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Summary 

The aim ofthis thesis is to further our knowledge of carbon dioxide in the northern hi& latitude oceans 
(norlhern Norlh Atlantic, Barents Sea, and Arctic Ocean) by studying h e  anthropogenic change in the oceanic 
COl+ the inter-annual variabiIiky of the air-sca C 0 2  flux. and the relationship between this variability and changes 
in other oceanic processes. An introductory chapter and four papers are presented. Descriptions o f  the seawater 
cnrbonate system parameters, air-sea exchange of CO?, and related processes are given in the introduction 
chaplcr. The anthropogenic increase in partial pressure of CO1 (pro?) in the surface water of the Barents Sea is 
evalualed in paper I .  The effect of alternations of the Barenis Sea climate between cold and warm modes on the 
annual cycles of seawater fugacity and air-sea flux of CO? is investigated in paper t i .  Oceanic uplake oC 
atmospheric COI associated with the seasonal formation of sea ice in  Stor@rden and the implication for the 
entire Arctic Ocean is studied in paper III .  An assessment of the variations of the air-sea tlux o f 0 2  in the 
northern North Atlantic for 20 winters ( 1  98 I -2oI) I 1 i s  carried out in paper I V .  

pC02 in the sutiacc water of the Barents Sea is shown to have increased parallel with the almospheric pC02 
between L967 and 2000-2001 (paper I). This was detennined by coinparing seawater pC02 from 1967 with thal 
from 2000-2001 The forrner was estimated froin surface seawater temperature (SST) while the latter was 
computed horn data oftotal dissolved inorganic carbon and alkalinity. A procedure which accounts for the 
natural variability was applied and the difference between seawater pC02 of 1967 and that of 2000-2001 Is 
attributed to lhe uptake of excess CO2. 

In the Atlantic sector of the Bai-ents Sea, tlie surface seawater fugacity of C02 ( fcoy ) i s  shown 10 be lower 
than the atinosphcric fC02 throughhoul the year, imptying that the area is an annual sink of‘atmospheric CO- 
(paper 11). Additionally, changes in the meltwater pool during summer, associated wilh changes in temperature 

ofthe inflowing Adanlic Water, is found to give rise to variations in the annual cycle of fco;w . During cotd 
years. sea ice extends south of the polar front and melts in the Atlantic sector. This results in a reduced heating 
and earlier stratification of the surface water during summer, with the latter triggering a rapid and skong 

phytoplanklon bloom. As a consequence, cold yems arc ch:uficlerized by a stronger rtnd shorter Iived 
drawdown during summer. However, significant differences are not found between the annual mean air-sea CO? 
fluxes computed for cold and warm years. In his study, K O 7  was calculated by applying a11 empirical 
relationship to a 23-year time series of apparent oxygen utilization, seawater temperalure, salinity. and 
phosphate, which have been grouped into cold and warm years. The result were combined wiih dah of 
ahnospheric mole fraction of CU2 and wind speed to calculate the air-sea flux of COz. 

Seasonal sea ice formation and subsequent brine rejection produce high density brine-enriched Shelf Water 
(BSW) in Stor@rden. It is shown that sea ice fornution is accompanied by a seaward flux of atmospheric CO? 
(paper Il l ) .  This was inferred by using inorganic carbon and auxiliary hydrographic and nutrient data collected 
during four cruises from 1999 to 2002. The inferred flux is 12 times higher for the part of the fjord where open 
waier and/or thin ice conditions prevail houghout the winter. By extrapolating this result to the enlire Arctic 
Ocean, it is  estimated that sea ice formation during winter can account for an uplake of atmospheric CO; of 
around 5 0 ~  lot2 g C: y i ’ .  Further, it is speculated that changes in the areal extent of sea ice foimation in the 
Arctic Ocean at the end of this century may triple this uptake. 

The mean winker time air-sea C 0 2  flux in ihe northern North Allantic is found to be 0.1 G ton, with an 
interannual variability of about k 10 % (paper 1V). This was studied by using an empirical relationship between 
seawater K O 1  and SST. Gridded data of SST, sea level pressure, and wind specd were used in combination with 
data for ahnospheric mole fiaclion of C 0 2  lo calculate the air-sea ilux in the lime period 198 I unti I 200 1 . 
Locally, and un a inonlhly time scale, thc rnteraniiual variability is found to be higher, typically 20 - 40%. 
Changes in wind speed and KO2 in the airnosphere account for most of the interannual varjalions. 
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'l Introduction 
Carbon dioxide (CO2) is a naturaliy occurring compound that is cycled between reservoirs in 

the atmosphere, land, and ocean. This natural cycle has deposited carbon in the sediments and 

in trees over millions of years. Suddenly, in a matter of few centuries, we are re-introducing 

significant amounts of this stored carbon into the atmosphere, as a result of fossil fuel burning 

and land use changes. Since the onset of the industrial era, the atmospheric concentration of 

COz increased from 280 ppm (parts per million) to the current value of about 370 ppm. This is 

of global concern for two reasons. Firstly, current carbon dioxide concentration in the 

atmosphere is unprecedented in the last 420 000 years (Petit ef d, 1999). Secondly, COZ is a 

greenhouse gas, incaning it traps infrared radiation emitted from the earth surface. Although 

other greenhouse gases have also increased (c.g. methane, nitrous oxide, and 

chlorofluorocarbons), more than half of the increased greenhouse effect since preindustrial 

times is attributed to CO? (Swmiento and Gmhw, 2002). 

Half of the COz emissions remain in the atmosphere, while the rest is absorbed by the 

terrestrial biosphere and the ocean. A usual approach for evaluating future levels of 

atmospheric COz is to model potential concentrations under possible emission scenarios. The 

results obtained from such models are highly sensitive to feedback mechanisms assumed to 

operate in the terrestrial and oceanic sinks (Surmiento mu' Grzaber, 2002). A better 

understanding of the behavior of the oceanic sink is, therefore, of great importance. In this 

regard, it is important to quantify the anthropogenic change occurring in the oceanic COz over 

time and the present interannual variability of the air-sea exchange of COz, and to asses the 

relationship between this variability and changes in other oceanic processes. This thesis is a 

contribution to further our knowledge of these issues in the northern high latitude oceans 

(northern North Atlantic, Barents Sea, and Arctic Ocean) by (i) evaluating the anthropogenic 

change that have occurred in the oceanic COZ over time; lii) assessing the inter-annual 

variability ofthe air-sea CO2 flux, and (iii) investigating the relationship between (ii) and 

variations in other relevant processes. The study of the C02  system in the northern high 

latitude oceans is of special importance for several reasons: 

I .  The region is a significant CQ2 sink, but neither the interannual flux variability nor the 

anthropogenic increase of COz is well established. 

2. Long term sequestering of carbon dioxide from the surface ocean-atmosphere system 

occurs in this region through deep water formation. Changes in the surface seawater 

CO? in this region may therefore indicate changes In the long term sequestering. 
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3. The Arctic region is thought to be a sensitive indicator of global change (e.g. Munnbe 

et a/. , 199 1 ). Accordingly, the establishment of the baseline of the COz system 

parameters in the northom high latitude oceans is of special value, as this allows for 

the recognition of future changes. 

The thesis consists of an introduction chapter and four papers. The introductory chapter 

contains descriptions of the study area, the seawater carbonate system parameters, and 

relevant processes. 

Paper I is a determination of the antliropogenic increase of partial pressure of COZ (pC02) in 

the surface water of the Barents Sea between 1967 and 2000-2001. The increase is evaluated 

by comparing seawater p C 0 ~  from 1967 with that from 2000-2001. A procedure which 

accounts for the natural variability is applied and the IS  difference attributed to uptake of 

excess co1. 
Paper 11 i s  a comparison of the annual cycle of seawater fugacity and air-sea flux of C02 

during two climatic modes (cold and warm) in the Barents Sea. Composite annual functions 

of the above parameters for 1 1 cold years and 1 2 warm years are compared, and the observed 

differences are discussed in relation to variations in biological and physical processes. 

Paper I l l  is an inference of the air-sea CO2 flux associated with the formation of seasonal sea 

i ce (and hence brine) in Storfjorden. By correcting for the effect of other processes which 

modify the concentration of inorganic carbon measured in brine-enriched she1f water, the air- 

sea CO? flux associated with sea ice formation is inferred. This flux i s  then extended to the 

entire Arctic Ocean, using both current and modeled future extent of seasonal ice in the area. 

Paper 1V is an assessment of the interannual variations in the winter time air-sea COZ flux in 

the northcm North Atlantic. An empirical relationship, between measured seawater fugacity 

of COZ and SST: is used together with fields of monthly SST and wind speed to calculate the 

air-sea CO: flux during winter in the period 1981 -2001 

1.1 The study area 
A map of the northern North Atlantic, the Barents Sea, and adjacent parts of the Arctic Ocean 

i s  shown in Fig 1 .  The term northern North Atlantic, the study area in paper IV, includes the 

Greenland, IceIand, and Norwegian Seas (known as the GIN Seas), in addition to the 

northernmost parts of the Atlantic Ocean. 

I 

6 



80N 

"J 

t a  

Fig 1 : A map of the northern North Atlantic, Barents Sea, and adjacent parts 

of the Arctic Ocean. Isobaths are drawn for 500 rn between 500 and 

4000 m. 

The Barents Sea, which is the study area for papers 1 and 11, situates between Scandinavia, 

Novaya Zemlya, Svalbard, and Franz Josef Land. Paper III is based on data collected from 

Storeorden, which situates at the southern opening of the Svalbard, but seasonal ice formation 

in the whole Arctic Ocean is also a main topic in this paper. The seasonal variation in the 

concentration of sea ice for the northern hemisphere is shown in Fig 2. As can be seen from 

this figure, the ice extent in Arctic Ocean reaches its minimum ( - 8 ~ 1 0 ~  km2) in September, 

while this area nearly doubles when the ice coverage is at its maximum in March. During 

summer, the ice is essentially confined to the central Arctic basin. During winter, the ice 

extends far to the south and significant parts of the Greenland and Barents Seas are ice 

covered, but the eastern parts of the GIN Seas and the southwestern parts of the Barents Sea 

are free from ice throughout the year. 
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Fig 2: Satellite-retrieved mean sea-ice concentration (percent ice area per image 

pixel) for the Northern Hemisphere in the period 1978-2002, during a) winter 

(March} and b) summer (September). From Jnhannessen et al. (2002). 

The Barents Sea is a shallow Arctic shelf sea with an average depth of 320 meters. The GIN 

seas are all deep with major basins of 3000 to 4000 m depth. The North Atlantic 

communicates with the Arctic Ocean via the GIN Seas and the Barents Sea. Fig 3 shows a 

simplified and schematic representation of the main surface currents that cawy water Into and 

out of the Arctic Ocean. Tho dominating feature is that a warm and saline water of Atlantic 

origin is flowing northwards, while cold and fresh water of Arctic origin flows southward. 

The East Greenland Current (EGC) carries polar water southwards along the Greenland coast. 

It sends minor branches into the Greenland and Iceland Seas, then cross the Denmark strait 

and mixes with water from the Irminger Current (IC) further south. The East Spitsbergen 

Current (ESC) and the Persey Current (PC) carry polar water into the Barents Sea. 

Water from the North Atlantic Current WAC) and Continental Slope Current (CSC) continue 

to flow northwards along the Norwegian contincntal slope as the Norwegian Atlantic Current 

(NwAC) (Hunsen and #'sterhus, 2000). The NwAC splits into two branches, one entering into 

the Barents Sea as the North Cape Current (NCC), and one entering the Arctic Ocean at the 

eastern side of the Fram Strait as the West Spitsbergen Current (WSC). The latter also sheds 

water into the Greenland Sea. The northward flowing Atlantic water is cooled due to heat loss 

to the atmosphere and gas solubility of the water increases. The density of the water carried 

by the NCC increases due to further heat loss to the atmosphere over the shallow Barents Sea, 
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and due to brine rejection during sea ice formation. Therefore, water from NCC submerges 

those carried by the ESC and PC in the northern parts of the Barents Sea. 

80N 

70N 

60N 

50N 

4 

40E 60E 

Fig 3: A simplified and schematic representation of surface circulation in the northern 

North AtlantIc and the 8arents Sea. Dark grey arrows denote warmer water masses, 

while light grey arrows denote colder water masses. CSC = Continental Slope 

Current, IC = lrminger Current, NAC = North Atlantic Current, NwAC = Nonvegian 

Atlantic Current, NCC = North Cape Current, WSC = West Spitsbergen Current, 

EGC = East Greenland Current, ESC = East Spitsbergen Current, PC = Persey 

Current. 

1.2 The seawater carbonate system 
The carbonate system for seawater is fully described by the four parameters: pH, fugacity of 

COZ (fC01): total dissolved inorganic carbon (CT), and alkalinity (AT). 

pH is a measure for how acidic or basic the seawater is and can be defined as (DOE, 1994): 
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I 

pH = -log,,[H'] 

1 
i 

where [H'] is the concentration of hydrogen ion expresscd as moles per kiIogram seawater. A 

neutral sample has pH = 7, whereas a sample with pH less (greater) than 7 is said to be acidic 

(basic). Seawater is slightly basic and has pH value around 8. Thus, the addition of acid to 

seawater decreases its pH, while the addition of base will increase it. However, the addition of 

CO2, which is a weak acid, do not change seawaters pH significantly. This is due to the so- 

called buffer reaction, which can be represented by: 

where COZ, CO:-, and HCO; are dissolved carbon dioxide, carbonate ion, and bicarbonate 

ion, respectively. The carbonate ion is so abundant in surface seawater that a substantial 

amount of COz can enter the surface ocean without significantly altering i t s  pH. 

The terms containing C in (2) denote the different forms of which inorganic carbon is present 

in seawater. Therefore, the total dissolved inorganic carbon (CT) in seawater is defined as the 

sum of the concentrations of these species according to (DOE, 1994): 

The fugacity of CO:! (KO*) is related to the COZ concentration according to (DOE, 1994): 

where the solubility (KO) is dcpendent on seawater temperature and salinity. Ifthe non- 

ideality of the COz gas is not accounted for, the term partial pressure of COZ IpCOz) is used 

instead of f C 0 ~ .  For the range encountered during the studies presented in this thesis, the 

difference between the two quantities was an order of magnitude less than uncertainties 

arising from other sources. Thus, for the reminder of this chapter p C 0 ~  and KO? are treated 

as iiiterchangeabl e quantities. 
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Alkalinity (AT) Is the number of moles of hydrogen ion equivalent to the excess of proton 

acceptors over proton donors in one kilogram seawater ( D i c h m ,  198 1 ). It can be 

approximated by (DO€, 1994): 

From observational point of view, it is sufficient to measure only two of the above four 

parameters. The remaining two can be calculated using thermodynamic relations. Throughout 

this thesis, a program routine (CO2SYS) developed by Lewis and Walkme (1998) was used 

for this purpose. 

1.3 Relevant processes 
Inorganic carbon can enter the surface ocean through three main pathways; the atmosphere? 

vertical and horizontal exchange of seawater watcr masses, and river runoff. The exchange of 

COZ between surface ocean and the atmosphere is a major topic of this thesis. This will 

receive some attention in the next subsection. Then, in the subsequent subsections, I will 

touch upon related processes such as anthropogenic CO?, biological activity, and sea ice 

formation, aiming to convey the motivations €or the individual papers presented in this thesis. 

1.3.1 Air-sea exchange of C02 
The C02 flux (F) between the atmosphere and ocean is determined by the concentration 

gradient of CO? across the air-sea interface and the transfer velocity (k) for the gas, according 

to: 

F = k([COy]-[COyc]) 

where [COiw ] i s  the actual concentration of the gas at the water side of the interface, and 

[COT '1 is a hypothetical concentration that would exist in water at equilibrium with the air 

side of the interface. By solving (4) for [COZ] and substituting the result in (6), we can write: 

F = K,k(fCOy -KO?)  = KokAfCO, (7) 
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where iC07 and KO:" are seawater and atmospheric fugacity. KO and AfCOl can be 

determined from measurements with suffllcient accuracy. For the transfer velocity the 

situation is different. While it is widely agreed that transfer velocity for COl (or any gas) 

depends on the molecular diffusivity (D) and turbulence at the air-water interface, the nature 

of dependence is a matter o f  debate and depends on the parameterization used. Values for k 

from different parameterizations can differ by a factor of two. For this reason, a lot o f  

research efTort is put in inodeling the transfer velocity. These models fa11 into three main 

categories; film model, surface renewal model, and boundary layer model. Far the film model 

k is proportional to D (Whitman, 19231, for the surface renewal model k is proportional to D 

to the power of 1/2 (Danckwerts, 195 I ) ,  whereas the boundary layer model proposes that k is 

proportional to D to the power of 2G (Dm:on,  1977). 

The dependence of k on the turbulence at the air-water interface is commonly parameterized 

using the wind speed (u) measured at 10 in above the sea surface. The dependence on D is 

expressed through a temperature dependent, dirnensionlcss quantity known as the Schmidt 

number (Sc), which is given by the kinematic viscosity of water divided by D. Hence, a 

genera1 expression for the transfer velocity can be written as: 

k = Q S C - ~ U ~  

where a, n, and m are constants. 

Several hfferent forms of (8) appear in the literature. Here, I will mention the two most cited 

in recent years and the two published most recently. 

Liss and Merlivaf (1986) presented a synthesis of data and knowledge on air-sea gas exchange 

obtained from wind tunnel and field experiments. Based on data obtained from experiments 

carried out in lakes and wind tunnels, they proposed a relationship (henceforth referred to as 

LM) of the form: 

k -  2 . 8 5 ~  - 9.65 
600 

5.9u - 49.3 

, for u 53.6 
, for 3.6 < u I 1 3 
, for u > 13 

where n take different values for different wind speeds. The LM relationship favored the 

boundary layer model for lower winds. and the surface renewal model for higher winds. For 
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smooth surface regime (with us 3.6 m-I}, n was put to -2/3. For intermediate rough surface 

regime (3.6<u113 ms-I) and for breaking wave regime (u > 13 ms-I), n was put to -1/2. 

Vaiues of k predicted from LM were in good agreement with independent oceanic field 

results available at the time of writing. This fact encouraged the applicability of the LM 

formulation. 

Wtmninkhqf(1992) assumed that the relationship between k and wind speed is quadric i.e. one 

that resembles (8) with rn = 2. Further, it is assumed a dependence of k on (Sc/660)-".' where 

the Sci660 is the Schmidt number normalized to COz in seawater at 20 "C and the exponent - 
0.5 implies the surface renewai model. Furthermore, by fitting k values derived from bomb- 

and natural- CI4 invasion rates to long-term averaged wind speeds, Wanrainkhqf'( 1992) 

determined the value of c1 to 0.39. Hence, for the relationship between k and long-term 

averaged wind it is suggested that the foIIowing equation should be used: 

(loa). 

Wunninkhof ( 1992) pointed out the importance of the time interval over which data of wind 

speed used for flux calculations were averaged. When u is averaged over long time intervals, 

events of high wind speeds would be smoothed out. On the other hand, data of short-term 

averaged wind would probably capture such high winds and the use of (loa) along with short- 

term wind would result in higher values of k. Thus, for short-term averaged winds, a lower 

proportionality constant was suggested according to: 

( I  Ob). 

The relationship suggested by Wmninkhuf( 1992) (henceforth referred to as W-92) results in 

k values which are higher than those obtained with the LM for the same wind speeds, and the 

difference increases with increasing wind speed. 

