When comparing the results of new production and uptake of CO, to other studies it is
important to remember that this study was performed in July. Thus the results
represent new production and uptake of CO, from the cessation of deep mixing until
the time of investigation. In the comparison between the domains it should also be
pointed out that the bloom was more developed in the Atlantic Water than further
north.

If the sea ice continues to retreat in the future it is probable that the Atlantic domain
will be extended into the northern Barents Sea (‘Atlantification’) and that the southern
boundary of the Arctic domain will move north into the Arctic Ocean. The production
and uptake of CO, associated with the different domains will thus shift to the north.
The northern Barents Sea will be more affected by such a change than the southern
part even though the production in the AW further south, in the Norwegian Sea, seem
to be lower than that computed for the AW in the Barents Sea. Skjelvan et al. (2001)
found production of 32 and 24 g C m™ yr'' at Bjerneya-W and Gimsey-NW sections
respectively. These were calculated from oxygen budgets using a C/O, ratio of 106: -
138. Falck and Gade (1999) also calculated production from oxygen and arrived at a
net community production of 39 g C m™ yr' at Ocean Weather Station Mike (66°N,
2°E).

The production in the Arctic Ocean is less then that in the Atlantic domain of the
Barents Sea or in the Norwegian Sea. Zheng et al. (1997) calculated production from
oxygen utilization rates in the Nansen Basin of the Arctic Ocean and found a new
production of 19 +5 g C m™ yr™' in the southern part. This is in the same range as the
productions found in the Arctic domain in this study. The central Arctic Ocean has
lower production, for the northern Nansen Basin Zheng et al. (1997) found a new
production of 3 +2 g C m™ yr”' and Anderson et al. (2003) found the export production
in the central Arctic Ocean to be only 0.5 g C m™ yr™.

Less is known about the air-sea exchange of CO, in this area. Uptake has been

calculated to be between 20 and 36 g C m™ yr'' (Skjelvan et al. 2005) in the AW of the
Norwegian Sea. In the ice covered waters of the Arctic Ocean CO, exchange with the

18



atmosphere is not well known but it is probably much smaller than in the AW of the
Barents Sea. The result of an ‘Atlantification’ of the northern Barents Sea will thus
increase the production as well as the uptake of CO, there. The northward extension of
the seasonal marginal ice zone to the area north of the northern Barents Sea continental
slope will probably increase the production and uptake of CO, since this area today
generally is ice covered throughout the year.

7. Summary and conclusions

This study shows that both seasonal new production and uptake of CO, are larger in
the Atlantic domain than in the Arctic domain of the Barents Sea. The integrated
production was 52 g C m™ in the Atlantic Water while the production in the Arctic
Water was 20 to 27 g C m™. The CO, uptake was 29 g C m™ in the Atlantic Water and
6-14 g C m™ in the Arctic Water.

Both the intra- and interannual variability of both new production and uptake of CO,
are controlled by the extent and concentration of the ice cover. The difference between
the years is considerable, especially in the south where the new production was 16 g C
m™ lower in 2003 when the Atlantic Water was covered by ice. The difference is
accentuated by the fact that the study was performed two weeks later in 2003.

The results suggest that a decrease of the sea ice cover and an ’Atlantification’ of the
northern Barents Sea will increase the production and uptake of CO,. The differences
between 2003 and 1999 show that more information about the interannual variations in
this area is essential to assess potential future changes due to climate change.
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Sea-Ice and Brine Formation in Storfjorden: Implications
for the Arctic Wintertime Air—Sea CO, Flux

Abdirahman Omar"2, Truls Johannessen'?, Richard G.J. Bellerby', Are Olsen'?,
Leif G. Anderson?, and Caroline Kivimie?

We investigated the air-sea CO, flux associated with the formation of brine-
enriched shelf water (BSW) in Storfjorden: a water mass formed by sea-ice for-
mation and brine rejection during winter. We used inorganic carbon and auxiliary
hydrographic data collected in August 2001 and April 2002. After accounting for
the effects of biological and other processes, we found that the formation of BSW
is accompanied by an uptake of atmospheric CO,. This uptake accounted for a
carbon enrichment of 17 + 4 umol kg™ in the BSW. About 2/3 of the uptake
occurred during winter in a coastal polynya for which a wintertime CO, flux
(calculated as C) was 65 + 40 g m2. The flux was about 13 times lower (=5 g m™)
for the nonpolynya regions of Storfjorden. The computed areal fluxes were extrap-
olated to polynyas (and leads) and seasonally ice—covered regions in the Arctic.
Based on this extrapolation, Arctic coastal polynyas were found to account for a
winter time CO, uptake of 2.3 (+1.4) x 10! g yr™!. The carbon taken up in coastal
polynyas is most likely transported into the deep ocean through brine-driven deep
water formation. For polynyas in the central Arctic and for seasonally ice-covered
regions, a seaward wintertime air-sea CO, flux of 43 (+22) x 102 g yr™! was com-
puted. Further, it was found that this flux can increase to 124 (£55) x 10'2 g yr!
by about year 2100, if the extent of seasonal ice increases by 43% (as modeled in
Johannessen et al., 2002) and central Arctic polynyas become 10 times larger than
present. However, the importance of the computed flux with respect to sequestra-
tion of atmospheric CO, is not clear, due to limited knowledge on the depth
penetration of the brine water associated with the formation of new ice in central
Arctic polynyas and seasonally ice-covered regions.

1. INTRODUCTION
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The Arctic Ocean (AO) could become nearly ice-free dur-
ing summer by the end of this century. Simulation results
from coupled atmosphere-ice-ocean models have indicated a
moderate reduction in winter sea ice extent and a drastic
decrease for the summer, implying a greater seasonal vari-
ability of the Arctic ice cover [Johannessen et al., 2002].

A disappearance of the permanent ice cover is expected to
enhance carbon fluxes into the AO. Enhanced carbon fluxes
are thought to result from greater CO, solubility, due to
freshening of the surface water, and through greater primary
production, due to better light conditions [4nderson and
Kaltin, 2001]. However, the effect of changes in the extent of
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Figure 1. Map of Storfjorden, showing the stations visited during Hdkon Mosby 2001 (squares) and Oden 2002 (diamonds) cruises.

seasonal ice on the carbon fluxes into the Arctic has not been
studied. CO, flux and seasonal ice formation are related
through the high-density water that forms through sea-ice
formation and subsequent brine rejection. Such high-density
waters supply the AO’ deep and intermediate waters [e.g.
Jones et al., 2001]. Further, there is an important conduit of
CO, to the AO through biological and transport processes
[Anderson and Jones, 1991].

At present, the areal extent of seasonal ice in the Arctic is
about 7 x 10'? m?, Polynyas and leads (henceforth referred to
as polynyas) are the major sites where extensive new ice for-
mation and brine rejection occur. In the central Arctic,
polynyas occupy about 1% of the winter ice extent, but they
produce similar amounts of ice as that produced below mul-
tiyear ice [e.g. Skogseth & Haugan, 2003; Gow and Tucker,
1990]. Along the coastal margin, Arctic coastal polynyas pro-
duce large quantities of ice and high-density brine-enriched
water [e.g. Cavalieri and Martin 1994]. The area of polynyas
will probably increase in the future following the aforemen-
tioned greater seasonal variation of the arctic ice cover.

The present study investigates air—sea CO, flux during sea-
ice formation and brine rejection, by using data collected

from Storfjorden (Figure 1). This is a fjord situated in the
western Barents Sea, between the islands of Spitsbergen,
Barentseya, and Edgeeya in the Svalbard Archipelago. Ice
formation and subsequent brine rejection during winter pro-
duce brine-enriched shelf water (BSW), which is defined by
S>35andT <-1.5°C [Loeng, 1991; referred to there as bot-
tom water (BW)]. Further, most of the BSW production
occurs in a coastal polynya situated at the lee-side of
Edgeoya and Barentseya [Skogseth and Haugan, 2003;
Haarpaintner et al., 2001], where offshore winds enhance ice
production. Data on total dissolved inorganic carbon (Cy),
total alkalinity (Ar), dissolved oxygen (O,), temperature (T),
and salinity (S) were collected from Storfjorden in August
2001 and April 2002. By evaluating the processes governing
Cr concentration in BSW, the air-sea CO, flux associated
with sea-ice formation and brine release over winter is deter-
mined. In particular, the flux is determined separately for the
polynya and nonpolynya regions of the fjord. The computed
carbon fluxes are then extrapolated to polynyas and season-
ally ice-covered regions of the entire Arctic. Finally, the
effect of changes in seasonal ice coverage and polynya extent
on wintertime air—-sea CO, flux in the Arctic is estimated.