Although LM & W-92 are most widely used, two additional relationships proposed in recent 

studies deserve mentioning. Not only because these studies are based on measurements of the 

COz flux directly at sea, but also because the exponent (n, see (8)) of the Sc dependence was 

estimated in one of these studies. 
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The first study is that of Wanninkhqfand McGillis ( I  9991, which was based on data from the 

North Atlantic collected during Gas Ex-98 using the eddy correlation method. With this 

method, the net flux of COz entering or leaving the sea is determined from measurements 

made few meters above the sea for pCO2 and the vertical component of wind velocity. 

Wmninkhof and McGillis ( 1999) found that the data for transfer velocity was best described 

by a cubic dependence on wind. They determined the proportionality constants €or long-term 

averaged wind and for shod-term averaged wind in the same manner as in W-92. The cubic 

relationship proposed by Wunninkhof und MuGiEEZs ( 1  999) results in transfer velocities that 

are higher than both LM and W-92 for higher wind speeds. 

Deliberate-tracer release is another method used for at sea determination of gas transfer 

velocity. Experiments using dual deliberate-tracers were carried out in the North Sea (Watson 

el a/. , I 99 1 ). The difference between transfer velocities €or two purposely added, inert tracers 

(3He and SF6) were determined froin these experiments. Nightingale et al. (2000) modified 

the method by employing bacteria spores as a third, conservative tracer. The use of bacteria 

spores, which is nonvolatile tracer, allowed for independent determination of k for 'He and 

SF6. Moreover, the exponent of the Sc dependence was estimated from the ratio of the 

resulting k values. This was found to be around -0.5. For CO2 Nighiingule et ul. (2000) 

suggested a quadric relationship {NG) between transfer veIocity and wind speed. Values of k 

obtained with NG fall between those of W-92 and LM. Nightingale et al. (2000) pointed out 

that the best f i t  with wind speed could explain no more than 80 % of k data variance. This 

suggests, they concluded, either that parameters independent on wind are also influencing gas 

exchange rates or that the 10 m wind speeds are not intimately linked to turbulence rates at the 

sea surface. 

In summary, the air-sea exchange of carbon dioxide is thought to be influenced by processes 

governing atmospheric and oceanic fC01, solubility, and the  transfer velocity. The magnitude 

of the flux is quantiiied from the bulk funmula (7). The transfer velocity is commonly 

parameterized from the Schmidt number and the I O  m wind speed. A dependence of k on the 

Schmidt number to the power of -0.5 is nonnally assumed, and supported by direct 

estimation. Conversely, both linear, quadric, and cubic dependence on u were proposed. As a 

result, values of air-sea COZ fluxes obtained with (7)  are highly sensitive to the choice of 

relationship between k and wind. This remains to be the biggest constrain on how accurate the 

exchange of carbon dioxide hetween the ocean and atmosphere can be determined. 
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1.3.2 Anthropogenic COa 
Atmosphenc E O 1  i s  currently increasing with a rate of around 1.5 patm yr-’, as a result of 

anthropogenic carbon dioxide. The total dissolved inorganic carbon and hence fC02 in the 

surface ocean is also iticreasing due to uptake of excess C02. These changes in oceanic and 

atmospheric KO: alter the thermodynamic driving force for air-sea exchange, AfCOz. In 

order to study the natural variability of air-sea COa flux the change in AfCO? due to excess 

carbon must be accounted for. For the atmosphere, the EO2 change arising from excess 

carbon is almost globally uniform, even though emissions are concentrated in industrial 

regions. This is because of rapid atmospheric transport and mixing. Hence, the anthropogenic 

effect in the atmosphere can be quantified from few measurements. For the ocean, mixing is 

patchier and the change in E O ?  is spatially variable. The time (TI it takes for the surface 

ocean to equilibrate with new levels of atmospheric carbon dioxide is determined by the depth 

of the surface mixed layer (MLD), the transfer velocity (k), and a factor known as the Revelle 

factor (RF) according to (Broeukw and Pmg, 1982): 

MLD r = W -  
k 

For a region with a typical mixed layer depth of 100 rn, transfer velocity of4  m day-’, and RE’ 
of I O  {the global mean), seawater must stay in contact with the atmosphere for over 8 months 

in order to fully adjust to new atmospheric CO? level. This may be the case far the strongly 

stratified subtropical gyre in the North Atlantic, where a seawater fC02 increase parallel to the 

atmosphere was observed during the time period 1988-1 999 (B~l tm,  200 1). For the convective 

northern North Atlantic the anthropogenic effect on fC02 i s  not well studied, but mixing 

between surface water and deep water, poor in excess COl, was thought to dilute the 

anthropogenic effect in this region (Tukahushi et ul., I 997). However, in paper I of this 

thesis, the anthropogenic increase of p C 0 ~  between 1967 and 2000-2001 was estimated in the 

Barents Sea, a region fed by the Norwegian Atlantic Current. Contrary to what would be 

expected from the above mentioned dilution, an oceanic pCOz increase parallel to the 

atmospheric $ 0 2  increase was found. Further, the results of Anderson and OIsen (2002) 

indicate that surface fC02 in the northern North Atlantic may be mcreasing with a rate similar 

to the atmosphere. Therefore, m paper IV, the anthropogenic increase in oceanic fCO2 in the 

northern North Atlantic was assumed to track the atmospheric f C 0 ~  increase. 



1.3.3 Biological activity 
The surface ocean is the residence for phytoplankton, the most abundant marine primary 

producers. Their growth and dissolution (photosynthesis and remineralization) influence 

strongly on the carbonate system of the surface seawater both on long (100s of years) and 

short (seasona1 to annual) time scales. During photosynthesis phytoplankton convert dissolved 

inorganic carbon and major nutrients into organic matter and oxygen is liberated, dunng 

remineralization the opposite occur. A minor, but important, fraction of the formed organic 

matter survives remineralization within the surface layer and reaches the deep ocean. Once 

there, almost all this exported organic matter is rematerialized and inorganic carbon and 

nutrients are release into the deep water. The rematerialized carbon is transported by the 

thermohaline circulation and re-enters the surface ocean in upwelling regions hundreds of 

years aRer its sinking. This sequestering of inorganic carbon from the surface ocean via 

biological activity is termed “the biological pump for CO:”. Bioiogical activity influences 

also on the seasonal evolution of surface seawater fC0~.  During winter, deep verticaf mixing 

of the water column brings up inorganic carbon and increases the surface water KO*.  

Moreover, the upwelling water i s  rich in nutrients. This fuels phytoplankton bloom during 

spring, when enough light is available and the surface mixed layer becomes shallower than 

the so called critical depth (Svedrup, 1953). The resulting consumption of inorganic carbon 

reduces surface water fCO2. At some point during the summer, the available nutnents are 

depleted, the bloom is terminated, and the surface fCO2 gradually increases due to 

rematerialized carbon. During fall, fC0: continues to increase due upwelling of carbon rich 

deep water. 

Besides biology, the seasonal variation of surface seawater E 0 2  i s  also controlled by 

seasonal changes in temperature. Seawater KO2 increases by about 4 % for each 1 “C 
temperature increase. Therefore, summer heating and winter cooling of the water column 
modulate the seasonal f C 0 ~  changes described above. In high latitude oceans the seasonal 

cycle of seawater KO2 is dominated by biological effect (e.g. Takahashi et a]., 2002). 

However, changes in the interaction of the two effects (biology and temperature) can produce 

significant variability in the annual EO1 cycle. Paper I1 contains a discussion on this issue. 

The average atomic ratio of carbon (C), nitrogen (N), and phosphorus (P) in marine 

phytoplankton i s  106: 16: 1. This is called the Redfield-Ketchurn-Richar~s ratio (HedfkId et 

a/., 1963), or Redfield ratio, after the scientists who invented the model. According to this 

model, reaction (1 1 (bellow) proceeds to the right during photosynthesis and to the left 

during remineralization if there is enough oxygen in the water: 



106C0, +122H,O -t 16HN0, + H,PO, t3 (C~120) ,06 (NH3) , c ,H3P04  +1380, 

The idea of biologically active elements which are consumed and released in fixed 

proportions greatly simplifies the quantification of the effect of formation and destruction of 

organic matter on the seawater carbonate system. For instance, from knowledge of changes ID 

nutrients (nitrate and phosphate) due to primary production one can estimate the 

corresponding change in dissolved inorganic carbon using the above conversion ratios. 

However, the Redfield ratio i s  a model for the average marine phytoplankton and do not 

necessarily apply everywhere in the ocean (e .g  Libes, 1992). For Storfjorden, Andemm et a]. 

( 1988) showed that carbon, phosphate, and oxygen were regenerated in a ratio close to 

Redfleld. Additionally, Anderson andDyrssen ( 1 98 1 showed that the consumption of nitrate 

during photosynthesis produces an equivalent increase rn alkalinity using data collected from 

the Svalbard region. Therefore, in papcr HI for which data from Storfjorden was used, the 

Redfield ratio was applied and a reduction of I pmol in alkalinity was assumed for each 1 

pmol nitrate rc-mincralizcd. 

From the above it is understood that the change in alkalinity due to formation of organic 

matter is only minor compared to that in dissolved inorganic carbon (15 in AT for each 106 in 

CT). This is not the case €or the formation of calcareous shells, which some plankton species 

deposit. The formation of these shells reduces the concentration of both alkalinity and 

dissolved inorganic carbon. Moreover, the reduction in AT is twice as that in Cr. In thc 

Barents Sea, the area in which the biological effect on the carbonate system is considered 

during this thesis, the dominating plankton spccics do not form carbonate shells (Rat %ova 

and Wassmnnta, 2002). Hence, the effect of calcareous shells is negligible for the Barents Sea. 

1.3.4 Sea ice and brine formation 
Sea ice inilluences the CO? in the ocean in several ways. h regions with permanent ice cover 

it hampers the air-sea exchange. Although sea ice may be permcable for gases (Gosink et a l ,  

2976) the COz flux in ice covered regions is thought to be negligible compared to open ocean. 

Permanent ice cover also hampers primary productivity in otherwise nutrient rich waters. For 

instance. Anderson and Kultin (200 I )  speculated that an ice free Arctic Ocean could take up 

0 . 2 ~  10l5 g more carbon from the atmosphere due to better utilization of the available 

nutrients. Because of the permanent ice cover, the central Arctic Ocean is thought to be 

passive with respect to uptake of atmospheric carbon. 
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In seasonally ice covered regions, freezing and melting of the ice may influence the seawater 

carbonate system both directly and indirectly. The formation of sea ice increases seawater 

salinity and, thus, AT and CT. Sea ice contains much less salt than the water from which it 

froze, as most of this salt will be rejected to the underlying water caiurnn during the fieezing 

process. As the ice ages, further loss of salt occurs by vertical drainage of brines from the ice 

into the underlying seawater. By the end of the freezing season thc bulk salinity of the ice 

may be as low as 5 (Gow crnd T w k w ,  1990). The addition of melt water reduces, therefore, 

the surfacc water salinity and thus, CT and AT. During the freezing process, ions are mainly 

ejected from the ice according to the proportion which they are present in seawater. Hence, 

changes of AT, CT due to sea ice freezing and melting can be predicted from salinity changes. 

Jones et al. ( 1983) observed excess alkalinity (above what could be predicted from salinity) in 

seawater samples, which were influenced by melt water. Jones et a!. ( 1983) attributed this 

excess alkalinity to calcium carbonate salt, which precipitated in brines in sea ice during 

freezing, and then was reintroduced into the water column when ice melted. However, 

observations from natural sea ice are not conclusive on the preferential precipitation of 

calcium carbonate salt during the freezing of sea ice (Olsson, 1997 and references therein). 

Moreover, during the studies carried out for this thesis, peculiar alkalinity vs. salinity 

relationship was encountered for low salinity (<33) surface seawater samples collected from 

StorfJorden in August 2001 However, this peculiarity wits due to runoff from the Svalbard 

and not due to sea ice melt water. Except for the above samples, alkalinity was a linear 

function of salinity. This was the case even for samples which had their saiinity enhanced 

over 1 practical salinity unit as a result of brine rejection during sea ice formation. Thercfore, 

in this thesis, the direct effect of the formation and melting of ice on CT and AT was quantified 

from salinity variations. 

Seasonal ice formation may also influence the seawater carbonate system indirectly. The fact 

that sea ice forms during winter, when surface seawater f C 0 ~  is highest and may exceed 

atmospheric fCQ, prevents potential degassing to the atmosphere. Later, springtime blooms 

of ice algal coinrnunities would lower the surface seawater fC02 before the ice melts. This is 

the basis ofthe so-called “seasonal rectification hypothesis” by Yugw et al. (1995). 

Additionally, once the ice melts, melt water creates a thin surl‘acc layer that is important for 

the initiation of the spring phytoplankton bloom. Changes of the of the melt-water pool were 

shown to influence the timing of the spring bloom in the Rarents Sea ( e.g. Rq’ et al., 1987). 

The effect of changes of the melt-water pool on the carbonate system in the Barents Sea is 

discussed in paper 11. 



Seasonal ice formation and subsequent brine rejection produce high density brine-enriched 

shelf water on the Arctic shelves. Such high density water are thought to be feeding the Arctic 

Ocean intermediate and deep waters (e.g. Jones, 2001). Outflow of brine-enriched shelf water 

from Stoflorden was reported by several investigators (e.g. Quadfasel, 1986, Schauer, 1995). 

Anderson et d. (1  988) showed that carbon rematerialized from decaying organic matter on 

the surface sediment is released into t h e  out-flowing brine-enriched shelf water. Therefore, 

deep water formation by brine rejection dunng sea ice formation on the Arctic shelves is 

thought to be an important mechanism for the transport of carbon into the Artic Ocean 

(Anderson and Jones, 199 1 j. Recently, Anderson et al. (2003) observed an excess carbon in 

brine-enriched shelf water in Storfjorden. They argued that the enhanceinent could only be 

explained by uptake of atmospheric carbon and, therefore, suggested that sea ice formation 

enhances air-sea exchange of CO2. Air-sea flux of CO2 during sea ice formation is the subject 

of paper HI. 

1.4 Future work 

The results of paper I clearly showed an excess carbon in the Atlantic Water that enter the 

Barents Sea. This excess carbon could be taken up within the Nordic Seas or advected from 

the North Atlantic. Further, the excess carbon can result from two different mechanisms; It 

may result from cooling-induced air-sea exchange of COZ. Alternatively, an excess carbon 

which stems from deep waters in upwelling regions may be retained in the surface water, due 

to the higher concentration of CO? in the contemporary atmosphere, and transported 

northwards into the northern North Atlantic and Nordic Seas. The resolution of these issues 

needs further studies. 

From the results of paper 111, there is a clear inhcation that sea ice formation enhances air- 

sea gas exchange and can bring the surface water into COl equilibrium with the atmosphere. 

This is reflected in the chemical signature of the brine water produced during the winter 

season. Further, in the Greenland Sea there Is an annual undersaturation beheved to be causcd 

by either short residence time of the surface water or by advection of  undersaturated water 

from the Arctic Ocean. At present, neither the inechanism(s) behind the undersaturation in the 

Greenland Sea nor that behind the saturation in the brmes are understood. Both these issues 

need more attention. 

Changes in the climate and chemical properties ofthe surface water (e.g. pH) can bring about 

changes in the ecosystems structures and regimes in the oceans. For the Barents Sea, strong 

coccolitithophore blooms have not been reported before, but satellite images identified such 
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blooms for the last five years. If in site! verification confirms such blooms then their influence 

on the COz-system parameters in the region needs further investigation. 

Based on the above two specific questions can be: 

Are the northern high latitude oceans sources or sinks of anthropogenic COP? 

How will changes in the ecosystems and sea ice effect the COz system in the northern 

high latitude oceans? 
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Abstract 

We evaluate the change of surface water CO? partial pressure (pC0,””) in the Barents 

Sea (BS) between 1967 and 2000-2001 We use temperature (T) data collected during a 

survey in the BS in 1967, and a relationship between surface water COz mole fraction and T 

idcntified by K e l l y  [ 19701 to estimate the 1967 pC0,”’ Based on data of total inorganic 

carbon, alkalinity, T, and salinity (S) collected during two recent surveys in the BS, we 

compute pC0;”’ of 2000-2001. In order to be able to account for natural variations o f  

pCOy  we develop an empirical predictive equation for pC0;” through multi-variable linear 
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regression with the 2000-2001 data of T, S, and apparent oxygen utilization (AOU). This 

relationship is applied to the I947 T, S, and AOU data, and the output compared to the 1967 

estimates of p C O y  The difference is ascribed to net uptake of excess COz. 

The computations show a pC0" increase of 42 =t 3 1 patm between 1967 and 2000- 

2001, which is due to uptake of excess CO2. The p C 0 ~  increase was uniformly distributed in 

the BS, suggesting that the uptake of the excess carbon from the atmosphere took place 

outside the BS rather than across the sea-air interface within the BS. Moreover, the computed 

increase was comparable to the increase in atmospheric pCO?(- 47 yam) and thus the pCO2 

gradient across the sea-air interface have remained nearly unchanged relative to 1967. 

Keywords 

Barents Sea, Anthropogenic COz; Partial pressure o f  C02; Atlantic Water. 

1 Introduction 

Today, approximately 4 Giga tons of carbon dioxide (CO2) is released to the 

atmosphere each year as a result of combustion of fossil fuel and other human activities. 

About 50% of this anthropogenic CO2 remains in the atmosphere, while the rest is absorbed 

by the ocean and terrestrial biosphere. The exact locations of these sinks are, however, not 

very well known [Gurney et al., 20021. 

As a result o f  the invasion of the excess anthropogenic carbon, the surface ocean 

partial pressure of COZ ( pC0;") has increased since pre-industrial times. For the Atlantic 

Ocean, a long-term change in pC0;' nearly parallel to the atmospheric p C 0 ~  rise was 

observed between 1957 and 1980, based on data of average pC0,S"' collected during major 

Atlantic expeditions (IGY, TTO, GEOSECS), [MiUeP-o, 1996; his fig 7.101. Regional 
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differences in the annual mean rate of increase in pCOy may, however, cxist within the 

North Atlantic. In the strongly stratified subtropical gyre pCOy increased at a rate (1.4 k 

10.7 patrn) similar to that in atmospheric partial pressure of U02 ( P C O ~ ' ~ )  (-1.3 yam) 

during the period 1988-1998 [Bufes, 2001 3. For the sub-poladpolar regions, Takahashi et a / .  

[ 1 9971 noted that the surface waters in this rcgion convcctively mix with subsurface waters, in 

which anthropogenic effects are diluted. For this region they assumed, therefore, that the rate 

of increase in pCOy is lower than the rate of increase in pC0,"'"' On the other hand, 

Anderson & Olsen [2002] have employed a conceptual advective model and calculated the 

change in the total (natural + anthropogenic) COZ flux into seawater for the North Atlantic 

since pre-industrial times. For latitudes north of - 50 O N ,  their computation suggest that the 

increase of pC0;"' driven by the CO1 increase in the atmosphere is approximately the same 

(if nut slightly higher) as that in pCO~t'"'n. Both of the above papers emphasize the importance 

of vertical mixing and residence time for the rate of increase of pC0,""'. 

The dilution of anthropogenic COz in high latitude surface waters has been observed 

in the Northeastern sub-arctic Pacific [Tukdmshi et id., 19971. In the North Atlantic, however, 

observations of long term trends in pCOT has not as yet been presented. In this paper we 

evaluate the change of pCC),"" between 1967 and 2000-2001 in the Barents Sea (BS), a 

region fed by water from the Norwegian Atlantic Current. 

Atlantic water (Aw) flows aiong the Norwegian continental shelf and slope as the 

Norwegian Atlantic Current (NAC) and enters the BS between Norway and Bear Island ( F i g  

I >. As a result, water of Atlantic origin occupy the southern parts of the BS with two tongues 

that extend further northeast, one in the central parts ufthe BS and the other along the west 

coast of Novaya Zemlya. In the northern parts of the BS one finds cold Arctic water (Am) 

flowing in the southwest direction. The Polar Front (PF) defines the boundary between these 
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two water masses and divides the BS into two parts of almost equal size (Fig. 1). During 

transit in the BS, heat loss and brine rejection during sea ice formation increase the density of 

Aw which is then transformed into a subsurface water and continues towards the Arctic 

Ocean. 

Measurements of seawater CO2 mole fraction ( XCO;" ), seawater temperature (T), 

salinity (S), and dissolved oxygen ( 0 7 )  were carried out in the BS onboard the USS icebreaker 

Eastwind in 1967. K d e y  [1970] analyzed these data and identified a linear relationship 

between XCOT and T. We first use the relationship of Keelley E19701 and the Eustwind 

temperature data to estimate XCOY values for 1967. The results are then converted to 

pC0;"' values. Next, based on data of total inorganic carbon (CT), alkalinity (AT), T, and 

salinity (S) collected during two recent surveys conducted in the BS we compute pCOj"' of 

2000-2001. By using these two data sets and by applying a procedure which accounts for the 

natural variability of pCOr  we evaluate the increase of pCOY resulting from net uptake of 

excess COZ between 200G200I and 1967. Our methods are detailed in the next section. 

2 Data and methods 

2. I Datu and analytical methods 

The data used in this work originate from three surveys conducted in the BS (HAkon 

Mosby 2000, Hikon Moshy 2001, and Eastwind 1967). Fig. 1 shows the positions of the 

stations occupied during thcse three surveys. Only surface (ie. depths < 15 m) data from these 

three cruises are used i n  this study. 

During the Hdkon Moshy cruises, measurements o f  CT, AT, dissolved oxygen ( 0 2 1 ,  T, 

and S were carried out. Water samples were drawn from CTD bottles and analyzed onboard 

for chem~cal parameters. CT was determined by gas extraction of acidified water samples 
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followed by coulometeric titration using a SOMMA system [Johnson et al., 1985; 19871 

Typically the precision was f 4 pmol kg-’ and the accuracy was set by running Certificd 

Reference MatenaI (CRM) supplied by Andrew Dickson at Scripps Institute of 

Oceanography, USA. AT was determined by titrating samples with 0.1 M HCl as described by 

Hamldson et a/. [1997]. The precision was dctermined to & 5 p o l  kg-’ and the accuracy was 

set in the same way as for Cr. 0 2  was detemjned using the Winkler method with visual 

detection ofthe titration end point. 

During the Eushvind survey, measurements of XCO”, atmospheric pressure (p), T, S, 

and 0 2  were carried out in the BS. Details on the experimental setup and analysis techniques 

used to measure XC0;rl are given in Kelky [1970]. However, important to mention here is 

that seawater was first brought into an equilibrator so that measurement temperatures were up 

to 0.7”C different from in sitti temperatures. Also, the air samples from the equilibrator were 

dried before passing through the infrared detector. The ineasureinent system was calibrated 

with reference gases accurate to approximately f 2 ppm. 0 2  was determined using the 

Winkler method [Kel lq ,  19701. 

We have identified and downloaded profile data ofp, T, S, and 0 2  acquired during the 

Eustuind cruise which have heen made available by the NOAA/National Oceanographic Data 

Centre (NODC) at the internet location http://www.nodc.noaa.gov. Data of XCO? were not 

availabLe from the NODC database but these were estimated froin temperature data as detailed 

below. 

2.2 Computation methods 

Based on the data collected during the Easfwind cruise, K d e y  [ 19701 identified a 

linear relationship between XCO;’” and T according to: 
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with a standard error of estimates off 19.5 ppm. 

We use Eq. 1 and the Eustwincd T data to estimate XCO;"' of 1967. The result i s  then 

converted to seawater $ 0 2  ( pC0;"' ) according to: 

where p is the total pressure exerted by all gasses present in the air equilibrated with the 

seawater samples and VP,,,, is the water vapor pressure. The latter is included in order to 

account for the fact that air samples were dried before the detector. p is assumed to be equal to 

the atmospheric pressure, and WHz0 is calculated from seawater temperature according to 

the formula given in Cooper at al. [ 19981. The outcome of  Eq. 2 is a parameter which 

estimates the 1947 pC0:'" and will be henceforth denoted as p C 0 ,  ,111.hiJ 

Seawater p C 0 ~  of 2000 - 2001 i s  computed from data of CT, AT, temperature, and 

salinity acquired during the Hzknn Mmhy cruises, using the constants of h4ehubac.h et a/. 

[ 19731 refit Dickson and Miller0 [ 19x71. This results in the parameter pCO,"'(C,, A ,  ) 

Thermal, biological, and water transport processes all influence the oceanic COZ 

system variables and these may have been different in 2000-200 I compared to the situation in 

1967. Thus, the difference between p C 0 ~ ' "  and pCO,""(C,,A,) is not a measure of the 

change of pCOT resulting from uptake of excess COz, since it incorporates changes which 

are due to natural processes. Therefore, in this study we apply a procedure similar to the 

"multivariate approach" described in Wallrce [200 11 in order to determine the increase of 
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pC0;'" which is due to uptake of excess CO2. The seawater partial pressure of COz in the BS 

is mainly influenced by the processes of formation and decay of organic matter, sea-air heat 

exchange, and mixing between water masses. Moreover, apparent oxygen utiiization (AOU) 

(derived from. saturation 0 2  - measured 0 2 1 ,  temperature, and salinity are affected by the 

above processes. We therefore assume that the natural variability o f  pC@" in the BS can be 

predicted from a relationshp between seawater pCOz and these variables. Hence, we 

developed an empirical predictive equation for pCOi"( C, ,A,- ) through a multi-parameter 

linear regression with data of AOU, T, S acquired during the Hiikon MnsAy cruises. The 

resulting equation is given by: 

pCOy' (S ,  T ,  AUU) = 3.543s + 9.242T + 1.015AOU + 120.2 1 I (3). 

Eq. 3 is henceforth assumed to describe the natural variability of pC0,""' in the BS through 

its dependency on AOU, T, S. 

The uptake of excess carbon is an abiotic perturbation which increases the concentration of 

CO2 in seawater (thus pCOy  ) without affecting the factors that control the natural variability 

of p C O y ,  here assumed to be AOU, T, S. Hence, when Eq. 3 which was calibrated by using 

the 2000-2001 data is applicd to the 1967 AOU, T, and S data to compute 

pC0;" [(S, T ,  A O U )  67 3 , then the differences between 2000-200 1 and 1967 due to natural 

processes is taken into account but not the difference due to uptake of excess COZ. It then 

foIlows, provided that the above assumptions hold, that any systematic offset between 

pCOy[(S ,  T ,  AOU)67]  and y C 1 9 ; " ~ ~ ~  reflects the change of pC'oy' between t967 and 

2000-200 1 resulting from net uptake of excess COz. 
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3 Results 

In Figs. 2a - 2c pCOy3h7 and p C O y ( C , , A , )  are plotted as functions of T, S, and 

I 

AOU acquired in 1967 and 2000-200 I ,  respectively. The 2000-2001 p C 0 ~  values are higher 

than the 1967 values at all temperatures (Fig. 2a). We also note that temperature values 

acquired during the Eustwind survey range between 0.5 and 9OC, whereas for the Hdkon 

Mo.sby cruises only a few samples show temperature values higher than 4°C. This difference 

reflects that the Hikon Mosby cruises was conducted north of the core of Aw carried by the 

NAC (Fig. 1 ). This can also be appreciated from Fig. 2b by noting that for the E m t ~ ? i ~ d  cruise 

many more data points fall on salinity > 34.5 than for the Hikon Muxby cruises. Another 

distinctivc fcature of Fig. 2b is that during the Eusltvipad cruise only sahnities above 33 were 

encountered. The low salinity (< 33 ) samples in Fig. 2b were acquired in 2001 from 

Storfjord, Svalbard. Other distinctive characteristics of these samples will be discusscd in Sec. 

5,  here we only note that they deviate somewhat from the general trend of increasing pU0,s”’ 

with increasing salinity. In Fig. 2b, we again note that the 2000-2001 pCO2 values are higher 

than the 1967 estimates for nearly all salinity values. 

In Fig. 2c, the most stnking difference is that the Easnvind AOU values are confined 

in a much narrower range (-20 - 5 pmol kg-’), than the Hijknn Moshy AOU which ranges 

from -40 to 40 pnol kg-‘ This indicates that although a signature of recent primary 

production was present in the surface water during all three cruises, both primary production 

and decay of organic matter were of greater importance during the HBkon Mishy cruises. This 

explains why the 2000-2001 pC01 is not a linear function of temperature (Fig. 2a). 

As a summary o f  the results depicted in Figs. 2a - 2c, we realize that all the 

oceanographic variables assumed to influence the natural variability of p C O y  (i.e. AQU, T, 

and S) were different in 2000-2001 compared to the situation in 1967 Thus, the correction 

x 



procedure described in Sec. 2.2 must be applied in order to determine the change of pC0;” 

between 1947 and 2000-2001 which is due to net uptake of excess COz. 

Before ut ihing Eq. 3 to correct for the natural variability, an evaluation of the quality 

of the predictions made by this equation i s  needed. The residuals between the computed 

pCO;”(C,. A , )  values and those predicted from the 2000-2001 data of AOU, T, S by Eq. 3 

are shown in Figs. 3a - 3c as functions of T, S, and AOU, respectively. As can be seen fiom 

these piots, the residuals are centered around zero with relatively large scatter. The zero mean 

value of the residuals indicates that the predicted values are not biased ( i e .  a constant of’t’set IS  

not introduced) by the use of the empirical equation. The relatively large scatter, on the other 

hand, indicates that the predictive equation inevitably fails to fully capture the natural 

variability due to some unresolved processes. This highlights the complex nature of the 

controls of pC0;” in the areas where these data were acquired. It indicates that probably 

more fit parameters are required (nutrients for instance) to better predict p C O r  in this 

region. As a measure of the uncertainties associated with this limitation of Eq. 3 we will use 

the standard deviation of the residuals which is f 16 ptm.  

In Fig. 4 pCO;”.67 and pCO;”[(S,T,AOU)”] are plotted as a function of 

temperature. Both parameters vary lmearly with temperature, with almost identical slopes. A 

clear exception i s  for temperatures above 7°C at which pCOy [ ( S ,  T ,  AOU)h7 3 drops 

slightly. This feature can also be seen in the original XCOY data [see Kellty, 1970; his fig. 

63. The fact that the use of Eq. 3 capture this feature can be taken as a reassuring hint 

regarding the quality of the reproduction of the 1967 pC0,””’. The most striking difference 

between pC07-.h7 and pCO;”’[(S, T ,  A O U p ]  is the nearly constant offset in 

pCO;”[(S ,T,AOU)”] .  As argued in section 2.2 this offset is a direct estimate of the 
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increase of pCOy  between 1967 and 2000-2001 due to net uptake of excess COz. The mean 

value of this increase as evaluated from the average differcnce between 

p C O y [ ( S , T ,  AOU)h7 J and pC0y967  is 42 k 3 I patrn. The uncertainty of the estimate i s  

partly (80 YO) due to uncertainties in pCOY[(S,T,AOU)"] and pCOPh7 ,  and partly (20 

%) due to the temperature difference (max 0.7 "C) between sea and equilibrator in 1967. A 

detailed evaluation of the uncertainties of our results is given in section 5.  

4 Discussion 

Eq. 3 was such an essential too1 in our calculations that its spatiotemporal scope 

deserves a comment. An underlying assumption in our calculations was that (neglecting 

anthropogenic effects) Eq. 3 is time and area independent, which is a reasonable assumption 

as long as pC0;"' is mainly influenced by the processes of formation and decay of organic 

matter, sea-air exchange, and mixing between water masses. Ncither the relationship between 

solubility of COZ and temperature/salinity, nor the way in which mixing between water 

masses affects seawater salinity is time or area dependent. Thcrcforc, potential dependency of 

Eq. 3 on area andlor time would most likely be a consequence of spatial, seasonal, and/or 

inter-annual variations of ACrIAAOU (thus ApC02/AAOU). Spatial and water depth 

variations of this ratio have been reported in the literature [Bwecker & Peag, 1982; Thomcrs, 

20021. However, we betieve that this ratio Is not significantly vanable over the shaliow and 

relatively small BS. Moreover, the most prormnent regional dif'ferences of most 

oceanographic variables in the BS are associated with the north-south division of the BS 

associated with the Polar Front 1e.g. Lomg et al, 199 I ,  Reigstud et a!, 20021. Specifically, 

seawater temperature, salinity, and p C 0 ~  decrease from the Aw dominated southern part of 

the BS towards the Arw dominated northern part, while 0 2  changes converse1y. As can be 

seen from Fig. I ,  the Emnuinad survey was conducted mainly south of the PF, whereas the 



HGkon Mosby cruises were conducted north of the PF Therefore, if significant regional 

differences in the relationship between pCO2 and S, T, and AOU (described by Eq. 3) exist, 

then the application of Eq. 3 should be least appropriate for the core of the Aw entering the 

BS, since Eq. 3 was based on the Hiikin Mosby data. However, independent data of pC0;”’ 

which were measured in October 1999 suggest that there are no great regional differences in 

this relationship and that Eq. 3 can be extrapolated to the core of Aw. These 1999 pCOy 

data were acquired between 7 I SON and 74”N along a section located roughly on I9.5”E i.e. 

the area where the core of Aw enter the BS L e g  Loeag., 19911 (Fig. I).  Simultaneous 

measurements of  S, and 0 2  were not carried out and, thus, these pCO2 data were not utilized 

for the calibration of Eq. 3. As depicted in Fig. 5 ,  the measured 1999 values are in good 

agreement with the pCOy[(S ,T ,AOU)h7]  values we estimated for the Eustwind Aw 

samples acquired around the same area. 

With respect to potential seasonal and her-annual variability of the relationship described by 

Eq. 3, we emphasize that all data used in this work were acquired during the same season i.e. 

Aug-Sep. Hence, the effect of seasonal changes on our computations should be mmimal. 

Moreover, no accounts on inter-annual variability o f  ACTIAAOU are known to us, 

nevertheless, we acknowledge that any inter-annual variation of this parameter would shift the 

relationship described by Eq. 3 and thus affect our results. 

The above assumption, that pC0,””’ is mainly influenced by the processes of formation 

and decay of organic matter, sea-air heat exchange, and mixing between water masses, 

intuitively implies that Eq. 3 will not hold for areas where in situ formation and dissolution of 

calcium carbonate andlor addition of inorganic carbon by runoff are significant. In the interior 

parts of the BS none of these processes arc of quantitative importance [q. Anderson et ai., 

1988; Ostlund m d H u t ,  19841 and, thus, alkalinity can be approximated from a linear function 

of salinity. At areas close to the coast, however, runoff may add inorganic carbon to the water 
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column and distort this relationship. During the 2001 survey, the alkalinity values measured in 

the low salinity (S<33 psu) samples at stations occupied in Storfjord, Svalbard were 

consistently higher than what would be predicted from linear function of salinity. We believe 

this was due to runoff from Svalbard. The pC0;" values predicted for these low salinity 

samples by Eq. 3 wcre though not particularly biased, on the contrary they seemed to be of 

better quality than the rest of the data (Fig. 3b). In this study we assumed that coastal water 

carried by the Norwegian Coastal Current (NCC) behave as these low salinity samples. 

Therefore, wc pcrformcd the computations also for samples taken south of the 71.5"N 

latitude, which can be considered as the northern border of the NCC [ c g .  Loeng, 199 1 1 .  

The averagc CO? mole fraction in the atmosphere over the BS (XC0l . f . ' )  during 

Lustwind cruise (Aug/Sep 1967) was 3 I3 ppm [Kelley, 19701. The corresponding value in 

2000-2001 as calculated from monthly mean values of XCO:*'rl data acquired on Zeppelin 

Mountain, Spitsbergen (79"N), made available by the NOAA/CMDL Carbon Cycle 

Greenhouse Gases Group, was 360 ppm. Assuming a total atmospheric pressure of 1 atm, we 

get an increase of atmospheric pCQ of (360-3 13) 47 patrn between 1967 and 2000-2001. 

This increase compares well with the estimated increase of pCOy (42 f 31 patm). Hence. 

although the data used in this study is temporally too limited to resolve the annual mean rate 

of increase of pCcI,""' in the BS since 1967, our results suggest that it has been similar to the 

rate of increase in atmospheric pCO2. 

The fact that the estimated increase of' pC0,"" is nearly constant throughout the 

Barents Sea (Fig. 4) suggests that the excess COZ is advected into the region. If a significant 

part of the  excess CO2 was taken up (or lost) across the sea-air interface within the Barents 

Sea, then the difference between pC0;''367 and pCO)"'[(S, T ,  AOUp7]  (Fig. 4) would show 
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a noticeable gradient as one move from the warm Aw sampled at the entrance of the BS 

towards the colder water sampled in the interior of the sea. 

Another way to view thc dosc agrcemcnt between the estimated increase of pCOy 

and pC0,"'" is that the pC01 gradient: across the sea-air interface (ApCO2) has remained 

nearly unchanged. Thus the total flux of CO? (natural + anthropogenic) has remained 

essentially unchanged ovcr the last 30 years, provided that other parameters which affect the 

air-sea COz flux have remained unchanged. Moreover, this would be true also for the Aw 

supplied by the Norwegian Atlantic Current, smce the estimated increase of' p C O y  is 

approximately uniform throughout the BS. As mentioned in the introduction, Anderson & 

Olwa [2002] have employed a conceptual advective model and caIculated the change of total 

CO;I flux into a water parcel as it flows from low latitude (3.5 ON, 16.5 OW) to the high 

latitude (70.5 ON, 5.5 OW) Worth Atlantic, by using pre-industnal and today's mean values of 

pC0,U" (280 and 370 Pam, respectively). Interestingly, their Computations show negligible 

changes (a slight decrease) in the total flux for latitudes north of - 50 ON. Although there is a 

sense of agreement between o w  computation results and those of the above paper, i t  must be 

mentioned, however, that the excess carbon in the BS might have been taken up from the 

atmosphere within the Nordic Seas and is not necessarily transported from further south In the 

Atlantic Ocean. In any case, since Aw entering the BS is loaded with anthropogenic carbon, 

this is one of the northern high latitude oceanic regions where anthropogenic carbon is 

sequestered by formation of subsurface waters. 

5 Evaluation of errors 

In section 3 four central parameters, i. e. pCO;"( C,. A ,  ) , pCOy  [(S, T ,  A 0 U ) 6 7  J , 

pCOFh7 ,  and the difference between the latter two, were presented. In the following the 

sources and magnitudes of the errors associated with these parameters are evaluated. 
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The random error associated with the computed pCO,"(C,, A, ) { o l~~~oy~cTq  Av can 

be determined by propagating through the imprecision of the parameters required for tht: 

calculation, 2.e. CT, AT, salinity, and temperature. Moreover, measures of the imprecision in 

CT and AT ( oc, and oA, are their analytical errors, f 4 and f 5 pmol kg-' (section 2.1 ). The 

imprecision in both salinity and temperature are significantly lower than ac; and oA, so they 

are ignored in the fo1Iowhg calculations. We assume that CT and AT are independent so that 

OpC(?:l',CT,A'I+) can be expressed as [Erdd, 19721: 

and K are constants, the former is known as the Revelle factor. The global values of RF and K 

are 10, and -9.4, respectively. Using these global values, the calculated values of 

pCOi"'(CT,A,), the measured values of CT and AT, and Eq. 4 we get a mean value of 

D ~ ~ ~ ~ ,  U T .  AT) off 7 yatni. 