2. DATA AND METHODS
2.1. Data and Analytical Methods

Data used in this work originate from two surveys (from
the Héikon Mosby in 2001 and from the Oden in 2002) con-
ducted in Storfjorden. Figure 1 shows the stations occupied
during these surveys. Table 1 shows which parameters were
measured during each cruise. Water samples were drawn
from Niskin bottles mounted on a rosette with a CTD and
analyzed onboard within 24 hours.

Cr was determined by gas extraction of acidified water
samples followed by coulometric titration with a SOMMA
system [Johnson et al., 1985; 1987]. The precision was
+4 and +1 pmol kg™! during Hdkon Mosby 2001 and Oden
2002, respectively. The accuracy in Cy measurements was set
by running Certified Reference Material (CRM) supplied by
Andrew Dickson at the Scripps Institute of Oceanography
(San Diego, California).

Ar was determined by titrating samples with 0.1 M HCI as
described by Haraldson et al. [1997]. The precision was
determined to be +5 and +1 pumol kg™ during Hdkon Mosby
2001 and Oden 2002, respectively. The accuracy was set in
the same way as for Cr.

0, was determined by using the Winkler method with
visual detection of the titration end point during Hdkon Mosby
2001 and with automated detection during Oden 2002.

2.2. Calculation Methods

Depth variations in the concentration of Cr are due to
(i) biological activity, i.e., the formation/decay of organic
matter and formation/dissolution of calcium carbonate,
(ii) mixing of water masses, (iii) dilution/evaporation,
(iv) brine rejection, and (v) air-sea CO, exchange. We cor-
rected the measured C data for the effects of (i)—(iv) so we
could evaluate the contribution from the air-sea flux of CO,.
The corrected Cr (#Cy) can be written as:

?ICT = (CT = RC‘.O x AOU-0.5

)
417

x (nAt—k)—b) x

where Re.q is the Redfield ratio of remineralization for car-
bon to oxygen, AOU is the apparent oxygen utilization, nAr

Table 1. Cruise Dates and Chemical Sampling From Storfjorden.
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is the alkalinity corrected for the formation/decay of organic
matter and then adjusted to a constant salinity of 34.17, and
k and b are constants. The term —R¢.q x AOU accounts for Ct
changes attributable to organic matter, while the term
—0.5 x (nAr — k) accounts for the changes due to the presence
of calcium carbonate.

AQU was calculated after Najjar and Keeling [1997]
according to:

KO il =0 | T s
(2meas Zsat) [ 1013.25

J Oar  (2)
where O, is the oxygen concentration and the subscripts “sat”
and “meas” refer to saturation and measured, respectively.
The saturation concentration of O, is a function of atmos-
pheric pressure (p). Hence, the second term of the right-hand
side of Eq 2 is used to normalize our AOU values to 1 atm.
For p, we used NCEP/NCAR reanalysis data of mean
annual atmospheric pressure [Kalnay et al, 1996] obtained
from the NOAA CIRES Climate Diagnostics Center at
http://www.cdc.noaa.gov. We assumed that AOU values
calculated from Eq 2 quantified the amount of O, produced
(AOU > 0) or consumed (AOU < 0) during the formation or
decay of organic matter. Then we computed the correspond-
ing changes in Ct from the product of AOU x Rc¢.o. We
subtracted these results from the measured Cy to account
for Cy changes that are due to formation/decay of organic
matter (Eq 1).

Alkalinity is influenced by the same processes as for Cr
except air-sea CO, exchange. The formation/decay of
organic matter increases/decreases Ar slightly. For our area
of investigation, adding the concurrent changes in nitrate to
Aq will account for the above alkalinity changes [e.g. Brewer
et al., 1975]. We calculated the nitrate change from the prod-
uct AOU x Ry.o, where Ry (= —16/138) is the Redfield ratio
of remineralization for nitrogen to oxygen. The results were
added to the measured alkalinity. The resulting corrected
alkalinity is henceforth referred to as corrAy. We adjusted
corrAt to a constant salinity of 34.17 to account for the
changes due to mixing, dilution/evaporation, and brine rejec-
tion. For this purpose, we followed the procedure outlined by
Friis et al. [2003], which better accounts for the effect of
runoff, upwelling, and lateral mixing than does the traditional
procedure. We first determined the intercept (b) of the linear
relationship between corrA; and salinity and then adjusted

Cruise Date (season) 8 T Cr Ar 0,
Hdkon Mosby 2001 Aug 23-25 (summer) v v v v v
Oden 2002 Apr 26-29 (winter) v v b4 o v

S = salinity, T = temperature, Cy = total dissolved inorganic carbon, At = total alkalinity, O, = dissolved oxygen.
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all data of corrAr to 34.17 salinity to determine nAr,
according to:

_ (corrA; —b) x34.17 i
S

nA, b (3)

The intercept b was determined separately for samples
influenced by brine rejection (identified by T < 0°C) and for
the rest of the dataset (with T > 0°C). For the latter samples,
mixing between modified Atlantic water (with S = 34.85 and
corrAr = 2300 pmol/kg) and fresher surface water (with
S <33.5 and corrAr < 2230 pmol/kg) produced a linear rela-
tionship between corrAr and salinity with a slope and inter-
cept of a; and b;. A different linear relationship was found for
samples influenced by brine rejection, and its coefficients
were such that a, > a; and b, <<b,. Further, the two relation-
ships intersected at S =34.17. At this salinity, the value of
corrAt was equal to k (see Eq 1), which is why we chose to
adjust our data to S = 34.17. The above implies that, for each
sample, any nonzero residual obtained from (nA — k) results
from the formation/dissolution of CaCO;. Further, the corre-
sponding change in Cr is one-half of this residual. Thus, we
included the term —0.5 x (nA;—k) in Eq | to account for
this change.

Once Cr values were corrected for the effect of biological
processes, i.e., once Cp—Re.gx AOU - 0.5 x (nA7—k) was
determined, the results were then adjusted to 34.17 salinity, to
correct for changes due to (ii)<(iv) above. Specifically, we
assumed that the freshwater alkalinity end-member (i.e., b) was
entirely due to bicarbonate ions. Therefore, the same values of
b could be used for Ct. Hence, by replacing corrArin the right
hand side of Eq 3 with C; —R¢.g x AOU — 0.5 x (rA7 - k), we
obtained the right hand side of Eq 1.

For each cruise, we constructed a composite profile for
each of the variables T, S, AOU, nAr, and nCy by taking the
10-m depth-averages of data acquired from different stations.
These profiles reveal depth variations during each cruise;
comparison between two profiles for the same parameter but
from different cruises reveals the seasonal (summer—winter)
variation of that particular parameter.

2.3. Uncertainties

As depicted in Eqs 1 and 3, nCt and nAr are functions of
measured and calculated quantities. The uncertainties of the
former type of quantities are given by their analytical impre-
cision while the uncertainties of the latter are given by their
standard deviations. We calculated the total uncertainties
in nCr and nAq that are due to the above individual
uncertainties. For this purpose, we neglected the individual
uncertainties in S and AOU because they were negligible

compared to the individual uncertainties associated with the
other parameters used for the calculation. Hence, for each
pair of values of S and AOU, nCt would be described by a
linear function of Ct, Rc.o, AT, k, and b, with proportional-
ity constants of (34.17/S), (34.17/8) x AOU, (34.17/28),
(34.17/28), and (1 — 34.17/S), respectively (see Eq 1). Further,
we denoted the uncertainties associated with Ct, Rc.q, AT, K,
and b as oc,, Or..,s Onays Ok and Oy, respectively. The total
uncertainty in nCT was then computed according to (e.g.)
Bentley [1988]:

2 2
34.17XO_ % 34'17XA0UX0'
S Cr g Reo

(3 2+ AL i
28 ™M 28 k (4)

2
N (1 ) 34;7) v

where by using similar arguments, o,,, was calculated
according to:

1/2

2 1/2

2
(34'” xc)'},,q] +(34él7 XAOUXGRMJ

S
) 34.17Y H
+[1—?) %,

Table 2 lists the values of the individual uncertainties (i.e.
values of Gc,, Op.,» Onaps Ok Op and oOg,, Values of
40.15 x R and £0.15 x Ry.o were choosen for og_ and
ORy-1hese particular values were chosen in order to
account for the wide range of values that are often reported
in the literature for Re.q and Ry.g, which typically differ up
to 15% [e.g. Redfield et al. [1963]; Anderson et al. [1988,

UHAI

Table 2. Values of Individual Uncertainties Used for Computation
of Eqs 4 and 5.

Parameter Value [pumol kg™']

o, +4 for Hakon Mosby 2001
+1 for Oden 2002

Oy, +5 for Hdkon Mosby 2001
*1 for Oden 2002

ORco +0.15 x Reg

GRN.O +0.15 x RN:O

+4 for samples with T < 0°C
+3 for samples with T > 0°C
+42 for samples with T < 0°C
+46 for samples with T > 0°C

oy (see Table 3)

o} (see b in Table 3)
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and references therein]; Anderson and Sarmiento [1994];
Kdrtzinger et al. [20011].