We use the standard deviation of the residuals between the computed pCO,""'(C,, A, ) 

values and those predicted from the 2000-2001 data of AOU, T, S by Eq. 3 (Fig. 3), to 

represent the random error associated with p C O y [ ( S ,  T ,  L ~ O U ) ' ~  ] ( o ~ ~ ~ ~ ~ : " , ( ~ , ~ . ~ ~ ~ ~ ~ ~ ~ . ~ ) .  The 

value ofthis standard deviation was f 16 patm. 
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The random error associated with pC0;  cw, 67 { opccl~~ ,h7 ) was calculated from the 

standard error of XCOY reported in KeIley [197Uj (19.5 ppm). We convert this value into 

pC0,"" by using the procedure outlined in Sec. 2.2 and get opc~ j~ .61  to be f 18.9 patm. 

Moreover, during the Eastwind cruise the temperature difference between sea and equilibrator 

was at most 0.7"C [Kelley, 19701. There is no information on whether the temperature 

difference was positive or negative, or whether a temperature correction was performed 

before fitting the 1967 data of XCOY to temperature. This represents an additional 

$74.. 67 uncertainty of (at most) * 7.8 patm in pC0; 

(7.8+ 18.9) 26.7 yatm for p C O y 7  

. Thus, we use a totai uncertainty of 

Then, the maximum vahe of the random error associated with each data point of the 

or 2 0.5 difference hetween pCOy[(S,T, A O L ~ ) ~ ~ ]  and p C 0 T h 7  is given by [ (26.7)* +(16) 1 

f 31 patrn. We use this vahe as the total uncertainty in the computed increase of pC0;"' 

between I967 and 2000-200 I .  

We acknowledge that inconsistency of data measured on different platforms may 

represent a potential source of systematic error. We emphasize, however, that consistency of 

data of oceanic COZ system varjables used in this work is warranted by use of Certified 

Reference Material (CRM) in 2000-200 I ,  and the use of reference gases in I967 [Kelky, 

19701. Moreover, since measurement methods used to determine 0 2 ,  T, and S were 

established long time ago we do not cxpect any serious inconsistency in the data of these 

variables. 

6 Conclusions 

By comparing 200&2001 pCO2 values with estimates of 1967 pCO2 for Barelits Sea 

surface water, we computed a p C 0 ~  increase of 42 f 31 patm which can be ascribed to net 
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uptake of excess COZ between 1967 and 2000-2001 The computed seawater p C 0 ~  increase 

was uniformiy distributed in the BS, suggesting that the uptake of the excess carbon from the 

atmosphere took place outside the BS rather than within. Moreover, the computed increase 

was comparable to the corresponding increase in atmospheric p C 0 ~  (- 47 yatm) and thus the 

pCOz gradient across the sea-air interface has remained nearly unchanged. 
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Figure captions 

Figure 1. Map of the Barents Sea showing the locations of the stations occupied during thc 

Hdkon Mushy surveys (2000: circles; 200 1 - squares) and during the Emfwind survey 

(triangles). The pathway of the Norwegian Atlantic Current (NAC) and Norwegian 

Coastal Current (NCC), and the approximate mean position of the Polar Front (PF) 

(dashed line) are also indicated. 

Figure 2 pCO;_u'. 67 (triangles) and pCOr  (C, , A, ) (circles) as functions of seawater 

temperature a), salinity b) and apparent oxygen utilization c). For explanation of the 

first two parameters see Sec. 2.2 of the main text. Also, note that pCOy+h7 is plotted 

against the data measured in 1967, while pCO;"'(C,, A ,  ) is plotted against the 

2000-200 I data. 

Figure 3. Residuals ( pC0;" (C,, A, ) - p C O y  predicted from the 2000-2001 data by Eq. 3) 

as a function of the 2000-2001 seawater temperature a), salinity b) and apparent 

oxygen utilization c). 

Figure 4. pC0Ygh7  (triangles) and pCO;"[(S, T ,  A O U y 7 ]  (circles) plotted as a function of 

the 1947 seawater temperature. For explanation of the first two parameters see Sec. 

2.2. of thc main text. 

Figure 5:  Compares seawater pC01 measured in 1999 with those predicted from the 1967 

data for the area where the core of Atlantic water carried by the Norwegian Atlantic 

Current enters the Barents Sea i.e. between 71.5 and 74"N. The 1999 data were 
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measured on Oct 9 - 10, along a section located roughly on the 19.5"E. The predicted 

values are estimates of the 1967 seawater pC02 plus the net anthropogenic increase as 

in 2000-2001 and should therefore be comparable to the 1999 values. 
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Abstract 

The effect of climate variability and accompanying seawater temperature anomalies on 

seawater fCO2 ( fCOy 1 and air-sea COa fluxes in the Atlantic sector of the Barents Sea has 

been investigated. An empirical relationship which estimates fCOy from apparent oxygen 

utihzation. seawater temperature, salinity, and phosphate was identified. This was then 

applied to a 23-year long time series of oxygen, SST, SSS, and PO4 data which have been 
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grouped into cold and warm years by Oksen et a/. (2002). Annual functions were fitted to the 

fCOy estimates from cold and warm years separately, and were then combined with data for 

atmospheric mole fraction of COZ, sea level pressure, and wind speed to compute the air-sea 

COZ flux on daily basis. 

The Atlantic sector of the Barents Sea is found to be an annual sink of atmospheric COz. The 

computations also reveal that variations of the climate of the Barents Sea between cold and 

warm modes have strong influence on the annual fCOy -cycle in the studied area. Cold years 

are characterized by a greater but shorter lasting seasonal amplitude, while the 

situation is opposite for warm years. Further analysis show that the underlying mechanism for 

these changcs i s  variability in the extent of the southward transport of ice across the Polar 

Front as this gives rise to changes in timing and extent of primary productivity, magnitude of 

summer warming, and freshwater alkalinity. The very different annual E O 7  -cydes gave 

indistinguishable aniiual mean air-sea GO2 fluxes, computed to be 8.38 * 1 . O l  for cold years 

and 8.25 f 0.70 mol C rn'? for warm years. 

1 Introduction 

The northern North Atlantic is considered to be an important sink of atmospheric COl. 

Several studies have shown signiikant inter-annual variability in the air-sea C02 flux in this 

region. Based on time series data obtained from near Bermuda, Gruber el u1. (2002) found 

substantial variability in the upper-ocean inorganic carbon cyde in the subtropical North 

Atlantic. Further, the paper pointed out the air-sea C02 flux as one of the key processes 

influenced by climate induced changes of mixed layer depth and SST. For polar regions, 

Skjelvan et a/. (1999) identified around 50 % change in the air-sea COz flux in the Greenland 

and Norwegian Seas between winters of 1995 and 1997, changes associated with variations in 
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seawater temperature and sea-ice cover in the area. Olsen et ul. (2003) identified inter-annual 

variability of 20 tu IO0 % in the winter time air-sea COz flux m the same area (fig 6 in OLez 

et a/., 3003), mainly due to variability of wind speed, sea level pressure, and ice cover. 

However, both these studies were lmited to the winter season. In the present paper, we 

evaluate the sensitivity of the complete annual cycles of seawater fugacity of COZ ( ) 

and air-sea CQ flux in (he Atlantic sector of the Barmts Sea (BS) (Fig 1) to climate 

variations. 

The BS is an important region for studying such variability fur several reasons. Firstly, 

Atlantic Water (AW) that flows through the BS influences the hydrographic as weil as the 

chemical properties of subsurface waters in the Arctic Ocean (Jlrnc?s and Anderxon, 1986; 

Muzrritzen, 1996). About 2 Sv of AW carried by the Norwegian Atlantic Current (NAC) enter 

the BS (Loeng et ai., 1997). During transit in the BS, heat loss and brine rejection during sea 

ice formation increase the density of the AW which is then transformed into subsurface water 

and advect into the deep and intermediate layers of the Arctic Ocean. Secondly, the area is a 

major pathway for atmospheric COz to the Arctic Ocean. The loss of heat decreascs KO7 in 

the inflowing AW and drives a flux of CO2 into the sea, a flux amplified by the extensive 

primary production which occurs in the BS (Fransson ef. ai., 2001, Kuht'n et ul.. 2002). 

Thirdly, the BS IS characterized by considerabie climate variability the cause of which has 

been discussed elsewhere ( e g .  Midftun & Loeng, 1987; Adlandsvik & Loeng, 1 99 1 ; 

Ingvuld,wn et ul. 2002). The climate of the Barents Sea can be considered as being 

anomalously cold or warn. Since carbon dioxide more readily dissolves in cold seawater than 

warm seawater, this cold - warm variability may have a purely thermodynamic effect on the 

air-sea exchange of CO2. In addition, an important consequence of seawater temperature 

variations in the Barents Sea is changes in the timing and extent of the spring phytoplankton 

bloom. In cold years, sea-ice can drift south of the Polar Front -which separates the Arctic 
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water in the north from the AW in the south- and melt in the Atlantic sector. This creates a 

haline stratification that promotes an earlier and more intense phytoplankton bloom in cold 

years than in warn  years (Rey et a]., 1987; Ulsen et ~ l . ,  2002). The cold -warm variability 

may, therefore, drive changes in the annual cycles of E0iw and air-sea exchange of CO? 

through changes in the physical and biological pumps of CO2. ??le present study investigates 

this matter at a location bounded by 72.5 - 74.5"N and 3 1 - 34"E (Fig. 1 ). This particular area 

was chosen, frstly, because it is well representative of the Atlantic sector of the Barents Sea, 

as it is situated south of the Polar Front and north of the coastal domain. Secondly, because 

23-year time series data of temperature (T), salinity (S). apparent oxygen utilization (AOU) 

and phosphate (PO4) from this area. grouped into cold and warni years by Olsen et a/. (2002) 

were available to us. These data and an empirical relationship between C O Y  and T, S, 

AOU. and PO4 are utilized in order to evaluate climate induced changes in the annual E O 7  - 

cycle. Annual functions are then fitted to the resulting E O ?  estimates and combined with 

data for the atmospheric mole fraction of COZ, sea level pressure, and wind speed to compute 

the air-sea CO:, flux on daily bask. Our methods are detailed in the next section. 

2 Data and calculations 

2.7 Annual functions of for composite cold and warm years 

Alkalinity (AT), pH. T. S, POq. and 0 2  data were collected along a south-north transect 

located between 72.5 ON, 3 1 "E and 78.2 ON, 34.5 "E (Fig. 1) during the ALV IT1 (Arktisk 

Lys og Varme) cniise in July 1999 aboard RV Jan Adaym. A detailed description of 

measurement methods and data quality for the first five parameters has been given in Kaltin et 

al. (2002). 0 2  measurements were determined using automatic Winkler titration with 
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photometric detection with a precision of about 0.1 %. AI1 samples were taken at standard 

depths between 2 and 200 meters. 

Based on data of AT, pfl, T, and S acquired during the ALV III cruise, fC0;"' ( A , ,  p H )  was 

computed using the constants of Mehrbach et ol. (1 973) refit by Dickson and Mil lem (1 987). 

Omar et ul. (2003) showed that K O ?  in the BS can be estimated using an empirical 

relationship which was determined by fitting data of seawater fCOz to data of S ,  T, apparent 

oxygen utilization (AOU) (derived from: saturation 0 2  - measured 0 2 )  and nutrients. We 

adopted this approach and developed an empirical equation for . f c o ~ " ( A , .  p H )  through a 

multi-parameter regression with data of AOU, T, S and PO4 acquired during the cmise. The 

resulting equation is given by: 

fCOy = 8.788 x S i- 3.1 23 x T + 187.679 x PO, - 0.081 x AOU - 137. 

Computed and estimated values of ,fCO;" ( A T ,  p H )  are compared in Fig 2. The overall 

standard error of the fit was f 12 patrn, as computed from the standard deviation o f  the 

residuals (Fig 2). The wide range traversed by the estimated values of fCO;"'( A,, p H )  , Over 

150 patm, reflects the considerable vertical and horizontal variations in S. T, AOU, and PO, 

that were encountered during the cniise. in-depth presentations of these variations are found 

in Reigstad et al. (2002), here we content ourselves with a brief description In order to make 

an important point. As a consequence of the northward retreat of the sea ice in the BS, surface 

salinity and temperature along the transect showed a northward gradient of about I psu and 

8.5 O C ,  respectively. Further, AOU and PO4 in the surface increased nofiward by around 100 

(-60 to 40) and 0.6 (0. I to 0.7) pmol kg-' owing to a less progressed spring bloom in the cold 

water regime. In the vertical, salinity increased with depth while temperatures generally 
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decreased due to input of heat and melt-water in the upper layer of the water column. 

Moreover, mean values of AOU and PO1 in the upper 50 m were respectively 30 and 0.4 

pmol kg-' lower than in the deeper layer, due to the effect of the spring bloom. The point to be 

made here is that these variations extended well beyond the range of seasonal variations 

typical for the study area ( c g .  Reigstad et al., 2002). In particular, we emphasize that the high 

f C 0 2  values for the deep water samples (> 300 patrn) are similar to the KO2 vahes one 

would expect in the surface duriiig winter. These observations and the adequate fit (Fig. 2) 

made us confident that Eq 1 is able to predict the seasonal fC0~ variability of the study area, 

despite the fact that it was calibrated by using springtime data acquired over few days of the 

year. 

Eq I was then applied to time-series data of surface (depth < I5m) S, T, AOU, and PO4 

acquired in the study area (Fig. 1) between 1955 and 1986. The time-series data have been 

grouped into cold and warm years by Olsen et a/. (2002) using the aimual average of monthly 

temperature anomalies in the 50 - 150 m layer. Since the main objective of this study was to 

compare seawater E O 2  and air-sea COz flux for cold and warm years, calculations were done 

separately on data from cold and warm years. By this operation we obtained time-series of 

fCOy estimates from 1 1 cold and 12 warm years. In order to describe the annual - 

cycles for composite cold years and for composite warm years, and in order to be able to 

calculate the air-sea CO? flux on daily basis, two annual functions were fitted to the C O T  

estimates, one to all data from cold years and one to all data from warm years (see appendix). 

2.2 Normalization of fCOy to the year 1999. 

Eq 1 describes the natural variations of 

AOU, and Pod. In addition, it accounts for an invariant concentration of anthropogenic COZ 

which was present in the seawater in the year of calibration Le. 1999. This implies that fCOy 

in the study area through vanations in S, T, 



data estimated in Sec 2.1 by using Eq I are automatically normalized to 1999, regardless to 

which year the data of S, T, AOU, and PO4 used in the calculations were acquired. Hence, 

correction for the effect of the steady increase in atmospheric COz (and/or inter-annual 

variability of this) on o w  AfCOz (the difference between atmospheric and seawater E O ? )  and 

air-sea COz flux estimates are not necessary, provided that the atmospheric concentration of 

CO2 of 1999 is used. 

2.3 Annual functions of for composite cold and warm years 

Data for the atmospheric mole fraction of COz, XCO, I , have been made available by the 

NOANCMDL Carbon Cycle Greenhouse Gases Group. Monthly mean values from Zeppelin 

Mountain, Spitsbergen (79 "N) were obtained for 1999 from the internet location 

ftp://~tp.cmdl.noaa.gov/ccg/co2/flask/month/zepmm.co2, then an annual function was fitted to 

the data (see appendix). This was then used to calculate the atmospheric partial pressure of 

COz ( pCOF 1 for composite cold and warm years according to: 

pC0';'"' = XCOl (p -VPHz0) 

In Eq 2 p is the daily barometric pressure averaged for all cold and for all warm years. 

Similarly, VPH70 is the water vapour pressure for composite cold or warm years. This 

parameter was calculated according to Cooper et al. ( 1998) using the monthly mean seawater 

temperature, averaged for all cold years and for all warm years. For p daily mean sea level 

pressure data were used. These were obtained from IRT/LDEO Climate Data Library from 

their web site at http:/iingrid.Ideo.colurnbia.edu/ and originate from the NCEPNCAR 
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reanalysis project (Kalnay et al., 1496). P C O ; ~  values were then converted to atmospheric 

fugacity of COz (EO:") assuming 0.3 % decrease from PCO;~  values (Weiss, 1974). 

2.4 Air-sea GO;! flux 

The air-sea CO2 flux was caIculated according to: 

F = K o x k x A f C O ,  (3) 

where KO is the solubility, k is the transfer velocity, and AEO, is determined from 

t.COy. Thus, positive F values indicate a flux into the ocean. 

Afro for composite coldwarm years were determined from the difference between the 

annual functions for atmospheric and oceanic fC02 (Sec 2.1 & 2.3) .  The solubility for 

composite coldwarm years was calculated from the monthly mean seawater temperature, 

averaged for all cold years and for all warm years, by using the formula of TVeis.7 ( 1974). The 

transfer velocity was calculated from short term { I  day) averaged wind speed data provided 

by the Norwegian Meteorological Institute (Hindcmst Data  bas^, Eide et a/. , 1985) by using 

the formula of Wunninkhtf ( 1  992). Wc notc that wind speed data from individual years were 

first utilized so that F estimates for 1 1 cold years and 12 warm years were obtained. This was 

done in order to capture the COz flux variability due to inter-annual changes in wind speed. 

Finally, the annual mean air-sea CO:! fluxes for composite cold and warm years were 

computed by summarizing the daily CO? flux values over each year and then averaging the 

results fur individual cold years and for warm years. 

- 
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3 Results 

Figs 3a and 3b show data of fCOy and 

warm years, respectively. There is a clear seasonal variability in E O 7  during both cold and 

and fitted annual hnctions for cold and 

warm years. During winter months - is high ( 2 300 patm) due to upwelling of COY 

rich water and low primary production. During spring stratification develops and net 

biological fixation of carbon from the water column occurs. Consequently, fCOy drops and 

reaches its lowest values (220 - 250 patm) before the decrease in primary productivity and 

summer warming resuits in a recovery of E O y .  The decreasing effect of the autumn cooling 

which normally begins around late August is more than compensated by the release of COZ 

during remineralization of organic matter and mixing of the water column, which brings COz- 

rich water up to the surface. As a result, EO?' continues to increase towards winter values. 

There Is also a slight seasonal variability in fCO;tm (Fig 31, with a late summertime reduction 

of - 15 patm. But despite this drop, K O ?  is greater than 

Consequently, the area is an annual sink of atmospheric COz. Moreover, we note from Figs 3a 

and 3b that there are no significant differences between the atmospheric COl curves €or cold 

and warn years. Conversely, here are noticeable dissimilarilies between the annual E O 7  - 

throughout the year. 

cycles for cold and warm years. The sprmglsummertime drawdown of peaks earlier, Is 

greater in magnitude, and endures shorter during cold years than during warn years. Also late 

winter/early spring E O ?  is higher during cold years than warm years. These differences 

will be discussed further in Sec 4. 

In Fig 4 AfCO, (= f C O y  - fC07) for cold and warm years are shown. Due to the close 

resemblances between for cold and warm years and the much less seasonal variability 



in than in E O 7  (Figs 3a and 3b), the seasonal variations and climatic differences of 

AfCO, are similar to hose in fCOiw. But the direction of change is reversed. AfCO, is 

positive throughout the year reaching maximum values during the peak of the productive 

season. The springhummertime peak is greater in magnitude, but endures shorter during cold 

than during warm years. 