The total uncertainty associated with each depth-averaged
data point of nCr and nAy was calculated according to:

nCr U“AT

O, (mean) = i/; and 0, (mean) = o ©
n

where #n is the number of data points on which the averages
were based. Note that according to Eqgs 4, 5, and 6 greater
magnitudes of measurement imprecision and/or of AOU
results in higher values of o,¢ (mean) and o, (mean). For
the averages of T, S, and AOU we chose to present the asso-
ciated standard deviations, rather than the much smaller total
uncertainties which result from measurement imprecision.
These standard deviations are measures of the spatial vari-
ability. The corresponding spatial variability in nCt and nA7
were generally less than o, (mean) and o,4, (mean).The
latter can, therefore, be viewed both as measures of the total
uncertainty and as measures of the spatial variability.

3. RESULTS

Temperature and salinity profiles are shown in Figs 2a and
2b, the former with an inset that depicts the T and S defini-
tions of the water masses of interest. A fresher (S < 34) and
warmer (T > 1°C) water resides at the surface during summer.
This water mass, which has been diluted by meltwater and
runoff from Svalbard and heated by solar radiation, will
henceforth be referred as to summer surface water (ssw).
Temperature decreases while salinity increases with depth at
the base of ssw, a consequence of mixing with the underlying
modified Atlantic water (mAw) that occupies depths between
45 and 90 m. Beneath the mAw, temperature decreases to near
freezing while salinity increases to over 35. This is a result of
mixing with BSW, which resides at depths below 135 m.
During winter, the whole water column is at or near freezing
(Figure 2a). A fresher layer with S ~ 34.83 occupies the upper
35 m of the fjord (Fig 2b), henceforth referred to as winter
water (ww). Below the ww layer, salinity increases almost lin-
early with depth to ~ 35.8 at around 115 m. A nearly constant
salinity of ~ 35.8 is observed below the 115-m depth.

Figure 2. Depth profiles of (a) temperature and (b) salinity. Squares
denote the summer data acquired during Hkon Mosby 2001.Circles
denote the winter data acquired during Oden 2002. Inset in (a):
T and S definitions of the water masses of interest, i.e., brine-
enriched shelf water (BSW), modified Atlantic water (mAw), sum-
mer surface water (ssw), and winter water (ww). Note that filled
symbols indicate data of BSW. Error bars depict the spatial vari-
ability (see section 2.3 of the main text).
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Figure 3. Depth profiles of AOU (apparent oxygen utilization).
Symbols and error bars as in Figure 2.

Note that the BSW had about 0.6 higher salinity in 2002
compared to 2001 (Figure 2b). This indicates that the BSW
observed in summer 2001 was effectively flushed during
winter 2001/2002.

AQU values were >0 in the upper 50 m and <0 for the rest
of the water column during summer (Figure 3). This means
that O, was produced in the upper 50 m as a result of primary
production, but was consumed due to decay of organic mat-
ter in the rest of the water column. During winter, on the
other hand, a signature of decay of organic matter (AOU < 0)
was observed throughout the water column.

Values of the coefficients and associated statistics for the
two relationships between corrAr and S (section 2.2) are
given in Table 3.

nAr is constant at 2264 + 4 umolkg™' (Figure 4), irrespec-
tive of season or depth. This means that dissolution/forma-
tion of calcium carbonate is a less significant process in
Storfjorden. We also note the total uncertainties (5.1 pmol
kg!) of the summer data are higher those in winter
(£1.7 umol kg™!). This is partly due to better measurement

Table 3. Values of Coefficients and Statistical Parameters for the
Two Relationships Between corrAr and Salinity.

Parameter For samples with
T>0°C T=<0°C

a 5538 +1.30 65.74 = 1.20

b 372+ 46 18 +42

R? 0.99 0.96

Number of samples 15 97

Standard error of the fit (oy) +3 14

imprecision (summer: +4; winter: +1 pmol kg!) and partly
due to greater magnitudes of AOU (summer: 30 to —60; win-
ter: ~ —20 umol kg™!) (see also section 2.3 and Figure 3).
Carbon contribution from air-sea exchange produces both
seasonal and depth variations of nCy (Figure 5). During win-
ter, nCr shows a two-layer structure; relatively constant values
of 2101 £ 1.6 umol kg™! are observed in the upper 45 m,

nAt (umol kg'1 )
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Figure 4. Depth profiles of #nA; (total alkalinity, corrected for the
effect of formation/decay of organic matter, and adjusted to a con-
stant salinity of 34.17). Error bars depict the total uncertainty (see
section 2.3 of the main text). Symbols as in Figure 2.



nC (umol kg“')

2080 2090 2100 2110 2120 2130

40

U
|
|
|
|
|
|
|
l
|
|
|
|
|
|

60 -

80 -

Depth (m)

I

|

|

|

|

i

|

|

i

|

I

|

l

|

|

|

|

|

|

|

|

|

|

100 | |
|

i

i

120 |- I
|
|

140

160 -

180

Figure 5. Depth profiles of nCr (total dissolved inorganic carbon,
corrected for the effects of processes other than air—sea CO,
exchange, adjusted to a constant salinity of 34.17). Error bars depict
the total uncertainty (see section 2.3 of the main text). Symbols and
lines as in Figure 2.

2113 +3.2 umol kg~! in BSW. These two layers are divided by
a gradient of values between 2105 and 2106 umol kg™'. The
water forming this gradient is also BSW, but its nCr values
have been reduced because of mixing with the overlying water.
A similar two-layer structure is evident in the summer »nCr
profile: values of 2096 + 3.3 umol kg™! observed in the upper
90 m and 2114 £ 4 umol kg™ in BSW. A strong gradient, with
values between around 2100 and 2110 umol kg™, divides
these two layers. The total uncertainties for the summer data
are higher (~+7.3 umol kg™!) than in winter (+3.3 pmol kg™!),
for the same reasons as given earlier for nAr.

From the above, it is clear that essentially the same nCy
values were observed for BSW in the summer of 2001 and
the winter of 2002. This is as anticipated, because BSW
forms during winter only and no seasonal variability is
expected. However, this observation also means that there
were no significant year-to-year variations of BSW nCy
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between 2001 and 2002. Conversely, a seasonal variability is
evident for the water that occupied the upper parts of the
fjord. nCr values observed in the upper 90 m during summer
were on average 5 + 3.7 pmol kg™! lower than those observed
in the upper 45 m during winter.

4. DISCUSSION
4.1. Degree of Oxygen Saturation

Different magnitudes of AOU could be calculated from the
0, data, depending on the degree of O,-saturation assumed.
The profiles shown on Figure 3 were computed by assuming
100% saturation (section 2.2). Any O,-saturation lower than
100% would result in higher AOU values (Eq 2). For
instance, if we used a 94.5% saturation, which was observed
in the upper 45 m during winter, then we would obtain win-
ter AOU values of = 0 umol kg"l; for the summer profile, the
transition from AOU <0 to AOU >0 would deepen from
50 m to 60 m (Figure 3). Also, both summer and winter nCr
profiles (Figure 5) would be shifted towards higher
(15-16 pmol kg™') values. However, the magnitudes of
neither depth gradients nor seasonal variations in »Cy would
change. That is, the absolute values of the computed nCr are
sensitive to the choice of degree of O,-saturation, but the
relative seasonal and depth variations of nCy are not.
Therefore, nCy changes due to air—sea CO, flux are correctly
quantified irrespective of the degree of O,-saturation chosen.

4.2. Uptake of Atmospheric CO, During the Formation of
Sea-Ice and BSW

The quantification of atmospheric CO, uptake concurrent
with the production of BSW is easier to demonstrate after the
following conceptual description of the formation of this
water mass. We conceptualize that heat loss to the atmos-
phere during fall, and brine rejection during early winter,
transform ssw and mAw into ww. The ww is under-saturated
with CO, (verified from the data used in this study, not
shown). Thus, a flux of CO, moves into the water column in
the absence of ice cover. As the winter progresses, sea-ice
formation and subsequent brine rejection takes place primar-
ily in the polynya but also under the pack ice. While air—sea
CO, exchange is hampered in the ice-covered areas of the
fjord, it continues to take place in the polynya, and the brines
formed there can approach CO, saturation. On sinking, how-
ever, the rejected brines entrain ambient waters of intermedi-
ate depth with lower carbon concentration. The admixture
forms BSW, which is not fully saturated with CO,. “New”
ww, which was ice-covered and has a lower concentration of
carbon, advects or upwells into the polynya and replaces the
brines that sank. As this continues throughout the winter,
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the deeper part of the fjord is gradually filled with high-CO,
BSW, while the surface of the fjord contains low-CO, ww
(Figure 5). When a sufficient volume of BSW has been pro-
duced, it drains over the sill and flows to the open ocean as a
bottom current, carrying the excess carbon with it.