Fig 5 shows the daily averaged synoptic surface winds for cold and warm years. The wind 

curves are characterised by elevated values during WI nter and low summer values. Further, 

there are rnmor distinctive features between cofd and warm years. For instance, there are 

slightly higher winds between days 1 - 50 and 100 - 120, and lower winds between days 50 - 

100 in warm years as compared to cold years. 

The air-sca COZ flux curves (Fig 6) do not show seasonal trends as smooth as in E O ? ,  

winds, or solubility (not shown). This is because it is the interplay of the latter three variables 

which determines the shape of the flux curves (Eq 3). In particular, the effect of higher AZO, 

values during summer are compensated by lower wind speed vahes, resulting in a lack of a 

prominent peak in the flux curves during summer. 

As with the wind speed data there are only minor differences in the flux curves between cold 

and warm years. Between days 1 - 50 and IO0 - 120 the daily air-sea COZ flux i s  higher in 

warm years, due to higher wind speed (Figs 6 & 5) .  Between around days 120 - 230 the flux 

is lower in warm years, due to significantly lower AfCO? values than during cold years. More 

surprisingly, perhaps, there are no significant differences between the annual mean air-sea 

COz fluxes in cold and warm years. These have been computed to be 8.34 * 0.97 and 8.25 f 

0.70 mol C rn” for cold and warm years. respectively. The standard deviations of these 

estimates reflect inter-annual variability in wind speed. So the greater but shorter lasting 
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seasonal increase in AfCOz for cold years and the longer Iasting but lesser in magnitude 

AfCOz increase for warm years during summer contribute almost equally to the mean annual 

flux. 

4 Discussion 

As mentioned in the introduction, an important aspect of the cold-warm variability in thc BS 

i s  the transport o f  sea ice across the Polar Front. OILwn et a!. (2002) concluded that increased 

transport of ice during cold years gives m e  to (a) a larger melt-water pool in the Atlantic 

Sector of the BS which promotes (b) a more rapid and intense phytoplankton bloom which 

also seem to be somewhat larger in magnitude of primary production. The paper also pointed 

out that (c) the magnitude of summer warming is reduced by 1 - 2 "C during cold years, 

because much of the energy goes into the melting of the ice instead of heating of surface 

water. h the following, wc explore how the differences between the annual fCOF -cycles for 

coid and warm years (Sec 3) can be related to observations (a)-(c). For this purpose, we 

adopted the procedure developed in Takahashi et d. (2002). First, we computed the parameter 

f C 0  y a' Tm <I11 by normalizing the K O 7  data to the mean annual temperatures (3.48 "C and 

4.86 "C for cold and warm years, respectively) according to: 

where T u b s  and T,,,, are observed and mean annual temperatures. respectively. Changes in 

represent pnmartrlly changes in total dissolved inorganic carbon (CT) and fco 7 at r,,, 

alkalinity (AT). As can be appreciated in Fig 7 (solid lines), f C O ~ " t T r n c ~ 8 ~ E  decreases by about 

100 patm from winter to summer both in cold and warm years. Most of this decrease can be 

estimated from the drawdown observed in phosphate (0.4 to 0.5 pmol kg-', not shown), 



assuming a ACrIAPOq ratio of 106 and by using a ReveIle factor of 12 (determined from the 

cruise data). This indicates that the seasonal amplitude of fCO~a‘Tm8c , i~b  is primarily due to 

biological utilization of COz in the study area. Thus, the fCOy “tTmwn curves in Fig 7 can be 

interpreted as if the -drawdown by the spring bloom is greater and more rapid m cold 

years than warm years. Furthermore, assuming that the area of the peaks in the f C 0 7  Tmum 

curves can be used as an indicator of the magnitude of net community production, then this is 

greater during cold years than warm years. Both these findings are consistent with point (b) 

above. 

Next, we computed the parameter 

(278 and 272 patm for warn1 and cold years, respectively) with the difference between the 

mean annual and observed temperatures according to (Takahmhi et ul., 2002): 

(AT) by perturbing the mean annual fCOy values 

KCIT (AT) = (mean annual KO,) Exp(0.0423(TOb, - T,,,,, ) 

Seasonal variations in E O 7  (AT) represent changes that would be expected only due to 

seasonal temperature variations. In Fig 7 (dashed lines), we note that the increase due to 

summer warming (between around days 170 and 220) is about 50 and 65 patm for cold and 

warn years, 1.e. 15 patm less during cold years as expected from observation (c> above. 

Moreover, the increasing ef’fect of summer warming partially compensates the decrcasing 

effect of biological utilization of COl. During cold years, however, this starts at a time when 

the biological fCOy -drawdown has been almost completed. The seasonal fCOy -drawdown 

(=: 80 patm, Fig 3a) is, therefore, only about 20 patm less than what would be expected from 

the biological utilization of CO: (-100 patm). During warm years, on the other hand, the 

effect of summer warming starts in the middle of the biological fCOy-drawdown. In 
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addition, the peaks of the two opposing effects (biology and summer warming) are more or 

less concurrent during warm years. Consequently, the seasonal K O ?  -drawdown (= 45 patm, 

Fig 3b) approximates the resultant effect of summer warming and biological utilization of 

COl (= 100 - 65 = 35 p t m ) .  Moreover, the above mentioned “delay” of the increashg effect 

of summer warming during cold years contributes to a more rapid recovery of fCO;w. Thus 

observations (b) and (c), combined, explain the greater seasonal amplitude and the rapid 

recovery of fCOy computed for cold years (compare Figs 3a & 3b). 

Finally, the sources of freshwater in the study area are primarily sea-ice melt water and river 

runoff, with the former type having lower alkalinity (Kaltin ef ul., 2002). Based on this and 

observation (a), we would expect lugher K O ?  values in the study area during cold years, 

particularly d m g  spring when the enhancement of the melt-water pool is most pronounced 

(OIsen et al., 2002, their fig 8). Hence, the higher C O T  values during late wintcrlcarly 

spring €or cold years (Figs 3a and 3b) are mast likely due to this effect. 

On the basis of the above, we are convinced that observations (aHc) sufficiently explain the 

cold-warm variability in the K O 7  -cycle of the study area. We, therefore, suggest the cold- 

warm variability in the EO?-cycle to be due to variability in the extent o f  the southward 

transport of ice across the PF which give rise to changes in timing and extent of* primary 

productivity, magnitude of summer warming, and freshwater alkalinity. These changes Invoke 

variability in the annuat cycles of AT, CT, and temperature as well as changes in the interplay 

between the latter two cycles, which in turn produce differences between the annual fCOy - 

cycles for coid and warm years. 

The fCO:w data estimated €or the study area (Figs 3a & 3b) display relatively large scatter 

(50 to 100 patm) for a given day of the year, both during cold and warm years. These arise 
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from variability in values of 0 2 ,  T, S and PO4 acquired at different stations andor in different 

years and, thus, reflect inter-annuallspatial f C 0 7  variability. This in turn highlights that the 

cold - warm variations evaluated in this study are only one part of the overall variability in 

the study area. Consequently, as also has been pointed out by O k n  et 01. (2002) regarding 

0 2 ,  no single annual function can completely describe the annual fCO;w -cyde of the study 

area. Accordingly, the annual functions used in this study have relatively large standard errors 

(k 22 and k 16 patm for cold and warm years, respectively). NevertheIess, the identified 

systematic differences between the annual fCOy -cycles for cold and warm years are to be 

considered real, as these can be revealed though simp1e visual inspection of the data ( Figs 3a 

and 3b). 

Measurements of carbon dioxide system vanables in the Barents Sea are scarce. Accordingly, 

we have only found a few and indirect estimates of air-sea COl flux in the BS against which 

our estimate could be compared. Kaltin et ul. (2002) used changes in Cr, AT, S, and nitrate 

and conservation of mass to estimate the uptake of atmospheric carbon in the upper IO0 m of 

AW in the BS, using the same cruise data as those utilized in this study. They computed the 

uptake to be 29 f I 1 g C m-* from late winter to early summer. By summarizing our 

calculated daily flux from March 15 to July I and taking the average in cold and w m  years 

we get a mean value of 28.8 g C mm2, which is in agreement with the result of KaEfiin et nl. 

(2002). 

Fnmsson et ol. (2001) estimated the annual uptake of atmospheric CO;! in the AW in the BS, 

integrated over the upper 1 S O  rn. They considered the uptake which took place in the A W 

from when it enters the BS (through the opening between Bear Island and northern Norway) 

until it exits the BS towards the Arctic Ocean (see Fig 1 ). They estimated the uptake to be 44 

g C m-’ (or 3.7 mol m-’). This is only about 45 % ofthe values estimated in this study. The 

resolution of this discrepancy is, however, difficult because both methods - ours based on gas 
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transfer calculations and the other based on relative changes in carbon system parameters - 

have significant uncertainties. The two most important sources for uncertainty associated with 

our method being the aforementioned standard errors in the fCOy estimates, and thc wcll 

known controversy regarding the parameterization of the relationship between wind speed and 

gas transfer velocity. With regard to the former, sensitivity calculations we performed 

showed that 20 patm systematic under/overestimation of E0iw correspond to 25 76 

underloverestimation in our air-sea COZ flux estimates. These complicating factors despite, it 

must be noted that the estimate given in Fransson et al. (2001) can be considered as the 

average annual uptake that occurred In the AW during its residence in the BS. Whereas our 

flux estimates are representative for the hypothetical case if AW was exposed to the 

atmosphere throughout the year. Since areas of the BS north of the Polar Front are seasonally 

ice covered, the COl flux that have actually occurred would be limited by the length of time 

m which the AW was exposed to the atmosphere. Therefore for any exposure time less than 

12 months Fransson ef ul. (200 I ’) would rightfully infer a COz flux less than our estimate, 

provided both methods were fairly accurate. 

5 Conclusions 

The Atlantic sector ofthe Barents Sea is an annual sink of atmospheric C02, because seawater 

KO1 is lower than the atmospheric fC01 throughout the year. Variation of the climate of the 

Barents Sea between cold and warm modes have strong influence on the m u a l  fCOy -cycle 

in the studied area. Cold years are characterized by a larger but shorter lasting seasonal 

R O T  amplitude, while the situation is opposite for warm years. Variability i n  the extent of 

the southward transport of ice across the Polar Front which give rise to changes in timmg and 

extent of primary productivity, magnitude of summer warming, and freshwater alkalinity 

seem to be the underlying mechanism for these changes. 



Combined with atmospheric E O ?  and wind speed which are more or less similar for cold and 

warm years, the very different annual fCOy -cycles give rise to indistinguishable annual 

mean air-sea COz fluxes. The latter has been computed to be 8.38 f 1.01 and 8.25 k 0.70 mol 

C mm2 for cold and warm years, respectively, using the relationship between short term wind 

and gas transfer velocity of Wmninkhf (1 492). 

6 Appendix 

For the determination of annual functions for the variables XCO, and fCOiw, 5-parameter 

modified Gaussian and WeibuIl functions were respectively fitted to data of XCO and 

fCOy which are sorted by the day of the year. This was done using regression procedures 

included in the program SIGMA PLOT". We chose to fit data using computer program, rather 

than manuaIly, in order to achieve fits that were as objective as possible. This was important 

since our intention was to compare the resulting curves for cold and warm years. 

In addition to modified Gaussian and Weibull functions, SIGMA PLOT' contain a number of 

other built-in peak functions, so the type of function ( Weibull, Gaussian, ctc. used to fit our 

data was chosen by trail and error. All peak functions available from the progam were tried 

and those resulting in the least standard deviation and highest 3 value for the actual data were 

used. Moreover, although both modified Gaussian and Weibull functions fulfilled these 

requirements both for K O ?  and XCO, data the latter was used to f i t  f C 0 7  data because, 

unlike the modified Gaussian function, it allowed asymmetry around the minimum value, a 

feature that is typical for oceanic f C 0 2  in the high latitude North Atfantic (e.g Takushi et al., 

1993). The resulting 5-parameter modified Gaussian and Weibull functions were, 

respectively, given by: 
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and by: 

f 
I Yo 

f ( x )  = 

c-1  gC-’Exp(-gc + -) , otherwise 
C 

I K C  where g = A b ~ [ ~ + (  x-xxg c-1 ) ] 

In both equations x is the day of the year while yo ,  x g  , a, b, and c are the parameters to be 

determined by minimising the sum of squares of the residuals. Table I lists the values of the 

above parameters. The standard errur of estimates and ?-values of the best fit are also given 

in the table. Note that in Table 1 only one set of values is given for yo ,  x o  , a, b, and c for the 

modified Gaussian function, this is because separate computations of fC0;’” for cold and 

warm years were done at a later stage, see Sec 2.3. Moreover, we note the greater standard 

deviations for fCOy relative to those for XCO, These are partly due to inter-annual 

variability, spatial variability (see Sec 41, and the patchy nature of the biological drawdown of 

fCOy during the productive season, and partly due to the presence of greater levels of 

random errors in the estimates compared to the measurement-based XCO data. 

17 



7 Acknowledgements 

This work has been partly supported by the Norwegian Research Council and partly by 

European Commission through the project “Tracer and circulation in the Nordic Seas region” 

(TRACTOR) under contract nr. EVK2-2000-00080. Abdirahman Omar also appreciates 

helpful discussions with Lejf G. Anderson. 

8 References 

Adlandsvik, €3. and H. Loeng, 1991 A study of the climatic variability in the Barents Sea. In: 

Sakshaug, E. C. C E. Hogkins, and N. A. Bristland (Editors), Proceedings of the Pro 

Mare symposium on polar marine ecology. Polar Res. I O  ( l ) ,  Trondheim. Pp. 45 - 49. 

Cooper, D. J., A. J .  Watson, & R.J. Ling, 1998. Variation of pC02 along a North Atlantic 

shipping route (U.K. to the Caribbean): A year of automated observations. Marine 

Chemistry, 60, 147 - 164. 

Dickson. A. G & F. J .  Millero, 1987. A comparison of the equilibrium constants for the 

dissociation of carbonic acid in seawater media. Deep-sea Kes. 34, 1733-1743. 

Eidc, L.T., M. Reigstad, J .  Guddal, 1985 Database av beregnede vind og bslgeparametere for 

Nordsjuen, Norskehavet, og Barentshavet, hver 6 .  time for irene 1955- 1988 (in 

Norwegian), Prosjekt hindcast-database, Norwegian Meteor]. Inst., Oslo. 

Fransson, A., M. Chierici, L. G. Anderson, I. Bussmann, G. Kattner, E. P. Jones, J. H. Swift, 

2001 The importance of shelf processes for the modification of chemica1 constituents 

in the waters of’the Eurasian Artic Ocean: Implication for carbon fluxes, Cont. Shelf 

Res. 21,225-242. 

Gruber, N., C. D. Keeling, N. R. Bates 2002. Interannual variability in the North Atlantic 

ocean carbon cycle. Science, 298,2374 - 2378. 

18 



Ingvaldsen, R., H. Loeng, and 1. Asplin, 2002. Variability in the Atlantic inflow to the 

Barents Sea based on a one-year time series from moored current meters, Cont. Shelf 

Res. 22,505-5 19. 

Jones E. P., and L. G. Anderson, 1986. On the origin of the chemical properties of the Arctic 

Ocean halocline, J .  Geophys. Rcs., 10758-10767. 

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. IredelI, S. Saha, 

G. White, J .  Woollen, Y. Zhu, M. Cheliiah, W. Ebisuzki, W. Higgins, J .  Janowiak, 

K.C. Mo, C. Ropelewski, A. Leetmaa, R. Reynolds, and R.  Jenne, 1996. The 

NCEP/NCAR 40-year Reanalysis Project. Bull. Am. Met. SOC. 77,438-47 I 

Kaltin S., L.G. Anderson, M. Chierici, A. Fransson, K. OIsson, 2002. Uptake of atmospheric 

carbon dioxide in the Barents Sea, J. Mar. Syst., 38, 3 1- 45. 

Loeng, H.,  V. Ozhigin, and B. Adlandsvik, 1997. Water fluxes trough the Barents Sea. ICES 

J. Mar. Sci., 54,3 10-3 17. 

Mauritzen, C., 1996. Production of densc overflow waters feeding the North Atlantic across 

the Greenland Scotland Ridge. Part 1 Evidence for a revised circulation scheme. 

Deep-sea Res. I ,  43,769 - 806. 

Mehrbach, C., C. H. Culberson, E. J .  Hawley, and R. M. Pytkowicz, 1973. Measurements of 

the apparent dissociation constants of carbonic acid in seawater at atmosphenc 

pressure. Limnol. Oceanogr. 18, 897-907. 

Midttun, L. and H. Loeng, 1987. Climate variations in the Barents Sea. In: H. Loeng (Editor) 

The effects of oceanographic conditions on distributions and population dynaniics of 

commercial fish stocks in the Barents Sea. pp 13-27. Institute of Marine Research, 

Bergen, Norway. 

19 



Olsen, A., R.G. Bellerby. T. fohmessen, A. Omar, and I Skjelven, 2003. hterannual 

variability in the wintertime air-sea flux of carbon dioxide in the northern North 

Atlantic I 98 1 -200 1, Deep-Seu Res. (in press) 

Olsen, A., L.G. Anderson, and T. Johannessen, 2002. The impact of climate variations on 

fluxes of oxygen in the Barents Sea, Cont. Shelf Res., 22, 1 1 17- 1 128. 

Omar, A., T. Johannessen, S. Kaltin, and A.  Olsen, 2003. The anthropogenic increase of 

oceanic pCO2 in the Barents Sea surface water. (in press) J. Geophys. Res., oceans. 

Reigstad, M., P. Wassmann, C. W. Riser, S. Oygarden, and F. Rey, 2002. Variations in 

hydrography, nutrients and chlorophyll CI in the marginal ice-zone and the central 

Bareiits Sea. J .  Mar. Sys. 38,9-29. 

Rey, F, H.R. Skjoldal, D. Slagstad, 1987. Seasonal development of plankton in the Barents 

Sea: a conceptual model. ICES C.M/symposium 56,  1-34. 

Skjelvan, I . ,  T. lohannessen. and L. Miller, 1999. Interannual variability offCO2 in the 

Norwegian Sea. Tellus B, 5 1 (21,477 - 489. 

Takahashi, T., J. Olafsson, J. G. Goddard, D. W. Chipman, and S. C. Sutherland, 1993. 

Seasonal variation of C01  and nutrients in the high-latitude surface oceans: a 

comparative study. Glob. Biogeochem. Cycles., 7. 843-878. 

Takahashi, T., C S. C. Southerland, C .  Sweeney, A. Passion, N. Metzl, B. TiIbrook, N. Bates, 

R. Wanninkliof, R. A. Feely, C. Sabine, J. Olafsson, and Y. Nojiri, 2002. Global sea- 

air CO? flux based on climatological surface ocean pCO2, and seasonal biological and 

temperature effects, Deep-sea Res. I1,49, 140 1 - 1622. 

Wanninkhof, R., 1992. Relationship between Wind speed and gas exchange over the ocean. J .  

Geophys., Res., 97,7373-7382. 

Weiss, R.F., 1974. Carbon dioxide in water and seawater: the solubility of a non-ideal gas. 

Marine Chem. 2, 203-21 5 .  

20 



Table i Values for the fit parameters in Eqs 6 & 7. 

To be used in Eq 7 for: 
To be used in Eq 6 

. ~ .  .~~ I-.-..I. -...-.- .... - - - - - 
Parameter 

Cold years Warm years 

XO 

YO 

Standard error of the fit 

R2 

-82.531 

106.484 

2.049 

I 78.387 

303 patm 

h 22 yatm 

0.76 

-49.922 

663.378 

9.337 

21 2.963 

301 patm 

f 16 patm 

0.72 

-13.261 

53,768 

2.642 

244.664 

374 patm 

* 1.3 ppm 
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Figure captions: 

Fig 1. Map of  the Barents Sea showing the study area (bounded by the rectangle) and the 

locations of stations occupied during the Jan Muyen cruise (diamonds). The black dots 

mark the individual stations of the study area. The pathway of the Norwegian Atlantic 

Current (NAC) and the approximate mean position of the Polar Front (PF) (dashed 

line) are also indicated. 

Fig 2. Computed (filled circles) and estimated (open circles) values of ,fCO?(AT, p H )  . The 

residuals (computed - estimated values) are also shown (diamonds). Note the break of 

the y-axis and the change of scale post breakage. 

Fig 3, Seawater KO2 data determined by Eq 1 (dots), annual functions fitted to these data 

(solid lines) and annual functions for atmospheric fC02 (dashed lines) for a) 

composite cold years and b) composite warm years. 

Fig 4. Annual functions of AfCO, (the difference between atmospheric and seawater KOz) 

for composite cold years (black) and composite warm years (grey). 

Fig 5. Daily averaged surface winds for composite cold years (black) and composite warm 

years (grey). 

Fig 6. Daily air-sea COz flux for composite cold years (black) and composite warm years 

(grey). 
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Fig 7. Annual functions of seawater K O z  at the annual mean temperatures (soIid) and the 

annual mean f C 0 ~  corrected for seasonal temperature changes (dashed). Black lines 

are for cold years whereas grey lines are for warm years. 
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Abstract: 

The processes which modify the inorganic carbon concentration of brine-enriched Shejf 

Water (BSW), a water mass funned by sea ice formation and brine rejection during winter in 

Storfjorden, were investigated using inorganic carbon and auxiliary hydrographic and nutrient 

data collected during four cruises from I999 to 2002. After accounting for the effect of 

biological processes, we found that the formation of BSW is accompanied by an uptake of 

atmospheric CO?. In particular, for the part o f  the fiord, where a coastal polynya with open 

water and/or thin ice conditions prevail throughout the winter, an atmospheric C02 flux of 

73.5 g C mL2 y f l  was calculated. This was over 12 times lower (= 6 g C m-* yr-') for the parts 

of the Qord that remain ice-covered for the rest of the winter season. The implications that 

COZ flux accompanying sea ice formation has for the uptake of atmospheric COZ in the entire 

Arctic Ocean were then investigated. This was done by extrapolating the Storfjorden COz 

fluxes to seasonally ice covered and open water (leads and polynyas) regions in the Arctic 

Ocean. The computation showed that sea ice formation during winter in the Arctic Ocean can 

account for ai1 uptake of atmospheric COz of around 5 0 ~ 1 0 ' ~  g C yr-' Finally, the effect of 

changes in the areal extent of sea ice formation in the Arctic Ocean at thc end of this century 

was estimated. The combined effect of a 43 % increase in the extent of seasonal ice (as 

modelled in Jnbanfaessen et a!., 2002) and an open water region which is 8 times larger than 

present was estimated to increase winter CO? uptake in the Arctic Ocean by about 1 0 0 ~  1 0l2 g 

c yr-'. 
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1 Introduction 

Simulation results from coupled atmosphere-ice-ocean models predict a dramatic 

decrease orthe Arctic ice cover, which could result in a nearly ice-free Arctic Ocean during 

summer at the end of this century (Jdmnanessen et al., 2002). The results o f  these models also 

show that the reduction in the ice extent is moderate in winter while drastic in summer 

impIying greater seasonal variabiiity. 

The disappearance of the permanent ice cover is anticipated to enhance the carbon 

fluxes into the Arctic Ocean through greater COz solubility due to freshening of the surface 

water and through greater primary production due to better light conditions (Andemon and 

KaEfin 2001). However, the effect of changes in the seasonal ice extent on the carbon fluxes 

into the Arctic Ocean has not been studied. The flux of CO2 into the Arctic Ocean and sea ice 

formation are related through the high density water that form by sea-ice formation and 

subsequent brine rejection which supply the Artic Ocean deep and intermediate waters (q. 

Jones et a/., 2001). Besides ventilating the subsurface waters of the Arctic Ocean, such high 

density water is an important conduit of CO2 to the Arctic Ocean through biological and 

transport processes (Anderson and Jones, 1991 >. 

At present, open water areas e.g. leads and polynyas are the major cites where 

extensive new ice formation and brine rejection occur. In the central Arctic Ocean, such open 

areas occupy about 1 % of the total area of the pack ice, but produce similar amounts of ice as 

bellow the multi-year ice (Skogseth & I-laugata, 2003, and references therein). Along the 

coastal margin, Arctic coastal polynyas produce large quantities of ice and high density Brine- 

enriched Shelf Water (BSW) ( c g .  Cavalieri und Murtin t 994). The greater seasonal 

variability of the Arctic ice extent which was predicted by models may, therefore, increase 

brine formation through enhanced new sea ice formation dunng winter. If, on the other hand, 
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global warming continues to the extreme that sea ice formation stops altogether, then brine 

formation naturally will cease. 

In this study we first present data of COT-system parameters acquired during four 

cruises in Storfjorden which is situated in the eastern Barents Sea, between the islands 

Spitsbergen, Barentsaoya and Edgeraya in the Svalbard Archipelago (Fig 1). During winter, ice 

formation and subsequent bnne rejection produce BSW most of which occur in a coastal 

polynya situated at lee-side of Edgeuya and Barentssya (Huarpaintner et al., 200 1 ; Skogseth 

d Haugan, 2003) where offshore winds enhance ice production. By evaluating the processes 

governing carbon concentration in BSW, we determine carbon fluxes associated with sea ice 

formation and brine release. We determine the COl flux separately for the polynya region 

where new ice continuously forms throughout the winter, and for non-polynya region of the 

fjord in which seasonal ice forms and then stay ice covered throughout the rest of the winter 

season. Then, the carbon fluxes obtained for Storfjorden are extended to the entire Arctic 

Ocean region in order to estimate the uptake of atmospheric CO2 associated with ice 

fbrmation in seasonally ice covered and open water areas. Finally, the effect of changes in 

seasonal ice coverage and open water areas in the Arctic Ocean on this uptake is estimated. 

2 Data and Methods 

Data used in this work originate from four survcys conducted in Storfjorden {Hihin  

MosRy 1999, H6kon Mosby 2000, Hikon Mwby 200 I and Odm 2002). Fig 1 shows the 

positions o f  the stations occupied during these surveys while Table 1 shows which parameters 

measured during each cruise. Water samples were drawn from Niskin bottles on a CTD 

rosette and analyzed onboard within 24 hours. Exceptions to this were the Hiikon Moshy 

cruises where nutrient samples (nitrate (NO3) and phosphate (Pod)) were frozen and analyzed 

on land. 
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Total dissolved inorganic carbon (CT) was determined by gas extraction of acidified 

water samples followed by coulometeric titration using a SOMMA system (Johnson et al., 

1985; 1487). The precision was 4 4 and * I pmol kg-' respectively for the H6km Moshy 

cruises and Oden 2002. The accuracy in CT measurements was set by running Certified 

Reference Material (CRM) supplied by Andrew Dickson at Scripps Institute of 

Oceanography, USA. 

Total alkalinity (AT) was determined by titrating samples with 0.1 M HC1 as described 

by Harrald[ron et al. (1997). The precision was determined to f 5 and f I pmol kg-' 

respectively for the HGkon Moldy cruises and Oden 2002, the accuracy was set in the same 

way as for CT. 

0 2  was determined using the Winkler method with visual detection of the titration end 

point during the H&km Moshy cruises and with automated detection during the Odm 2002. 

For the H6kon Mosby cruises, measurements o f  PO4 and NO:, were done at Marine 

Research Institute, Bergen, Norway according to standard spectrophotorneteric technique (e.g. 

Grasshqfet al., 1983) with an accuracy of 0.3 - 0.4 p o l  I-' for nitrate and 0.03 - 0.04 pmol 

1-' for phosphate. During the Odm 2002 cruise these measurements were done onboard using 

an auto-analyzer according to the WOCE protocol. 

Throughout this study, Cm and Am will denote CT and AT normalized to sahity of 

35. Moreover, the Oden 2002 survey was conducted late April (Table 11, but because the 

water column reflected winter conditions the data from this cruise will often be referred to as 

the winter data. 

The Hikon Mosby cruises were conducted during summer and remnants of the BSW 

formed during the previous winter were observed in deep depressions, while the rest of the 

StorfJorden embodied modified Atlantic water overlaid by fresh melt water. Since the focus of 

this study is on BSW, from the N&on Mmhy cruises only data froin samples with BSW 
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signature i.e. S 2 35 and T < - I .7 "C were used in this study. Moreover, these samples were 

greatly influenced by the decay of organic matter on the surface sediment. In order to account 

for this effect, the carbon contribution from remineralization (ACI-N~~~)  was estimated from the 

product of apparent oxygen utilization (AOU) (= saturation - measured 0 2 )  times the ratio 

AC'-rulAOl. The cjassxcd value (-l06/138) for the latter ratio was used while 94.3 % saturation 

of 0 2  was used for the calculation of AOU because this was observed in the newly formed 

BSW sampled during Oden 2002. Further, m the case when data for 0 2  were not available 

(Table 1 ) Armory was calculated by multiplying the diff'erence between measured and 

preformed PO4 with ACTN/APO~ (=106). The mean value of PO4 acquired during Oden ZOO2 

was used as preformed. 

Am was corrected for the effect of decay of organic matter by assuming a reduction of ane 

alkalinity unit for each inole of nitrate re-mineralized. The latter was determined from the 

difference between measured and preformed nitrate. When nitrate data were not avaiIable 

(Table 1 ) this alkalinity reduction was estimated from I 6/138 (AOU). 

After they have been biologrcally corrected, the Hikun Mo.shy data will be treated as 

winter data i. e. we assume that remineralization of organic matter was the only process that 

haiTe modified these samples since their formation during the previous winter. 

3 Results and discussion 

3.1 Processes governing carbon concentration in BSW 

Profiles of CTN and 0 2  are shown in Figs 2a and 2b. The most notable distinctive 

feature is the difference between winter and suminer properties of BSW. For the summer 

samples collected during HGkon Mushy cruises, remineralization of organic matter has added 

inorganic carbon while consuming oxygen. These samples, thus, contain inore carbon and less 
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oxygen than the winter samples collected during Oden 2002. We also note the high and nearly 

constant 0 2  values (= 94.3 % saturation) of the winter data (Fig 2b). Since the water column 

was not well mixed but characterized by a strong deep density gradient, Fig 2c, the high and 

constant 0 2  values indicate that no significant biology i. e. formation or remineralization of 

organic matter has yet taken place in the Oden 2002 sarnpIes. 

In order to resolve other processes influencing the carbon concentration of BSW, we 

conveniently corrected t h e  Hikon Mosky CTN data back to their winter values. We have done 

this by estimating the carbon contribution from remineralization (ACTN&) (see Sec 2) and 

then subtracting the results from the observed CTN values. The results are shown in Fig 3a 

together with the Ode0 200.2 CTK data. Expectedly, the two data sets are now more or less 

indistinguishable, although the HPrkon Mosby data contain relatively larger scatter. This 

greater scatter most likely reflects slight dcviations from the assumed constancy In the 

preformed values of 0 2  and PO4 (Sec 2) during 1999,2000, and 2001. For instance, our 

calculations showed that if we varied the 02-saturation by 3 % when performing the above 

mentioned biological corrections of  CTN, then this would introduce a variability equivalent to 

the standard deviation of the NZkon Moshy “winter” CTN data (Fig 3a) which is * 9 pmol kg-’. 

Through inspection of Fig 3a an additional feature ofthe depth profile is apparent; 

winter Cm is relatively constant (2167 * 3 ymol kg-’) for the upper 40 meters below which it 

increases with depth and reaches 2 i 85 4 7 p o l  kg-’ in the lowest I 0 m of the water column. 

In this study, we assume that the CTN variation in BSW is governed by four processes: re- 

mineralization of organic matter; the addition of inorganic carbon by river runoff; dissolution 

of biogenic calcareous tests; and air-sea exchange of CO?. The excess carbon below the 40 

meter depth cannot be due to the effect of decaying organic matter, since this has been 

considered above. In order to investigate to what extent the observed carbon enhancement in 

the deeper samples is due to runoff andlor dissolution of CaC03 a plot of biologically 
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corrected, salinity normalized alkalinity (winter ATN) i s  shown in Fig 3b. The absence of 

dcpth gradient in Fig 3 b suggests insignificant contribution of the aforementioned carbon 

excess is resulting from runoff andor dissolution of CaC03, an observation which i s  

concordant with limited occurrence of calcifying planktonic species in the Barents Sea region 

(Rnt’kovu and WasLsma~,2002) and in agreement with other findings from elsewhere in the 

Nordic Seas (e.g.  Miller tlt al., 1999). It then follows, from the above assumption regarding 

the processes governing Cm variations in BSW, that uptake of atmospheric COz must explain 

the depth gradient of winter CTN in Fig 3a. This has also been verified by Anderson et al. 

(2003) who combined the Oden 2002 data used in this study and simultaneously acquired 

CFC‘s data. Thus, the air-sea exchange signal i s  genuine and not an artifactual result of the 

calculations. Therefore air-sea exchange of CO? during winter and remineralization of organic 

matter during summer are the two processes governing the carbon concentration ofthe BSW 

in Storfjorden. 

During years when the density of  BSW is high - as during the study period of this 

work (cy. Skogselh upad Hutqpn, 2003) - a plume of BS W drains from Storfjorden, flows 

around the southern tip of Svalbard into Fram Strait where it sinks to depths greater than 2000 

m. Furthermore, the plume entrains more ambient water en route so that its volume increases 

rather than detrain and lose volume to the surroundings (Qim&wd et d., 1988). Hence, all 

excess carbon resulting from combination of direct uptake and decay of organic matter which 

initially contain In the plume can be considered as being sequestered from the ocean surface- 

atmosphere system for long time periods. Hence, the outflow of BSW from Stoqorden to the 

deep open ocean constitutes a carbon pump. The following conceptual description, which is 

also summarized in Fig 4, explains how this carbon pump works. During late fall through to 

early winter the fjord is gradually filled with cold Arctic Water (ArW). This ArW i s  under- 

saturated with COl and a flux of COT into the water column occurs. As the winter establishes, 
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sea-ice formation and subsequent brine rejection takes place primarily in the polynya, but also 

under the pack ice. While air-sea exchange is hampered in the ice-covered areas of the fjord, 

it continues to take place in the polynya and the bnnes formed there can approach COz 

saturation. On sinking, the rejected brine water entrains ambient waters of intermediate depth, 

and with lower carbon concentration, as they flowlsink towards the deep layer of the fprd. 

The admixture forms BSW which i s  not fully saturated with CO2 (Fig 5 ) .  “New” ArW which 

was ice covered and, thus, with lower concentration of carbon upwells andor advects into the 

polynya to replace the brines that sank. As this continues throughout the winter the fjord is 

gradually filled from the bottom with high COz BSW, while its surface contains low CU: 

ArW (Fig 5 ) .  When a sutXicient volume ofBSW is produced it drains over the sill and flows 

to the open ocean as a bottom current carrying the excess carbon with it. Additionally, as the 

outflow of BSW continues until late summer (e.g. Sclaauer, 1995; Skogseth nnd Huugan, 

2003), organic matter that was produced in the surface and then fell on the surface sediment 

decays and the carbon produced diffuses into to the overlaying BSW but a strong density 

gradient prevents it fkom re-entering into the surface water (see Anderson et ul., 1988). This 

on-shelf transformation of low COl surfrtce water into high COZ deep water that subsequently 

flows into the open ocean constitutes the Storfjorden carbon pump. 

As can be realized from the above conccptual description, the Storfjorden carbon 

pump has a biological component which is due to the addition of re-mineralized carbon into 

EEW, and a solubility component which is due to air-sea gas exchange. Although, admittedly, 

the result of this study do not resolve the exact nature of the latter processes it is assumed to 

commence everywhere i ce formation takes place in a CO2 under-saturated surface seawater. 

The formation of BSW and primary production are common processes in several 

Arctic shelves ( e . g  Olsson sf a/., 1997; Murtin and Cavdieri, 1989) while ice formatjon is a 

common process throughout the whale Arctic Ocean. Then it is natural to investigate the 
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importance of Storfjorden-type COZ-pump for the carbon fluxes into the Arctic Ocean. The 

importance of the biological component of such B CO~-pump for the Arctic Ocean has been 

studied earlier (e.g. Anderson and Jones, 1991) and will not be pursued in this study. Ratber, 

in order to elucidate t!ae importance of its solubility component, in the following two sections, 

we determine the carbon flux which accompany sea ice formation in Storfjorden and then 

extrapolate the result to the entire Arctic Ocean using the present and future prqjections of the 

areal extent of seasonal ice and polynyas. Table 2 shows values for the different parameters 

used for the calculations and their sources. 

3.2 Estimates of winter CO2 fluxes for polynya and non-polynya regions of 

S to tfj o rd e n 

The average excess carbon concentration in BSW due to air-sea cxchange (AC&) [in 

gC 111.~1 was calculated fiom the difference between mean winter CTN values for the upper 40 

meters and for the lower 130 meters (see Fig 3a). This excess concentration was then 

combined with modelled annual mean volume of BSW (Vssw) for 1998-2001 (Table 2) to 

compute the annual uptake of atmospheric CO: (ACU) [in gC y i ] ]  according to: 

During winters of 1998-2001 the polynya occupied I O  94 of Storijordcn area (Table 2) 

but accounted for 5 8  % of the total ice production (Skugseth and Himgun, 2003). Thus, a 

certain fraction (A) of the modelled V R ~ W  was produced In the polynya, so that the annual 

uptake attributable to the polynya (ACU,) is given by: 

io 



Similarly the part of the annual carbon uptake attributable to the non-polynya areas of 

the fjord (ACU,p) is given by: 

The carbon fluxes for polynya and non-polynya regions of StorfJorden ( F p  and F,]P) [in 

gC m-2 y f ' ]  were then computed by dividing the outputs of Eqs 1 & 2 (ACWp and ACU,p) by 

the corresponding areas (Table 2). The first part of Table 3 shows the result o f  these 

calculations, with the value of A chosen to be 0.58. No information on the latter parameter 

was available to us, but we assumed a one-to-one correspondence in the amount of ice and 

brine formed per unit area. Then, since 58 % of the total ice was produced in the polynya, 58 

% of VUSW would be formed in the polynya. As evident from Table 3, the COZ flux computed 

for the polynya is over 12 times higher than the rest of the fprd.  