Simultaneously with the transformation of ssw and mAw
into ww, uptake of atmospheric CO, increases the nCr of
ssw by 5 + 3.7 umol kg™ (from 2096 = 3.3 to 2101 + 1.6)
(Figure 5). Further CO, uptake increases nCt of ww by
12 +3.6 umol kg™! (from 2101 £ 1.6 to 2113 + 3) (Figure 5),
as this water is transformed into BSW. The latter carbon
enrichment is henceforth denoted as AC+.;,. We believe this
enrichment takes place mainly in the polynya (see below).
However, other parts of the fjord may also contribute through
a one-time uptake, before the ice-cover becomes an effective
barrier for air-sea gas exchange. In total, the ssw and mAw
take up 17 =4 umol kg™! [= 5 (#3.7) + 12 (+3.6)] during their
transformation into BSW. This carbon enrichment is hence-
forth denoted as ACy

There is a theoretical foundation for a total uptake of
17 + 4 pmol kg™'. For each sample, the increase in Cy (ACy)
that is expected from a temperature decrease (AT) can be
determined according to Watson et al. [1995]:

10,0423

AC, x Cp x AT ()

where RF is the Revelle Factor. We determined this factor
according to the procedure given in Takahashi et al. [1993]
and obtained a value of 16.5. AT was determined by assuming
that all waters were cooled from their initial temperatures to
—1.9°C (the mean temperature observed in BSW). Then, using
Eq 7, we obtained a mean ACt of 15 + 2 pmol kg™! for ssw
and mAw, which is in agreement with the observed value.

The cooling-induced uptake is not, however, instantaneous.
The nCr in ww is around 5 pmol kg™! higher than that in ssw
and mAw (Figure 5), only one-third of the 15 umol kg™! that
would be obtained by using Eq 7. We believe the rest of the
uptake happens during a prolonged residence time in the
polynya. This would be especially true if sea-ice formation
enhances air-sea exchange, as was suggested in a recent
study by Anderson et al. [2004]. Hence, nonpolynya parts of
the fjord may also contribute to ACr;, under the process of
formation of the ice cover. In any case, our nCr data (Figure 5)
and the above calculation show that the excess carbon
observed in BSW (ACy,,,) is the same amount that would be
expected from the observed temperature decrease.

We combined ACr,,, with typical annual mean volume of
BSW (Vpsw) to compute the corresponding total carbon
uptake from the atmosphere (CU,,), in grams of C per year,
according to:

CUiot = ACriot X Vpsw (8

We determined CU,, to be 0.21 (+0.06) x 10'? g yr™!, assum-
ing Vpsw=9.9 (1.7) x 10" m?, as modeled for the winters
1997/1998-2000/2001 by Skogseth and Haugan [2003].

4.3. Extrapolation of Storfjorden Wintertime Carbon Fluxes
to the Enfire Arctic

Sea-ice formation and production of brine-enriched water
are common processes on the Arctic shelves [e.g. Martin and
Cavalieri, 1989] and in the Arctic Ocean in general. Therefore,
in this subsection, we estimate the wintertime CO, uptake that
takes place simultaneously with ice and brine production in
Arctic coastal polynyas. We also estimate the wintertime
air-sea CO, flux that accompanies ice formation in central
Arctic polynyas and in seasonally ice-covered regions. For the
latter calculations, we use both present and future projections
of the extent of seasonal ice and central Arctic polynyas. Note
that wintertime air-sea CO, flux in Arctic coastal polynyas is
referred to as “wintertime carbon uptake” because the word
“uptake” reflects the fact that, in Arctic coastal polynyas,
atmospheric carbon is most likely transported into the deep
ocean through air-sea flux and subsequent formation of deep
water. On the other hand, wintertime carbon flux associated
with ice formation in the rest of the Arctic is referred to as
“wintertime air—sea CO, flux”, emphasizing that this is a sea-
ward CO, flux across the air—sea interface and that knowledge
about the likely fate of the atmospheric carbon involved is lim-
ited (i.e. it may return to the atmosphere in summer).

Table 4 shows values and sources of the different parame-
ters used in the following calculations.

We combined ACr.,;, and Vggw to compute the winter car-
bon uptake (CU,;,) for Storfjorden by using Eq 9.

CUgin = ACryin X VBsw &)

During the winters of 1997/1998-2000/2001 the polynya
occupied 10% of Storfjorden area but accounted for 58% of
the total ice production [Skogseth and Haugan, 2003]. We
assume that a similar partitioning also prevailed during the
winter 2001/2002 and that a certain fraction (f) of Vpgy was
produced in the polynya. Then, the winter uptake attributable
to the polynya (CU%,,) is given by:

CUE.rin =f x ACpyin X Vesw (10)
whereas the part of CU,;, attributable to the nonpolynya
regions of the fjord (CUGw,) is given by:

CUgin = (1 = ) x ACryin X Vpsw (11)

The average winter CO, fluxes for polynya and nonpolynya

regions of Storfjorden (F¥ and F™) [C, g m™?] were then
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Table 4. Values and Sources of Different Parameters Used for Calculation of the Entries in Table 5.

Parameter Value Reference

Excess Cr (ACqy,,) in BSW, due to 0.15+0.044 gm™ This study

uptake in winter

Area of Storfjorden 13 x 10° m? Skogseth and Haugan, 2003
Area of polynya in Storfjorden 1.3 x 10° m? Skogseth and Haugan, 2003

Volume of BSW (Vggw) formed in
Storfjorden in 1998-2001

Fraction (f) of Vggy that form in 0.58 £0.29
Storfjorden polynya

Winter ice extent in the Arctic 14 x 10'2 m?
Area of Arctic coastal polynyas 3.5 x 1010 m?
Area of central Arctic polynyas 11 x 10'0 m?
Extent of seasonal ice in the Arctic 7 x 1012 m?
Winter ice extent in future” Arctic 12 x 1012 m?
Area of central Arctic polynyas in 1, 10, or 20
the future [in % of the above]

Extent of seasonal ice in future Arctic 10 x 102 m?

(9.8+1.8) x 10" m™

Skogseth and Haugan, 2003
Assumption

Johannessen et al., 2002
Winsor and Bjérk, 2000
Gow and Tucker, 1990
Johannessen et al., 2002
Johannessen et al., 2002
Assumption

Johannessen et al., 2002
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*Around year 2100.

computed by dividing the outputs of Eqs 10 & 11 by the cor-
responding areas (Table 4). The first two entries of Table 5
show the results of these calculations when the value of f cho-
sen was 0.58 + 0.29. No information on f was available to us,
but we assumed a one-to-one correspondence in the amount of
ice and brine formed per unit area. Accordingly, 58% of Vpgw
would be formed in the polynya, since 58% of the total ice pro-
duction occurred there. Further, to acknowledge that this par-
titioning is not well constrained, we allowed the value of f to
vary as much as 50%. As is evident from Table 5, the average
winter CO, flux computed for Storfjorden polynya is about 13
times higher than the rest of the fjord. However, polynya and
nonpolynya regions of Storfjorden contributed nearly equally
to the total winter uptake (U,,;,) (Table 5, third entry), the area
of the nonpolynya being 10 times larger than the polynyas.

Wintertime carbon uptake for Arctic coastal polynyas was
determined from the product of FP (Table 5) and the area of
the polynyas (Table 4). The latter was inferred, from Tables 2
and 3 of Winsor and Bjork [2000]. The result is shown in the
fourth entry of Table 5.

We postulate that there are, analogous to Storfjorden, winter-
time air-sea CO, fluxes occurring in central Arctic polynyas
and in seasonally ice-covered regions. That is, air-sea CO, flux
occurs in the central Arctic polynyas throughout winter, while a
one-time air-sea CO, flux occurs in the seasonally ice-covered
region, just before the ice cover becomes an effective barrier to
air-sea CO, exchange. However, unlike the case for Arctic
coastal polynyas, the carbon taken up through this process may
not be transferred into the deep ocean. The reason is that deep-
water formation in the Arctic takes place primarily on the
shelves [e.g. Jones, 2001]. Nevertheless, due to the vastness of

Table 5. Computed Wintertime Air-Sea CO, Fluxes for Polynya
and Nonpolynya Regions of Storfjorden and for Present and Future
Arctic.