3.3 Extrapolation of the Storfjorden GO2 fluxes to the Arctic Ocean 

Analogous to Storfjorden. there are in the Arctic Ocean areas of open water (leads and 

polynyas) which are essentiaily ice-free throughout the winter, and seasonally ice covered 

areas in which seasonal ice forms and then stay ice covered throughout the rest of the winter 

season. Thus, we assume the carbon fluxes estimated for polynya and non-polynya regions of 

Storfjorden ( F p  and Flip) to be rcpresentative, respectively, for the CO2 fluxes in the open 

water and seasonaIly ice covered parts of the Arctic Ocean. It must be emphasized that the 

above assumption is a convenient simplification of the real. For instance, the surfacc waters of 

the Arctic Ocean are not COz undersaturated everywhere during winter (e.g. Kelley, 1968) 

although the vast majority i s  ( Anderson andKaltin, 2001). Thus, in some polynyas the COZ 

I 1  



flux may be directed to the atmosphere rather than into the sea. The following carbon uptakes 

due to ice formation in the Arctic Ocean should, therefore, be taken as first order estimates. 

As mentioned in the introduction, the open water regions of the Arctic Ocean consist 

of leads and polynyas in the central, and coastai polynyas along the coastal margin. The area 

of the former is about 1 % of the total area of the pack ice ( 1 0 ~ 1 0 ' ~  m2), whiIe the area for the 

latter is (inferred from tables 2 & 3 of Wirzsor and Bj&k (2000)) 3 . 5 ~  10 10 m 2 , giving a total 

area of open water region of 1.4~10" m2. We inultiplied this area with the value of F p  (Table 

3) to get an estimate for the annual carbon uptake that take place in open water regions in the 

entire Arctic Ocean. Further, currently, seasonal ice formation takes place in an area of about 

7 x  1 0 l 2  m2 (Table 2) and from the product of this area times the value of F,p (Table 3) we 

estimated the annual carbon uptake associated with seasonal ice formation in the Arctic 

Ocean. It must be noted that polynyas may be situated in the seasonally ice covered region, as 

the coastal polynya in Stoflorden certainly do. However, the effect of such overlap on our 

computations is so small that subtracting all Arctic coastal polynyas from the seasonally ice 

covered region would reduce the area of the latter from 7x 10l2 to 6 . 9 6 ~  1 O ' I  m2. 

The results of h e  above calculations are shown in the second part of Table 3. As 

evident from the table, the higher uptake eficiency in open water region is reflected by the 

fact that this covers an area which is equivalent to 2 9'0 of the total area but accounts for Over 

20 % of the total carbon uptake. Table 3 (entry 7 )  also shows the total carbon uptake i.e. for 

open water and seasonally covered regions. As inentioned earlier, the absolute magnitude of 

this uptake is probably subject to large error due to the set of assumptions made for its 

calculation. Nevertheless, we expect the resulting uptake to be in the right order of magnitude. 

In that case, the computed uptake is significant in the context of oceanic COz uptake in both 

the Arctic and global Oceans. It is about 45 % of the annual air-sea carbon flux which has 

been reported elsewhere for the whole Arctic Mediterranean Seas (Arctic Ocean and Nordic 
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Seas) (Anderson and Kaltin, 2001, and references therein), and around 2.5 % of the current 

net uptake of the global oceans (= 2 x  IO”  gC y i ‘ ,  e.g. Tukahushi et al., 2002). Thus, the 

formation of sea ice which take place in the seasonally ice-covered and open water regions of 

the Arctic Ocean brings about a regionally and globally significant uptake of atmospherk COZ 

during winter. It is then natural to expect that changes in seasonal ice formation and open 

water area in the Arctic Ocean will invoke changes ofthe regional COz uptake which are 

important to consider, the quantification of this is attempted in the following paragraph. 

Model results slmw that the area of the Arctic Ocean which contribute to seasonal ice 

formation will increase from about 7 x  10” to about l o x  1 0’l IT? (Johannessen et al., 2002; 

their fig 7 )  at the end of this century. Further, observations so far have shown that 

accompanied with the areal decrease of winter ice extent is thinning of the ice (Rothrock ef 

a/., 1999; 2003; Johannessen et a / . ,  2002) and this will most probably continue to be the case. 

Because of  this thinning the areas occupied by leads aid polynyas will probably aiso increase 

in future. At present, the area occupied by leads and polynyas increase from I % of the total 

pack ice during winter lo 10-20 % during summer (GUM’ and Tucker, 1990). Quantitative 

information on how this may change in future was not available to us, however, it i s  

reasonable to assume that by the end of the century polynya and leads can occupy 

approximately 10-20 % of the winter ice cover. In the last part of Table 3 we show three 

different estimates for carbon uptake in Arctic Ocean (for both open water and seasonally ice 

covered regions) which we calculated for three different future scenarios, depending on the 

extent of open water region during winter by the end of this century; In all three cases 

seasonally ice covered area of 10x 10” m2 was used, while open water area was put to I ,  10, 

and 20 % winter ice cover ( = 1 2 ~ 1 0 ’ ~  in’). As can be inferred from Table 3, the winter COz 

uptake computed for the Arctic Ocean will iiicrease by about 1 OOx 1 O i 2  gC y f ’ ,  if we assume 

open water area of 10 %. This increase is of the same order of magnitude as the potential 
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carbon uptake which is anticipated from the disappearance of the Arctic Ocean ice cover 

through greater CO2 solubility due to freshening of the surface water and through greater 

primary production due to better light conditions (Anderson and K a h  2001). That is, under 

Arctic climate change, changes in seasonal ice coverage and open water areas in the Arctic 

Ocean may single kaiidedly bring about a change in the regional uptake of atmospheric COz 

which IS coniparabIe to the effects fiom warming, freshening, and increased primary 

production in the surface water put together. 

4 Conclusions 

By using inorganic carbon and auxiliary hydrographic and nutrient data collected 

during four cruises from 1999 to 2002, we have shown that air-sea exchange of COZ during 

winter and remineralization of organic matter during summer are the two processes govermng 

the carbon concentration of the brine-enriched Shelf Water in Storfjorden. For the part of the 

tjord, where a coastal polynya with open water andor thin ice conditions prevail throughout 

the winter, we found that uptake of atmospheric CO2 takes place at a flux of 73.5 g C rn.2. 

This is about 12 times lower (=: 6 g C m-2) for the parts of the fjord that rcmain ice-covered for 

the rest of the winter season. 

If these fluxes are representative for open water (leads and polynyas) and seasonally 

ice covered regions in the Arctic Ocean, then sea ice formation during winter can account for 

an annual uptake of atmospheric COz of around SOX 1 0I2 g C yr-’ into the Arctic Ocean, a 

regionally significant uptake. Moreover, the combined effect of 43 YO increase in the areal 

extent of seasonal ice (as modelled in Johannessen et a!., 2002) and an open water region 

which is 8 times larger than present has been estimated to increase winter CO2 uptake in the 

Arctic Ocean by about lOOx 10l2 gC yr-’. Thus, changes in seasonal ice coverage and open 

water areas in the Arctic Ocean may single handedly bring about a change in the regional 
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uptake of atmospheric COz which is comparable to the effect anticipated fi-om the complete 

disappearance of the ice cover (Anderson and Kaltin 2001 j. 
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Table 1 Cruise dates and chemical sampling from Storfjorden. S = salinity, T = temperature. C r z  
total dissolved inorganic carbon, AT = alkalinity, 0: = dissolved oxygen, PO4 = phosphate, 
NO1 = nitrate, na = not available. 
Cruise - 

* - - ' .  

Dales (sewon_)____ -.~.- - " - - '1 - - " " CT A.l. 0 2  "I- PO1 -_ NO3 S 
HikopI Mushy i YYY Oct 7 (summer) d J J J na J J 

HikupI Moshy 2000 

Hikon M d ' y  2001 

Sep 25-0ct 2 (summer) 

Aug 23-25 (summer) 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

J 

na 

J 

na 

Oden 2002 Apr 26-29 (winter) J J J J J J J 

Table 2. Values and sources for different parameters used for the calculation of the entries of Table 3. 

Average excess CT in BSW due to air-sea exchange (ACT,,) 

Storfjorden area 

Stoa orden polynya area 

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

Percent of VHsw which formed in Storfjorden polynya 

Area of pack ice in the contemporary Arctic Ocean 

Area of open water region* in the contemporary Arctic Ocean 

Areal extent of seasonal ice in the contemporary Arctic Ocean 

Arca of winter ice in filmre** Arctic Ocean 

Area of open waters in future Arctic Ocean [in % of the above] 

Areal extent of seasonal ice in future Arctic Ocean 

1, 10, or 20 ae~urnud 

10x10" m2 Johannexwn ef a/., 2002 
- 

* leads and polynyas. **at the end of thc 2 I " century. 



Table 3: Estimated C02 fluxes for polynya and seasonally ice covered regions of Storfjorden, and 

implied annual C 0 2  uptakes for present and future Arctic Ocean. 

Parameter Value 

COz fluxes in Storfjorden [g C m-' yr-'1: 

-. 

""" ..ll-..--l..-.l..... ".."ll"" ..~.~. ^____I________X___"__._ .......... -. ... ... . . . . . . . . .... ~.. .~~ - -.-.-.- - - 

for the polynya region (Fp) 73.5 

for non-polynya region (FnJ 5.9 

Annual carbon uptake in the contemporary Arctic Ocean [ 10l2 g C yf']: 

€or seasonally ice covered region 

for open water region 

41 

8.4 

for the whole Arctic Ocean 50 

Annual carbon uptake in fiTture* Arctic Ocean [IO'' g C yr-'1, assuming: 

1 YO open water area 

10 % open water area 

66 

150 

20 ?h open water area 240 

2 P 
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Figure captions 

Fig 1. Map of the Arctic Ocean and Nordic and Barents Seas with enlargement of Storfjorden 

in which the geographic locations of the stations visited during H4kon Mosby 1999, 

2000, and 2001 cruises (circles) and Oden ZOO2 (squares) are shown. 

Fig 2 .  Depth profiles of total inorganic carbon normalised to 35 salinity (CTN) (a), dissolved 

oxygen ( 0 2 )  (b), and density expressed as sigma-t (c). Summer data acquired during 

the Hijkon Mushy cruises are shown as filled circles whereas winter data acquired 

during Odm 2002 are shown as open circles. 

Fig 3: Depth profiles of biologically corrected, salinity normalized data of: (a> total inorganic 

carbon (winter CTN), and (b) total alkalinity (wmter ATN). In both diagrams biological 

corrections were performed only on data acquired during Hiikon MoshjJ cruises (filled 

circles), for those acquired during Oden 2002 (open circles) the effect of biology was 

minimal (see the main text). 

Fig 4: A schematic ilustration of the processes involved in the Storfjorden carbon pump. See 

section 3.1 of the main text for details. 

Fig 5: Depth profile of seawater hgacity of CO? during winter (winter fCO1) for Storfjorden. 

as calculated from data of CT and AT using the constants of Mehrbach et al., 1973. 

Open circles designate values derived from winter observations made dunng Oden 

2002, values denoted by filed circles were derived from biologically corrected data 

from the Hiikon Adusby cruises. Monthly mean value of atmospheric f C 0 2  for April 

20 



2002 is also indicated (dashed line) in order to reveal the level of CO? saturation for 

the water column. The atmospheric fCOZ-line is based on measurements made at the 

Zeppelin mountain on Svalbard (see htt//:www.rnisu .su .se/-kidpi ct/trend.jpg). The 

diagram demonstrates that the formation of BSW transfers low C02 surface water rnto 

high CO2 deep water. 
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dioxide in the northern North Atlantic, 198 1-200 1 
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Abstract 

Gridded fields of sea wrface temperature (SST), sea level pressure (SLP). and wind spced were used in combination 
with data for the atmospheric mole fraction of C 0 2  and a n  empirical rclationship between measured values of the 
fugacity c i f  carbon dioxide in surfiice waler and SS'I. to calculare the air-sea COz flux in thc northern Nurth Atlantic. 
The flux was calcuhted for each of the months October ,M;ircIi: in the h i e  period 1981 until 2001. allowing for ari 
assessment of thc interannual variations in thc rcpinti. Lncally and on a niwnlhly lime scale. the interannual vdriability 
of the flux could bc as high as f 100%, in regions scasonidly covcred by sea ice. However. in opeti-occan arcits the 
variiibiiity was normiilly betwccn 120% and 4 W .  The inrerannual variability was found to bc ;ipproximatzly halved 
when fluxes averaged over each winter season were compared. Summarised over thc whole nvrlhern Norlh A~lmilic. h e  
air to sea carbon flux mer winter totalIed 0.08 Gton, with an interannual vnriabilily of about k70;b. On a monthly basis 
the interannual variations were slightly higher. about &XO/;, to f 13'Yn. Changes in wind speed and atmospliericjCO? 
(the latter directly relaled to SLP variations) accounted for most of thc intcrannual varialions of the computed air scil 
COz fluxes. A teiidency for increasing COz flux into die owan with increasing \dues of the NAO index w i t s  identilied. 
a:: 2003 Elsevier Ltd. AH rights reserved. 

Kcyword~: NofltIl Atlnntlc: Nordic Seas; Carbon Buxes: Air-sea intrractiun; Inlerannual vuriahiIi1y; Nurth Allailtic Oscillation: 
45 -8O'N; 45 W--?O"E 

I ,  Introduction 

Because of its ability to retain outgoing long 
wave radiation. COz in the atmosphere acts as a 
greenhouse gas serving to modify thc global 
radiation budget. and its atmospheric concentru- 

'Correspoiidiinp author. Geophysical Institutc, Uiiiversity oC 
Bergen. Allegaten 7U. 5007 Burgen, Nomay. Tel. .I 47-55-384- 
372; fax: + 47-55-384-330. 

E - / m i l  d d i - m :  areg @fr.uib.no (A,  Olscn). 

tion is considered to play a major role in global 
climate regulation, This has hecn substantiated by 
the obscrwrion of decreased levels of atmosphcric 
CO: during ice ages. as  deduced from ice w r c  dala 
(e.@. Petit et al., 1999). Since the industrial revolu- 
tion, thc atmospheric C 0 2  levels havc incrcascd 
h m  -2XOppni to the present day Icvels of 
-370ppm (Ktxling and Whorf. 2001) bacausc or 
emissions of anthropogenic CO?. The elevated levels 
of atmospheric COZ arc cause for concern ;IS thcy 
may havc advei-sc effects on c h a t e  (TPCC, 2001). 

0967-06.;7!$ - set f i w i i t  matter ,C 2003 Elsevier Lkl. All rights reserved. 
dui: 1 0 .  I I) 1 h;S09h7-~)h37(I)3)00144-4 
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Presently. approxtmately hdlf of the anthropo- 
genic CO? releiise remains in the atniosphcre; the 
rest is distributed between the terrestrial biosphere 
and thc oceans (Marland and Boden, 2001). The 
rclativc sizes and the locations of thesc .cinks arc a 
rriattrr 01' debalc (c.g. Fan et al.. 1998; Ciuerixy 
et ul., ? O K ) .  Determination of the ocean uptake or 
atmospheric carbon dioxide is often carricd out by 
determination of the concentration Wadicnt hc- 
twecn tlic atmosphere and [he occan, which in 
combination with wind speed data allows Tor 
calculation of the air-sea ilux d C 0 2  (c.g. t ~ s s  and 
Merlivat. 1986). However, because or natural 
clirnatc variability the air sca Rux or CO2 may 
vary considcrabl! from one year to anothcr (e.g. 
Sklel\)an ct al., 1999; Louanchi and Hoypema, 
2i)OO). implying that rncasureinents from several 
years arc necessary to accurately constrain the 
long-term Ilux. 

Thc northern North Atlantic is considered to be 
an important sink region Ibr  COz. because of the 
largc hcat loss and convective proucsses taking 
place there. There is a substantial large-scale 
climutic variability in this area. which i s  described 
by rhc North Atlantic OsciIlation (NAO) index 
(Hurrell. 19951. a mcrisure of the distribiirion of 
atmospheric iniiss OW+ the region. The NAO index 
is dcfincd iis the difference between the normalised 
surlhcc pressure at  a northern (usually Stykkishol- 
miw. Iccland) and ;1 southcm (usually Ponta 
Dclgada, Portu.gal) station, and altci*nates between 
psitikc and negative states. reflecting a dipole 
pattcrn in Ihc pressure field over the rcgion. A 
positivc NAO state IS assocmtcd with an intcnsi- 
tied Icelandic low-pressure cell and an anoma- 
lously strong Azorcs high-pressure cell. This lead5 
to a northward shift or thc westaard storm track 
over the Nor th  Atfantic. as compared to thc 
conditions during ncgiitike NAO states whtn thc 
pressure anomaly pattern is approximatcly rc- 
versed. urthcrmore, during positive NAO statcs 
(he Norwegian Atlanlic Current, a northward 
extension of thc Norlh Atlantic Current. appears 
to narrow. whilst the polar water from the Arctic 
extcnds more to the east (Blmdheim ct al.. 1000; 
Furcvik, 2001). Given thc imprint of the NAO on 
both the atmospheric and oceanic conditions, 
thcre is a need to Assess its impact on the air-sea 

llux OU C 0 2  in the northern North Atlantic. Such 
BII assessment is cspecially rclevant in light of the 
conclusion reached by Baws and Mcrlivat (700 1 ) 3  

who found thai. "Interannual variations of atmo- 
spheric forcing in response to modes of climatic 
variability should also play ;i significant role in 
determining intcrannual variability in the gIobal 
ocean uptake of CO;' Howcver. because there is 
no long-term tirnc series data of C 0 2  system 
parameters in thc region, this issue has not as yet - 

lo the best of our knowledge --been very exten- 
sively addressed in the scientific literature. The 
present work secks to till this rap by using an 
empirical I-eiationship between the fuugacit! of CO, 
in surface water and sea surface tempera- 
ture (SST) to extrapolate available measurements 
of,fCO;w in both tirnc and space. Its application is 
based on thc assumption that as,jCO";" is changed 
by proccsscs such as mixing. biological activity. 
and gas cxchange it will change in correspondence 
with the SST (Stephens et id.. 1995; Lce CI al., 
1998). Thc kchnique has been employed in several 
regions to estimate the largc-scale CO: flux 
(Stephcn:, et al.. 1995: Goyet et al.. 1998; 
Hood et al., I99P) xnd its intcrannual variability 
(Lee et m l . .  1998). In the current work, the 
rncthod is applied to thc northern North Atlantic, 
aiming to acquire an estimate of the intcrannual 
variability of the air-sea COz flux. Furthermore. 
as the NAO might lock into a positivc phusc in a 
global warming scenario (Sliindcll CI al.. 14Yi)), 
the rcsults may indicate the direction 01' change 
the C 0 2  flux in this region may experience in 
the luturc. 

The prescnt study concentrates on thc winter 
season. delincd hn-c as October to March. as 
j C O y  was fmnd to bc decoupled from SST during 
the rest of thc ?car: using available data. The tirnc 
period was set by thc record of gridded tempera- 
ture fields available, which cover the period l'rom 
November 198 1 until present (Reynolds and 
Smith, lW4f. 

2. Data and procedures 

The present study is confined to the area north 
of the North Atlantic G g c ,  cxcluding shelf areas 



(shalIower than 200-500 m). The southern bound- 
ary was set at 45"N; the eastern boundary was sct 
ul 1O"W up to jO"N, thcn ibllowcd thc continental 
shelf edge northwards lo 80"N. Finally, the 
western boundary was set at the east Greenland 
conlinentd shcll' cdgc. or thc ICC edgc whcn this 
hiid a more eastward extension, southwards from 
80"N to Cape Farewell-the southern tip of 
Greenland---and at that longitude don n lo 45" N. 

SST and.fCOim data werc: obtained from various 
sourccs as listed in Tablc 1 The tracks of the 
expeditions are depicted ~n Fig. I 

Data acquired at temperatures lower than 
-I.X'C wcrc excluded from the data set a b  this IS 

thc cut off point or the tempcraturc liclds 
(Reynolds and Smith. 19941, which wcrc employed 
to calculate the fields. 