Parameter Value
For Storfjorden
Areal winter flux for the polynya 65 +£40
region (FF) [in g m™]
Areal winter flux for the non-polynya 52432

region (F™) [in g m™2]
Total winter uptake (CUy;,)
[in 10" g yr™']

0.15£0.05

For contemporary Arctic [in 1012 g yr™1]

2314
6.8+42

Winter uptake for Arctic coastal polynyas
Wintertime air—sea CO, flux for central
Arctic polynyas

Wintertime air-sea CO, flux for seasonally 36+22
ice-covered Arctic

Total winter flux for the Arctic, excluding 43 +22
coastal polynyas

For future® Arctic, excluding coastal polynyas

[in 107 g yr']
If polynyas occupy 1% of future Arctic 59 +32
winter ice extent
If polynyas occupy 10% of future Arctic 124 £ 55
winter ice extent
If polynyas occupy 20% of future Arctic 196 + 98
winter ice extent

*Around year 2100.
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the areas involved, it is important to consider the wintertime
air-sea CO, flux associated with ice formation in central Arctic
polynyas and in seasonally ice-covered regions. For this pur-
pose, we assumed F¥ and F™ (Table 5) represented polynyas
and seasonally ice-covered regions, respectively. Then we mul-
tiplied F* and F*F by the corresponding areas (Table 4). The
obtained values for the individual fluxes and their sum are
shown in entries 5-7 of Table 5. Due to the set of assumptions
made during the calculations, the computed fluxes are probably
subject to errors that are even larger than the uncertainties listed
on Table 5. For instance, the surface waters of the Arctic are not
COy-undersaturated everywhere during winter [e.g. Kelley,
1968]. Thus, in some regions the CO, flux may be directed to
the atmosphere rather than into the ocean. The above-deter-
mined air-sea CO, fluxes should, therefore, be taken as first-
order estimates. Nevertheless, we expect the fluxes to be in the
right order of magnitude. In that case, the computed total win-
tertime air-sea CO, flux for the Arctic is comparable to that for
the northern North Atlantic [Olsen et al., 2003]. Hence, we sug-
gest that there is a regionally significant wintertime air-sea
CO, flux associated with ice formation in the Arctic.

Model results show that the extent of seasonal ice in the
Arctic will increase to about 10x10'2 m? [Johannessen et al.,
2002; their Figure 7] around year 2100. Further, observations
have shown that a thinning of the ice [Rothrock et al., 1999,
2003; Johannessen et al., 2002] will accompany its decrease.
Because of this thinning, the extent of leads and polynyas will
probably increase in the future. At present, the area occupied by
leads and polynyas increases from 1% of the winter ice cover to
10-20% during summer [Gow and Tucker, 1990]. Quantitative
information on how this may change in the future was not avail-
able to us. Therefore, we calculated the total (for central Arctic
polynyas + seasonally ice covered regions) wintertime air-sea
CO, fluxes for three different future scenarios, depending on
the extent of polynyas by the end of this century; For all three
cases, we used a seasonal ice extent of 10 x 10>m? and
assumed the polynyas would occupy 1%, 10%, and 20% of the
future winter ice-cover (Table 4). The results of these computa-
tions are shown in the last three entries of Table 5. As can be
inferred from Tables 4 and 5, wintertime CO, (C) flux into the
Arctic can increase by 80 (+ 60) x 10'? g yr™!, if seasonal ice
extent increases by 43% and central Arctic polynyas become 10
times larger than present.

5. CONCLUSIONS

Cold and high-salinity BSW forms in Storfjorden during
winter. This is due to extensive sea-ice production, which
primarily takes place in a coastal polynya. We have investi-
gated air—sea CO, flux associated with this process by ana-
lyzing inorganic carbon and auxiliary hydrographic data
collected in August 2001 and April 2002. Uptake of

atmospheric carbon occurs simultaneously with the transfor-
mation of the source waters into BSW. This uptake accounted
for a carbon enrichment of 17 + 4 umol kg™!. The observed
enrichment could be computed theoretically by using the
observed temperature decrease. However, further analysis
revealed that only about one-third of the carbon enrichment
occurred in parallel with the heat loss, indicating that the
cooling-induced CO, uptake was not instantaneous. The
remaining two-thirds of the uptake has been suggested to
occur later in the polynya. The areal wintertime CO, flux of
65 + 40 g m™ we computed for the polynya was about 13
times lower (= 5 g m™2) for the nonpolynya parts of the fjord.

Extrapolating the fluxes computed for Storfjorden to the
entire Arctic gave a total CO, uptake of Arctic coastal
polynyas of 2.3 (£1.4) x 10'? g yr™!. This carbon is most likely
sequestered from the surface-ocean—atmosphere system
through brine-driven deep-water formation in Arctic coastal
polynyas. For central Arctic polynyas and for seasonally ice-
covered regions, we estimated a wintertime air—sea CO, flux
of 43 (£22) x 10'? g yr'! C. This is a regionally significant
flux, about half of the wintertime flux into the northern North
Atlantic [Olsen et al., 2003]. Further, by the end of this century,
this air-sea CO, flux can increase to 124 (£55) x 10" g yr™!,
if seasonal ice extent increases by 43% [Johannessen et al.,
2002; their Figure 7] and central Arctic polynyas become 10
times larger than present. With respect to the sequestration of
atmospheric carbon, the importance of the computed winter-
time air-sea CO, flux depends on the penetration of
brine—driven convection in the involved regions.
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Abstract

The unique time series from Ocean Weather Station M has been used for the first time
to assess the interannual variability of the net community production (NCP) in the
Norwegian Sea. This paper presents a 51 year time series of calculated annual NCP
based on a box model for the oxygen balance in the mixed layer taking into account
air-sea exchange, vertical eddy diffusion, and change in oxygen content. The annual
NCP varied between 43.0 gCm™y" (4.7mol O, m?y ") in 1987 and 169.1 gC m™y’
'(18.3 mol O, m? y') in 1995, with a mean of 102.7 g C m™?y"' (11.1 mol O, m™? y™).
The interannual variability of the annual NCP was large, with a regime shift to
generally higher NCPs occurring in 1992. No single environmental parameter was
found to explain the variability in the NCP.

Index terms: 4805 Oceanography: Biological and Chemical: Biogeochemical cycles,
processes, and modeling; 4273 Physical and biogeochemical interactions; 4806 Carbon
cycling

1. Introduction

In an era of climate change it is essential to determine the natural variability of the
oceanic biological production as it is part of the carbon cycle. Such knowledge will not
only help to establish the foundation on which observations of change can build, but it
can also help us to predict the direction the changes will take. In the Arctic Climate
Impact Assessment (ACIA) report [ACIA, 2005] the Bergen Climate Model predicted
an increase in sea surface temperature in the Norwegian Sea of up to 1.5°C by 2070
with the doubling of the atmospheric CO, concentrations assumed in the model. The
model also showed an increase of the inflow of Atlantic Water into the Nordic Seas
while the strength of the internal cyclonic gyre in the Nordic Seas decreased [ACIA,
2005]. An assessment of the natural biological production variability in this area may
be useful for quantifying the effects of such changes on the oxygen and carbon cycles
in the Nordic Seas.
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Figure 1: Map showing the position of OWS M and the main surface circulation in the
Nordic Seas. Note the two cores of the Norwegian Atlantic Current (NWAC) as it
enters and flows through the Norwegian Sea. Abbreviations are NwCC = Norwegian
Coastal Current, NCC = North Cape Current, WSC = West Spitsbergen Current, EGC
= East Greenland Current, JMC = Jan Mayen Current, EIC = East Icelandic Current
and NIIC = North Icelandic Irminger Current.

The common notions of production include primary (or total) production, new
production, regenerated production, net community production (NCP), and export
production, which each presenting a selected view of production [e.g. Dugdale and
Goring, 1967; Williams, 1993; Falck, 1999]. NCP represents the total biological
production minus the community respiration [Platt et al., 1989]. NCP can be
calculated from measurements of oxygen, since either its accumulation in the euphotic
zone or consumption at depth will provide estimates of net production with a
characteristic timescale of months to years. After the physical processes of advection,
vertical eddy diffusion, and air-sea exchange have been taken into account the
resulting changes in oxygen in the water column represents the NCP.

Ocean Weather Station M (OWS M) is positioned at 66°N and 2°E in the Norwegian
Sea (Figure 1) and is situated within the western branch of the Norwegian Atlantic
Current, over the continental slope where the bottom depth is about 2000 m. The
Norwegian Atlantic Current brings warm and salty water from the North Atlantic into
the Norwegian Sea and towards the Arctic. It is bordered by the Arctic Front to the
west and the Norwegian Coastal Current to the east. The surface influence of the
Norwegian Coastal Current may reach far to the west in summer, sometimes as far



west as OWS M [Nielsen and Falck, 2006], as the fresh, light coastal water spreads on
top of the Atlantic Water of the Norwegian Atlantic Current.

OWS M has since the start of its operation in 1948 collected a unique time series of
meteorological and oceanographic data. The data set includes temperature and salinity
measurements since 1948 and oxygen measurements since 1953. The OWS M time
series is one of the very few oceanic data sets having sufficient resolution in time for
the calculation of reliable annual production estimates as well as for the assessment of
the interannual variability.

The annual production at OWS M has been studied previously with box models [Falck
and Gade, 1999; Falck and Anderson, 2005] and with a coupled physical-biological-
chemical model [Brostrom, 1997]. These studies aimed at finding the climatological
mean production at OWS M and in the surrounding Norwegian Sea. This work
presents a time series of annual NCP at OWS M from 1955 to 2005, calculated with a
box model. An effort is made to understand the variability of the time series in relation
to some environmental variable.

2. Data

The hydrographic measurements at OWS M have been taken with Nansen reversing
bottles. Temperature and salinity are measured six days a week while samples for
dissolved oxygen (hereafter only referred to as oxygen) are collected once a week. The
oxygen samples were analyzed onboard using the Winkler titration method (with
visual detection of the end point) since their inclusion in the time series. The oxygen
measurements used in this work were quality controlled by comparing the deep water
concentrations of the profiles and discarding profiles with very clear deviations from
the mean. The deep water oxygen concentrations in this area are assumed to be nearly
constant with time. Oxygen samples are not collected at the surface at OWS M so the
oxygen concentration at 10 m are used here as the surface value. This should not have
a large influence on the results since the mixed layer in this area only seldom becomes
shallower then 10 m. Unfortunately the time series has some data gaps ranging from
weeks to several months.

Six-hourly geostrophic wind speeds at 10 m above sea level and sea level pressure
(SLP) from the Norwegian Meteorological Institute hindcast database [Eide et al.,
1985] were used for calculations of air-sea exchange. These parameters exist from
1955 and thus hydrographic observations on oxygen concentration, temperature, and
salinity have been used for the period 1955 — 2005 to calculate the NCP.



3. Method

To estimate the yearly NCP at OWS M a box model based on changes in oxygen
content in the mixed layer was employed (Figure 2). Changes in oxygen content
(AO,°) in the mixed layer were calculated as:

AO2C — O2NCP + Ozair-sea + O2vert diff + Ozadv (1)

where O,"" is the change in oxygen caused by biological production, O,""*** is the
air-sea exchange of oxygen, and 0,"" “"is the eddy diffusion of oxygen across the
base of the mixed layer. The horizontal advection of oxygen, 0,*", was assumed to be
negligible since the water on its way northward probably experienced the same

seasonal variations. The production term was thus calculated according to
OzNCP — AOZC _ Ozair-sea _ O2ve11 diff (2)

NCP has taken place when O,"" is positive. Calculations of all parameters were made
for each day by interpolation between measurements. Air-sea exchange was calculated
every six hours to avoid averaging wind-speed and SLP, even though oxygen
concentrations and saturation concentrations were kept the same for a 24 hour period.

The first right-hand term in Eq. 2, the change in oxygen content in the mixed layer
(AO,"), has been calculated using one of the two equations below, depending on
whether the mixed layer was increasing (3a) or decreasing (3b):
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Figure 2: The conceptual box model showing the oxygen fluxes and processes that
contribute to the oxygen balance of the mixed layer, production/remineralisation, air-
sea exchange, vertical mixing, change in mixed layer depth, and advection.
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A0, = ,[OMLDZ[Oz]Z dz - (_LMLDI[Oz]I dz- [Oz]umia1 - (MLD, — MLDy)) (3a)

MLD2

A0 = [10,], dz—([["7'[0,] dz+ [Oslumaz * (MLD; ~ MLD)) (3b)

where IOMLD[Oz] dz is the integration of the oxygen profile from the surface to the

mixed layer depth (MLD), while the subscripts 1 and 2 refer to two subsequent days
and [O;]umiq 18 the oxygen concentration below the mixed layer. The MLD was
calculated with a density criterion (Ap) corresponding to a AT of -0.8°C as done by
Nilsen and Falck [2006]. The last term in 3a and 3b compensates for the day-to-day
change in MLD. Without this term the change in oxygen content would express both
the change within the new ML (day 2 compared to day 1) and the amount of O,
contained in the volume by which the ML have increased/decreased (the content is
calculated per m* of ML) from day 1 to day 2. Abrupt changes in the MLD between
measurements sometimes occurred during winter, resulting in unrealistic positive
peaks in NCP. Since winter is a period when little production is assumed to take place,
in order to avoid these peaks the MLD was set to 100 m when it was 100 m or deeper.
This resulted in the cancellation of the last term in Eq. 3a and 3b. The correct MLDs
were used when the mixed layer was shallower than 100 m, this was the case during
most of the productive season.

The air-sea exchange was calculated according to
Ozair—sea =k- A[Oz] (4)

where k is the transfer velocity and A[O,] the oxygen deficit, i.e. the difference
between the measured concentration ([O2] 1,5 ) and the saturation concentration
([02]s), (JO2] meas— [02]s). Following Wanninkhof [1992] the transfer velocity (in m d’
" was calculated as

k=0.0744 - u;o* - (Sc/600)°? (5)

where u, is the wind speed at 10 m above sea level and Sc is the Schmidt number.
The equation for the calculation of the Schmidt number was also taken from
Wanninkhof [1992]:

Sc=1953.4—128 - T+3.9918 - T>—0.050091 - T’ (6)
where T is the temperature in °C.

The oxygen saturation concentration was calculated according to Garcia and Gordon
[1992]. The resulting oxygen deficit (AO,) was corrected for bubble-injection
according to Woolf and Thorpe [1991] and SLP according to Najjar and Keeling
[1997]. Air injection of bubbles is recognized as a process that enhances the flux of
oxygen into the ocean. Bubble-mediated gas transfer supports a supersaturation of
oxygen of about 1-2% in an equilibrium situation [Woolf and Thorpe, 1991]. This



implies that the net air-sea flux of oxygen will first change sign at a saturation level
slightly higher than 100%. When calculating the air-sea exchange this effect is
achieved by multiplying [O,]s by the following term

Beon = (1+(0.01 - (wio/ 9))) (7)

The SLP may also change the oxygen saturation state and according to Najjar and
Keeling [1997] a correction term is added to the original oxygen deficit (A[O,]°):

A[O,] = A[O,]°+ (1 — SLP / 1013.25) - [O,]5 (8)

The effect of the correction for SLP is a lower saturation concentration when the SLP
is below the standard pressure (1013.25 mb) and a higher saturation concentration
when the SLP is higher. Depending on the surface water concentration this may
increase or decrease A[O,]. The final oxygen deficit was thus calculated as follows

A[OZ] :( [02]meas - ([02]5 ) Bcorr)) + (1 —~SLP/ 101325) ) ([02]8 ) Bcorr) (9)
The eddy diffusion term of Eq. 2 can be expressed as
0, 4T =K - d[0,] /dz (10)

where K, is the eddy diffusion coefficient, d[O,] is the change in oxygen concentration
across the base of the mixed layer ([O;]umid - [O2]m1), and dz is the distance over which
the oxygen gradient exists. In this work a K, of 1-10* m” s was used and dz was set
to I m.

Annual NCP (the sum of all positive O,"" during one year) was calculated for all
years which had at least one oxygen measurement each month during all 12 months.
Due to the gaps in the time series the annual NCP could not be calculated for all years.
When data was missing during the winter months October-March, monthly mean
values of oxygen, temperature, and salinity were inserted into the data series (these
months were considered as little productive) in order to increase the number of years
for which annual NCP could be calculated. Mean values for one or several months
were used for 13 years (see Table 1). Annual NCP was not calculated for years with
data gaps occurring in the summer months April-September, which was the case for 18
years.

4. Results

Changes in the oxygen content of the mixed layer (AO,°), air-sea exchange (0,""*),
vertical eddy diffusion (0,"" ™), and O,"" were calculated for each day from the first
to the last day of the time series. To illustrate the evolution of the different parameters
in the calculations
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Figure 3 shows the four parameters for the ten years with the best data coverage
(1990-1999), although the values referred to below cover the whole time series. The
seasonal evolution of air-sea exchange (Figure 3a) shows an uptake of oxygen from
the atmosphere during winter (positive) and an outgassing during summer (negative),
ranging between -0.62 and 0.91 mol O, m™ d”'. The change in oxygen content in the
mixed layer (Figure 3b) ranges from -0.62 and 0.47 mol O, m™ d”' and has no clear
seasonal cycle. The vertical eddy diffusion (Figure 3c) is smaller than the other
parameters, ranging between -0.27 and 0.26 mol O, m™ d' with a weaker seasonal
cycle than the air-sea exchange. The daily NCPs (Figure 3d) show a clear seasonal
cycle, with values up to 0.74 mol O, m™>d™".

Table 1 lists the annual NCP values for all the years with enough data coverage. The
period up to 1991 seems to shows a small decreasing trend in annual NCP (Figure 4),
with the exception of the rather low annual NCP in 1955. In 1992 a sudden change to
higher annual NCPs took place. The annual NCPs stayed high for the rest of the
period, with the exception of 1997 and 2005. The mean annual NCP for the entire time
series was 11.1 mol O, m™ y™', with the annual NCP varying between 4.7 mol O, m™
y'in 1987 and 18.3 mol O, m™ y' in 1995. Using the conversion factor between
carbon and oxygen (106/138) from Redfield et al, [1963] this is equivalent to a mean
NCP of 102.7 g C m™ y', with a minimum and maximum of 43 and 169.1 gC m™y’,
respectively.

Table 1: Annual net community production (NCP) at OWS M. N is the number of
oxygen measurements available for each year. Missing months indicates which months
were without data for a given year.

Year N NCP NCP Missing Year N NCP NCP  Missing

mol O, gC months mol O, gC months
m?y!l  m2y! m?y!l  mZy!

1955 41 5.5 50.8 10 1987 45 4.7 43.0

1957 35 13.0 120.0 1988 32 6.7 61.5

1959 43 11.7 107.9 1989 35 9.8 90.8

1961 41 13.5 124.1 12 1990 29 7.5 68.8
1962 41 12.2 1129 11,12 1991 34 6.6 61.3
1963 27 11.6 107.2  1,2,3 1992 32 15.4 142.2
1965 31 8.1 74.6 1,2,3 1993 28 16.3 150.2 3
1967 38 12.0 111.1 11 1994 31 12.9 119.2
1969 34 12.0 110.6 11 1995 37 18.3 169.1
1971 30 10.1 93.3 11 1996 34 16.6 153.4
1973 33 11.9 109.4 3 1997 33 8.6 79.3
1975 15 8.3 76.3 2,12 1998 35 12.5 115.4

1976 19 8.1 74.6 1999 36 13.0 120.1 12
1982 26 11.3 104.7 2002 31 15.3 141.4

1984 28 11.6 107.1 2003 36 13.5 124.7

1985 29 8.5 78.3 2005 26 8.5 78.1 11,12

1986 34 11.8 108.5
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Figure 4: Time series of annual net community production at OWS M.

This gives a variability of 126.1 g C m™ y™', about three times the lowest NCP. If the
standard deviation (o) of the time series, 30 g C m™ y™', is considered, five years lie
below -16 (1955, 1987, 1988, 1990, 1991) and 5 years lie above +1c (1992, 1993,
1995, 1996, 2002). The difference between the annual NCP in 1991 and in 1992, 72 g
Cm™y", is the largest between any two consecutive years.

5. Discussion

The results show that the variability of the annual NCP from one year to the next can
be large at OWS M (Figure 4). Examining individual years reveals that a higher peak
of daily NCPs during the spring bloom generally results in a higher annual NCP, but
other factors such as the length of the productive season and the duration of the spring
bloom may play a part as well. What environmental parameter(s) lie behind these
variations?

The spring bloom at OWS M starts when the depth of the mixed layer has decreased
enough due to solar heating in spring, resulting in a shallow seasonal pycnocline, and
lasts until the nutrients in the shallow mixed layer are depleted. At OWS M, May is the
first month of the year when the mixed layer might get shallow enough to initiate the
spring bloom, but the mean depth varies interannually between about 60 and 300 m
[Nilsen and Falck, 2006]. In June the mean MLD is less than 100 m for all years. With
a shallow mixed layer occurring already in May the bloom can start some weeks



earlier than in years with a much deeper mixed layer. Indeed 1987, which shows the
lowest annual NCP for the whole time series also has the deepest May mean MLD of
all the years. As an environmental parameter that could influence the timing of the
spring bloom, the depth of the mixed layer in early spring is a good candidate. Mean
values for MLD were calculated for each month of each year and plotted against the
annual NCP. The same was also done for both mixed layer temperature and salinity to
see if a relationship to the annual NCP could be found for these variables as well. A
relatively good correlation was found between the annual NCPs and the depth of the
mixed layer and the temperature of the mixed layer in May of the year in question, but
not for any other months.

Light conditions are not a limiting factor for the initiation of the bloom in the area of
OWS M but can have a great influence on the productivity once it has started. OWS M
1s often situated inside the track of the low pressure systems passing northward and
may therefore experience many cloudy days during the productive season. In addition,
the Norwegian Sea is also known for having many foggy days during summer.
Meteorological conditions in this area vary considerably from year to year and a
summer with good weather could result in a larger amount of NCP than a summer with
bad weather.

During the spring bloom the nutrients in the mixed layer are used up, and for the rest
of the biological season increased NCP will depend on entrained nutrients from below.
This supply depends on the wind in the area; strong winds will induce mixing with the
layer below, calm conditions will not. No relationship was found between wind speed
or wind direction and the annual NCP. Other factors that might influence the annual
NCP are the amount of grazing and the types of phytoplankton present at different
times of the season, but this is beyond the scope of this study.

The low annual NCPs (below one standard deviation) in 1955, 1987, 1988, 1990 and
1991 seem to have different causes, which is why no single parameter stands out. In
1955 there was a rather shallow MLD in May, approximately 100 m, but the spring
mixed layer temperature was one of the lowest in the time series [Nilsen and Falck,
2006]. In both 1987 and 1988 there was a deep MLD in May, the Atlantic Water was
in addition capped with fresher surface water from the Norwegian Coastal Current
during the summer of these years. 1990 and 1991 were years with relatively little wind
during May-July, and this may have decreased the supply of new nutrients to the
seasonal mixed layer. For the years with NCPs higher than one standard deviation no
good explanation can be found. In 1992, for instance, the mixed layer in May was
nearly as deep as in 1987. The conclusion is that no single environmental variable is
found that explains the amount of annual NCP but it is the result of several interacting
factors.

The largest uncertainties in the NCP values are assumed to lie in the calculations of the
air-sea exchange (0," ). Different parameterizations exist for the calculation of the
transfer velocity [e.g. Liss and Merlivat, 1986; Wanninkhof, 1992; Nightingale et al.
2000] and depending on the choice of formula, the resulting NCP will change in size.
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The Wanninkhof [1992] parameterization has been used in this work since it is the
most commonly used today. Earlier studies from the Norwegian Sea show that
calculated NCP from oxygen measurements with the use of the Wanninkhof [1992]
formula are about twice as high as when the Liss and Merlivat [1986] formula is
employed [Falck and Gade, 1999]. The calculated oxygen fluxes also differ
considerably depending on whether the effects of bubble injection and/or changing
SLP are included or not. If both bubble injection and changing SLP are excluded from
the model, the mean annual NCP is about 20% higher (123 g C m™ y™"). If only the
SLP correction is included the mean annual NCP increases by about 35 % (139 gCm’
>y, in contrast to accounting for only bubble injections which results in a decrease
of about 5% (98 g C m™ y™). In the calculations of air-sea exchange no adjustments
have been made due to the difference between the bulk and skin temperature of the
water. This difference is assumed to be small but may not always be insignificant.

The uncertainty in the calculation of the change in oxygen content of the mixed layer
(AO,®) lies mainly in the calculation of the MLD. Another difficulty lies in the rapid
day to day changes in the MLD at OWS M that sometimes causes unrealistic estimates
of oxygen content of the mixed layer. It can not be excluded that these fluctuations can
influence the size of the daily NCP during winter and early spring when the mixed
layer is most unstable. The oxygen change was thus calculated only for the top 100 m
when the mixed layer was deeper than 100 m in order to avoid unreasonable large
daily NCP during the winter when production is known to be small. If the annual
NCPs are calculated only for the period between 1 April and 30 September the result is
a reduction of the mean by about 6%.

For the calculations of the exchange with waters below the mixed layer (O, %) the
value of Kz is the most critical. Kz depends on the strength of the stratification and the
amount of available energy. Measurements in the Nordic Seas indicate values in the
order of 10™ to 10 m* s [Drange et al., 1998; Watson et al., 1999]. In this work we
have used 10 m? s™' for Kz in the O,"" ™™ calculations. If we instead use Kz equal to
10° m* s the mean annual NCP value is reduced by 9%.

Another source for uncertainties in the NCP estimates is the choice of the O,:C ratio.
The Redfield ratio [Redfield et al., 1963] is used here, but the mean annual NCP would
increase slightly, by about 6%, if the ratio of Takahashi [1985] was used instead.

Last, but not least, the data coverage in the time series of 1-5 stations per month is
sometimes uneven between months and years. The frequency of measurement may be
a source of error when years with different data coverage are compared. In the
calculations only one profile per month has been required during all 12 months in
order to calculate the annual NCP. The year 1975 is an extreme example, where
January to July had only one profile each month. What data coverage can be
considered sufficient to represent the annual NCP reasonably well? It takes about six
weeks for the oxygen in the mixed layer to reach equilibrium with the atmosphere
(Broecker, 1974). Since the oxygen concentrations are interpolated between the
measurements and not kept constant for the intervening time it is assumed that one
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measurement per monthe is enough even though measurements made only once a
month may not resolve the peak of the bloom very well. The resulting NCPs have been
compared to the density of measurements and lower data density does not consistently
give high or low NCPs.

There are few estimates of biological production in the Norwegian Sea in the
literature, and those that do exist generally have estimated different kinds of
production, making a comparison of results difficult. For instance, Rey [1981] and
Brostrém [1997] both estimated total production. Rey’s [1981] estimate using the '*C
method was 90-120 g C m™y™' for the waters in the Norwegian Coastal Current, while
Brostrom’s [1997] estimate with a coupled physical-chemical-biological model based
on nitrogen fluxes was 180 g C m?y"' at OWS M (of which new production was
estimated to be 59 g C m™y™). Falck and Anderson [2005] calculated deficits of
dissolved inorganic carbon in the Norwegian Sea and found a flux of carbon due to
biological processes of 5.2 mol C m™ y™' (or 62.4 g C m™ y™"), while Skjelvan et al.
[2001] estimated 23.6 and 31.7 g C m™ y™' using deficits of phosphate and oxygen for
areas further north in the Norwegian Sea. Falck and Gade [1999] used an oxygen
budget for the euphotic zone (upper 30 m) to estimate the mean NCP for the Nordic
Seas but also did some separate calculations for OWS M using data from 1955-1988.
Their method was similar to this work except that they neglected vertical diffusion.
They used several different air-sea parameterisations and obtained 79 g C m™ y' when
the formulation of Wanninkhof [1992] corrected for bubble injection [Woolf and
Thorpe, 1991] was used. The annual NCP values found in this work agree well with
the earlier results from OWS M by Falck and Gade [1999], the mean annual NCP with
our model for the same period gives a mean annual NCP of 93.5 g C m™ y”', which is
slightly higher than theirs. A somewhat higher NCP is to be expected since Falck and
Gade [1999] did not include vertical diffusion but it also has to be remembered that
Falck and Gade [1999] used the transfer velocity formulation for steady winds
[Wanninkhof, 1992] and not for instantaneous winds as has been done here.

6. Summary

A time series of annual net community production at OWS M for the years 1955 to
2005 has been presented, although NCP could not be calculated for all years due to
lack of data. A mean NCP of 102.7 g C m™ y ' was obtained, with a minimum and
maximum of 43 and 169.1 g C m™ y™', respectively. The uncertainties in the
calculations are difficult to assess, especially since NCP is sensitive to variations in the
calculated oxygen fluxes arising from the uncertainty of the parameterisation of the
air-sea gas exchange. The observed rates of change in oxygen content and vertical
eddy diffusion are much smaller than the air-sea oxygen exchange, such that
parameterisation of the flux equation will have the most influence on the estimate of
NCP.

A specific cause of the interannual variability of the net community production could
not be found, due to the many different environmental variables influencing
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production. The cumulative and varying effects of these variables from year to year
does not show up in simple regression analyses. Presently no explanation is available
for the positive regime shift seen in the annual NCP between 1991 and 1992.
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Future work

With the goal to understand and quantify the carbon fluxes in the Arctic Mediterranean
and their variability and fate much work still remains. Some of the needed studies in
this area require collection of new data; the heavy ice cover in large parts of the Arctic
Mediterranean makes data collection difficult and costly, and the consequence is a
general scarcity of data in the area.

In the Barents Sea there is an urgent need to obtain better seasonal data coverage for
the variables in the inorganic carbon system, DOC, and POC. The absence of winter
data limits the understanding of the Barents Sea as a system e.g. as a sink for
atmospheric CO,. It also makes it difficult to predict and detect future changes. In
relation to paper Il the critical question in this context is how well the water in the
deeper parts of the winter mixed layer represents the situation at the end of the
previous winter? If winter data can be obtained this type of uncertainties will be
avoided and calculations of the CO, uptake from the atmosphere will be more robust.
Data during autumn would also make it possible to obtain more information about the
amount and variability of annual new and/or net community production from
observations. Observation based estimates of annual production has to date only been
done along the Kola transect (Olsen et al., 2002) and the results are much smaller than
those obtained from seasonal studies and models. Since the Barents Sea is such an
important area for fisheries the amount of production it can sustain is of large interest.
Currently the most extensive knowledge of production comes from models, but to rely
on them with confidence they need to be validated with field data.

Data from the eastern parts of the Barents Sea, where no dissolved inorganic carbon
measurements have been made to date, would provide much information on how the
carbon content of the Atlantic Water is modified. Of particular interest is the
modification caused by mixing between the Atlantic Water and brine water that origin
on the Central Bank and the western Novaya Zemlya bank. Inorganic carbon
measurements from currents and water masses are here essential for increased
knowledge. From the Barents Sea carbon budget (paper 1) it is also clear that more
information on volume flows and residence times of the water masses are needed to
achieve a more precise budget. A better understanding of the physical oceanography
will improve the knowledge of the inorganic carbon transports in the area
significantly.

Due to the large importance of the Atlantic Water inflow for the Barents Sea it is
essential to know the long term mean values and variability of biogeochemical
variables such as oxygen and pCO, in the water mass. The pilot project on pCO, and
O, measurements on a mooring in the Barents Sea Opening is important for this type



of data gathering. A continuation or increase of this effort could provide the basis for a
new promising time series on chemical variability in addition to the ongoing
measurements of physical variables (e.g. Ingvaldsen et al., 2004).

As indicated in paper 11 the bulk properties of sea ice are not well known, an
investigation of these would help to decrease the uncertainties when calculating air-sea
exchange and biological production in ice covered waters.

In the Norwegian Sea the long time series from Ocean Weather Station M (OWS M) is
of large value for the understanding of the state of the biogeochemistry and physics in
the area. It can also give an insight into its seasonal, interannual, and decadal
variability and change. The time series may also be used to validate models. In an era
of climate and environmental change it is urgent to ascertain the future existence of
OWS M so that its unique time series is continued.

A lot of new measurements of volume transports and carbon system variables have
been collected in the Nordic Seas during the last decade. This gives the potential to
construct a Nordic Seas carbon budget. Lundberg and Haugan (1996) published a
carbon budget for the Arctic Mediterranean with the limited data then available. A
budget based on the new observations could provide a better estimate of the carbon
fluxes into and out of the Nordic Seas as well as identifying where future efforts
should be directed to achieve increased understanding of this area.

The modification of the Barents Sea branch of Atlantic Water was investigated in
paper 111 but less is known about the evolution of the carbon content, air-sea exchange
and production in the West Spitsbergen Current. An investigation of the carbon fluxes
in the West Spitsbergen Current would be valuable both to compare them to the
Barents Sea branch of Atlantic Water and to get an overview of the total input of
Atlantic Water, carbon and related variables into the Arctic Ocean.

The environmental factors that are important for the large variability in annual net
community production at OWS M (paper 1V) are not well understood. This rise two
questions:
1. Is the variability as large in the entire ice free Nordic Seas as observed at OWS
M?
2. Could understanding of the environmental variability on a lager scale of the
whole Nordic Seas and North Atlantic facilitate the identification of the
environmental forces behind the variability observed at OWS M?

Due to the lack of systematic sampling in time and space and the different variables
used to calculate biological production it is at present difficult to directly compare
results between different areas, e.g. the Nordic Seas and the Barents Sea, or even
within the same water mass, e.g. the Atlantic Water. A more systematic approach that
ensures the possibility to compare production in different areas could reveal some of
the mechanisms behind the variability observed at OWS M that could not be explain in
paper 1V,



A time series of air-sea oxygen exchange at OWS M is calculated and used in paper
IV, but is not presented in detail. A separate study examining this time series is in
preparation. The time series at OWS M also holds the possibility for several other
studies e.g. changes in intermediate and deep water circulation based on oxygen
content.

Other interesting questions for the future are:

e What controls the branching of the Atlantic Water in the northern Norwegian
Sea into the West Spitsbergen Current and North Cape Current and its
variability? Will future changes of the controlling mechanism direct larger
amounts of Atlantic Water either directly northwards or into the Barents Sea?

e How large is the concentration and rate of increase of anthropogenic carbon in
the Coastal and Arctic Waters in the Norwegian and Barents Seas?

e How much can we learn from satellites about productivity in the cloudy high
northern latitudes? Could OWS M be a good facility for groundthruthing
satellite images of biological production in the Nordic Seas?

e How permeable is sea ice for gas exchange? If considerable amounts of CO, are
exchanged through sea ice it will change the estimate of total uptake of
atmospheric CO, in the Arctic Mediterranean.

The field of marine biogeochemistry is a rather new area of research where terms and
concepts are still developing. This field is also a cross road between physical, chemical
and biological oceanography and requires interdisciplinary work. Due to the
cooperation between scientists from different areas it is not unusual that there arises
some confusion around terms and concepts. It would therefore be helpful for many to
try and collect the consensus of the community into some form of communication.
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