The fCO:* data were acquired between 1982 
and 1998 (Table 1) which is almost the whole timc 
period covered by the present study. The atrno- 
spheric CO, concentration measured ;it Barrou, 
Alaska (7 1 ON). increased by approxirnateIy 
1.4 ppm yr-' (Keeling ;uicl Whort  200 I) over this 
time inccrval. 

Thc respwsc 01' surfacc seawater .fr'02 in the 
northern North Atlantic to the atmospheric fCO2 
incrcasc i s  not known. Takahashi ct at. (1997) 
assume that thc anthropogcnic signal injCO? in 
this region is diluted by opn-ocean convective 

3 

mixing. However, this ahsumption is based on 
obscrvations obtained at Ocean Wcalhcr Station 
P, which is located in the northwestern subarctic 
Pacific. At least four recent observations in 
northern North Atlantic indicate that fC@" here 
increases a t   he same rate asJCOf" or at il. Faster 
rate. Firstly, the antliropogenic carbon transport 
calculation carried out by Roscin ct al. (2003) 
indicates that the region north of 24.5'N is a small 
source of anthropogenic CO?, which implies that 

Fig I Northern North Atlantic fCO>w data acquircd during 
winter (October-Muruh) 1982-1998. The thin linc marks the 
posilion of  the 300m isobath, scning a s  a n  intiic;itinn of thc 
continental shclf arcas that were excluded from this study. 
South ul  Greenland. the western boundary was set a1 lhe 
lunytude of Cape Farewell. South ui- 50"N, the eastcrn 
hourtdary was set at IO'W. 
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,#CO;" increases at a slightly higher rate than 
fC0;'"' Secondly. Omar et al. (2003) have 
comparcd data obtained in the Barents 
Sea. i.e. in the northernmost extensinns or  the 
North Atlantic Current. in 2000/2001 with data 
obtaincd by ELdlcy ( 1  970) in 1967. Accounting for 
variations in the natura[ controls or the ocean co2 
system. their rcsults show that the surFdcc occan 
,fro2 in the Bal-ents Sea has tracked thc atmo- 
spheric incrcusc ovcr the last 33 years. Thirdly, 
Lcfkvre et al. (2003) have analysed the evolution of 
monthly detrendcd Afro, in the North Atlantic 
subpolar gyre (SO-MWN, RO"W-20"E) over thc 
time period 198 1 -I 998 Accounting 1'or tcrnpera- 
ture effects their analysis. which inctudcs the data 
that we have used, shows iln apparent dccreasr: in 
the air--sea /COz gradicnt OVCT the last two decadcs 
of -0.4patmyr - I .  And, fourthly. using a con- 
ceptual advective model Anderson and Olsen 
(2002) find that the region north oi' 50'N in the 
North Atlantic Ocean is likely a source oE 
anthropogenic C02,  which also implies that 
,fCOT incrcascs at it higher rate than JCO$'" in 
this region. 

The data uscd in the present paper have also 
bcen checked for any long-term trend in surfacc 
ocean f C 0 2 ,  This was carried out by comparing 
thc incan of the.fr@: data from the 1982 Hudson 
cruisc with the mean of thc ,KO2 data from the 
othcl- cruises (covering thc timc spun 1993-15198, 
see Table 1). For comparison. selection of 1982 
data was limited IO those measurements which lay 
within a distance or 2" x 2" from any of thc 1993-- 
I998 d a h  und vice versa. The,fr;-'02 values were 
normalised to 5°C according to the iso-chemical 
tcmperature dependency of Takahashi ct :{I. 
(1993). 6 InJ'CO?/GT = 4.23% 'C- I ,  in order to 
account foI  temperature effccts. ' [he mean of' thc 
19x2 data was 332 patm, whereas thc mcm of the 
1993 1998 data was 367 patrn. This rough analysis 
also indicates an increase in northern North 
Atlantic surface ocean fC0:. 

Tn light of thesc resutts, it wouId perhaps be 
natural lo assume that northcm North Atlantic 
surl'acc occan j C 0 2  has increased at a greater rate 
than the atmospheric fro2. However. considering 
the uncertainly of the quotcd lindings. the 
relatively smnll decrease of the air-sea gradient, 

and the potential but complercly unknown inter- 
annual variations of this decreasc. fie assume in 
the following that northern North Atlantic surface 
seawatcr j C 0 2  tracks the atmosphcric fCOl 
increase. 

Thus. any  iiitcranriual variability ul' /COY is 
assumed to be superimposed on  a stmdy increase 
tracking that OF the atmosphere, which implies 
that lherc i s  no anthropogenic compclnenl 
in the interannual variability of AfC'Oz. Tt is 
therefore possible to use the atmospheric lcvcl 
from one year when estimating thc air- scii fluxes in 
the present study, provided the fro% fields are 
CaIculated from a -SST rclatlonship that 
reflects thc conditions during the samc year. 
Hence. to allow the 199s level of atmospheric 
COl to be used in the flux calculations. measured 
jC0;" data were normaliscd to the year 1995 
creating #CO&. by assuming an increase of 
1.4 patm yr- 

Thc jCO& data i b e x  normaliscd to 5°C 
according to Takahashi c i  ai. (1993), in order to 
rcmovc the thermodynamic effect on #VO;w. By 
this operation the variable henceforth rclcrred to 

Thc relationship betwccn jCO& and SST is 
depicrcd in Fig. 2 .  Despite the substantia1 spatial 
and temporal spread of the source data, the 
relation falls close to a straight line with a slope 
of - 11.2 (I" =- 0.96), which is consistent with thc 
findings or Huud ct aI .  (1Y99) in the Grcenland 
Sea. Howevcr. some nonlinearity was evidcnt anti 
H cubic relation round by least squares rcgrcssion 
gave an improved fit: 

;IS ,fTO:?t>j was obtained. 

#CO~&,,, = 39 I. 13 -- 8.7 f SST - 0.36SST' 

-t- 0.01 lSST-' [!I = 15154, I" = 0.971. 

The scatter around the estimated regression linc 
increases ar temperatures below 5 ' C .  For one 
thing this rcflcctc the larger amount of data at low 
temperatures, hut it also highlights the dynamical 
naturc or the northern areas where these data 
wcre acquired. We iden til; l i  kcly processes to bc: 
events OK intense heat loss w u m g  decreasing 
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I ig .  2. Relationship hctwecn #COYq3 and SST. The grey line shows the cubic fit to the data. 

tctnperaturcs with the following gas exchange 
occurring at  different rates; ice edge upwelling; 
and inlluence of high-alkalinity Arctic Watcrs. 
However, thc spatial and temporal extent of these 
processcs appear limited as the long-term and 
large-scale trend is  strnng over the whole range of 
SSTs. Excluding groups ol' data that were sub- 
stantially offset from the regression linc did not 
change the fit to any significant extent. 

Monthly fieids of flL'O;\, were calculated by 
applying Eq. (1) on monthly fields of  SST with a 
I" x 1-  resolution. The SST fields were derived 
from ship, buoy, and bias corrected satetlitc data 
by the Rcynulds and Smith (1994) analysis: and 
were obtained from the IRULDEO Climate Data 
Library at http:ilinetid.ld~o.columbi;i.edu: . Fields 
ofjCOyb5 were converted to the in situ tempera- 
ture according to Takahashi ct al. (1993), giving 
monthly ficlds orjtO;:&. 

Thc calculations yield 21 set of f 19 fields of the 
monthly distribution orjCO:%' normalised to the 
year 1005. The fields cover the winter month5 
October through March, in the time period 
November 1981 until March 2001. These fields 
were used in the calculation of the air- -sea CO: flux 
fields to be described in Section 2.3. 

The computed fields mcrc comprtred with the 
measured .fro;" data. This was carried out by 
first bin avcraging the measured ,fCO;'" values 
normalised tn 1995 intu boxes of size 
1 x 1" x month, i.c. thc same grid resolution as 
the fields estimated above. The difference between 
the computed and bin averaged value in each 
of the boxes containing any measurements was 
then cdkulated. Latitudinally averaged differences 
and their standard deviations arc dcpicted in 
Fig 3 .  Evidently. thc estimated fields reproduce 
the large-scale #COiytj5 distribution quite well, 
as the offset is generally within & I O  Fatm. There 
is however a substantial incrcasc in both the 
offset and the spread north of 70"N. At 
71.5"N, this 1s due to the group of data that is 
complctely decoupled from SST at -a3C. left 
uncxplaincd in the paper dcscri bins these 
(Hood ct d., 1999). Furthermore. the increased 
variability over the whole region north of 7WN 
is due to data from close to the ice edge. 
illustrating that a simple ,fCO:"- SST d a t i o n -  
ship hils to reproduce the j C O y  distribution in 
such re&' 1ion.s. 
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Fig, 3. DiI'4trenue betwecii rneawrcd ,jCOy valucs. iinrmalised to I 9 9  and hili iiveraged intu boxes of size I' x 1" x month. anti 
vnluc~ csliinuttri lroin Eq. (1). 'Thc diffcrcnccs have hteu  averaged along each latitude. The crrur bars :ire ihr standard deviation for 
each average value. 

The air-sea flux was calculated according to 

F = KokCfCO;"" - j 'CO~") ,  (2) 

where KO is the solubility, k is the transfer velocity 
for air-sea C 0 2  exchangc, and ,#CO;w and ./COitnl 
are the sea surface and atmospheric ,/C02. 
Solubility was calculat-ed according to Weiss 
(1974), from thc samc SST fields that were 
employcd t o  compute the ,fCO:7qs lields. The 
transfer vcloci ty was calculated from thc Wannin- 
khof' (1997,) relationship for long-term avcragcd 
winds and monthly fields of wind speed at lorn 
abovc the sea surface. The monthly wind speed 
fields werc coniputcd from fields of six hourly wind 
vectors from the NCEP,:'NCAR reanalysis project 
(Kalnay et ai., lVh5). The reunaly5is data were 
providcd by the NOAA-CI RES Climate Diagnos- 
tics Ccntcr, Boulder, CO, USA,  from their web site 
a t  h t t p: ;'ju~ww .cdc.noas . pi\{:'. Thew data were 
supplied on  a n  approximately 2.5' x 2.5" grid. 
and werc I-cgridded by a triangle-based cubic 
splinc interpolation to fit the 1 "  x 1' grid of the 
,fCOFY9j fields. 

Table 2 
Rcgressioii criefftcients for thc line X C Q  = a  x laiitude h. 
rlescribinp thc  latitudinal gradient 01' the illrnosphei-ic C:02 ii~olc 
fraction over thc northern N o d i  Atlantic in 1945 

Month ( I  h Y2 

Ociulxer 0.01 9 357.1 0.17 
Novem her 0.(145 359.5 0.70 
December 0.041 361 9 0.75 
January u.u71 358 4 0.78 
1;cbrunry 0.098 3 5 8 . 0  0.94 
March 0.107 358.4 0.40 

Data Tor the atmospheric mole fract~on or' CO1 
(XCO?) were made available by thc NOAA, 
CMDL Carbon Cycle Group flash; sampling 
programme. Munthl) mean balucs horn Zeppelin 
Mountain. Spitsbergen (?cl"N); Ocean Weather 
Station M, Norwegian Sea (66'N):  Macc Head. 
Ireland (53'N); and the Azores (39"N)- Tor each of 
the winter months (January-.March and October 
December) in 1995. were linearly regrcsscd to 

obtain thc lat~tudlnal gradient of XCO: in thc 
study arm. Thc regression coefficients arc pre- 
sented in Table 1. Longiludinal variations in 



XC:02 are assumed to be negligible. The pCOi71fm in 
each grid point was then calculated accordini to 

pco;lm = XCOZ@b -pH20), ( 3 )  

whcre pl, is the barometric pressure, and pH?O is 
Ihe water vapour pressure calculated from SST 
according to Cooper et al. { 1998). Gridded fields of 
sca Icvcl prcssurc (SLPJ wcrc used for p h .  These 
were obtained from che NOAA-CIRES Climate 
Diagnostics Center. Boulder, CO, USA, from their 
web site at http:, ,:'www.cdc.noaa.go\.,;, and origi- 
nalc from thc NCEPNCAR reanalysis project 
(Kalnay et &I.. I906). The SLP data were supplied 
on an approximately 2.5" x 2.5' grid and werc 
regridded by a triangle-based cubic spline inter- 
polation to fit the I '' x 1" grid of the,fCOyYjs fields. 

were converted to ,#C0zirn by assuming a 
0.3% decreasc from the pCO;t''' value (Weiss. 
1974), il procedure considered suniciently accurate 
for thc prcscnt purposc. 

The flux in ice covered regions was set to zero. 
These were identified by having a SST of -1.8"C 
Io tlowing Rcynolds iind Smith ( 1  994). 

The calculations yielded monthly fields of the 
air--sea CO, flux. ovcr the winter months October- 
March froin November 19x1 until March 2001. 

3. Results 

The maximum ,fCO;nqs values are found be- 
tween approximately 50'N and 60'N (Figs. M a ) .  
The \dues decrease moving northwards and 
westwards, reflecting the distribution of the 
warm North Atlantic Watcr. Thc decreasing 
#CO:?,, values at the southern limit or the study 
arca. moving into the North Atlantic Gyre. arc in 
accordance with the findings of Takabctshi ct d. 
( 1  945). There is l itt lt .  change in the fC05n\l,s fields 
between November and February (Fig. 4a vs. 
Fig. 5a), ii slight incrcasc in the southern parts and 
a slight decrease in thc Norwegian Atlantic 
Current reflecting coIder temperatures. The 
estimated interannual variability in fCO& i s  
small and generallq less than 4 1 % .  -3pittm 
(Figs. 3-Gc). The flux liclds (Figh. 4 hb) show that 
the most intense sink is in thc Grccnland Sea, 
where the air scil COz flux is on the order of 

10-2(3mmotm-'d-' Close to the ice edge the 
valucs drop, because of the averaging of values 
from ycars %hen the area was ice covered (i.c. no 
flux) and icc free. The weakest sink arca ih south of 
Tceland, where the Ilux ranges from below 2 up to 
4mmol W'd- ' .  This is because of low jC0;'"' 
valucs In that region as is evidcnt from Fig. 7 ,  
which shows as an cxample the mean distribution 
ofj?O?'" in February. The present study covers a 
time pcriod when the NAO was almost alnays in a 
positive phase, characterised by an intense Icelan- 
dic low-presswe cell which lcads to low atrno- 
spheric partial pressures of CO1 (through FA. (3)) ,  
ultiinately giving rise to the modest air-sea COz 
flux that we observe in that region. In the North 
Atlantic Current system, the Bux rangcs from 
about 2 to 6mmoIm-'d I, and to the south, in 
the North Atlantic Gyre. the flux is on the order of 
4-8 mmol rn- d--' The mcan air-sea flux is higher 
in February than in November. This seuson:tl 
signal is mainlq R result of higher atmospheric 
concentrations of CO1 in Febrirary than in 
Novembcr (Tahlc 2). 

The interannual variability of the monthly air- 
sea C 0 2  flux (Figa. 4d and 5d) is substantial over 
the whole area in both February and November. 
The vuriabiiity is largest close to the icc cdgc. 
reaching &lC)O'l/n. and is due to intorannual 
differences in arcal st.a ice extent. There arc also 
substantial variations in the Iriniiigci* Sca and to 
the cast, south of Iceland. The air-sea C02 flux is 
rathcr I O N  in this region; thcrcrorc, cvcn small 
changes will result in a large rclative variability. 
which is what we prchcnt in our figures. Further 
south and in thc North Atlantic Current system 
the interannual variability is in the range of 2 N b  
to &40°h. The interannual variability appears 
slightly larger in February than in Novcmber. The 
interannual variability is in the range of -1- 10'/0 lo 
& 20% when average vdircs from the whole winter 
season are considcred (Fig. hd). This show$ that 
the bariations in thc individual months arc 
partially averaged out over the winter season. 

fields 
i s  smal1. and the large interannual variability in the 
monthly fluxcb niusr thcrefore be due to thc other 
factors that determine the flux. mainly wind speed 
and f U 3 ; l r n .  To identify the processes that control 

The interannual variability of the 
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Fig. 4. (a.bl Medii  distribuliou O~',KO?:~,< (in palm) :ind air-sea COz flux (in tnmtil m-'J - ' I  in November (c.d) Interaniiual standard 
deviation offCO;*qs and air scii CO? flm in November. expressed as per cent ofthc mean vnluc The dnshcd linc is the nleiii l  ice border 
in Nowinher, dcfincd aftcr Kzymlds and Smith ( I Y Y 4 ) .  

the interannual variations or a ~ r  sea C 0 2  ex- 
change, thc air-sea C'O? flux fields and their 
interannual variability WCIT computcd i i s  described 
above. However. this time a11 parameters Mere 
kept constant at their inean value in each grid 
point. except Tor pither fCO& fC0:'"'. or wind 
speed which w e i ~ ,  onc at a time, allowed to 
vary a b  in the original computations. The results 
for the month of February are reproduced in 
Fys. X ( a )  -(c). which show the interannual stan- 
dard deviation in thc air sea CO, flux fields caused 
by variations in fVO&. f1304"" or  wind speed. 
Additinnally, since both wind speed and jC0;"'' 

depend on the SLP distribution and will tend to 
co-bal-y, the fluxes were computed varying both of 
these whilst holding the other paramekrs constant 
at I l m r  mean n l u e .  The result for the month o f  
February is reproduced in Fig. Xd. Thc ice border 
was held constant ar 11s mean valuc and the 
bariahitirq close to the ice edge is not present in 
thew fieMs. 

Variations in the air-sea CO: flux caused by 
changes in ,fCOyJv, only are generaHy quitc mal l ,  
less than 1- 10% (Fig. Sa). Only in the northern 
reaches ol'tlic study arca and around Iceland does 
fcO& variability change the flux signilicantly. 
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Fig. 5 .  Same I;ig. 4. but for the munth 01' Fehruary. 

up to around -470%. which i h  still less than 
observed whcn all parameters were varied simul- 
taneously (F'ig. 5d). Both jC0:'"' and wind speed 
variations (Figs. Sb arid c )  can on their on'n give 
rise to air--sea COz flux changes that are compar- 
able to those observed wltcri all parameters were 
varied simultaneously (Fig. 5d). But, it is only 
when ,JCO!t''' and wind spccd are vaned simulta- 
ncously (Fig. Sd) that both thc magnitude and 
spatial distribution of the interannuul {lux varia- 
tions observed in Fig. 5d are reproduced. Inter- 
annual variations in the air-sea COZ flux in the 
northern North Atlantic i i p p ~ ~ ~  thus to be 
controlled mainly through the combined action 
of fC0;''" and wind speed roruing. The only 

exception is just to the south of Iceland. where 
air-sea CO: flux variability appcars to rely 
primarily on changes in ,jCO:trn only  IS. 8h). 

Changes in the NAO index are in essence a 
measure ol' changes in thc SLP distribution and 
therefore wind spccd over the northern North 
Atlantic. Positive NAO states arc associated with 
an almost regional lowering of SLP relative to 

occurring over the lrminger Sea (C'a)an. 1992). 
Furthermore. as the NAO index becomc:, more 
positive, wind speeds increase OVCT the whole 
rcgion. The most signiiicant increase occurs soitth 
nf the low-pressure centre, across the North 
Atlantic between 50"N and 65'N (Cayan, 1992). 

negative NAO states, with the largest deprc. 'FJOIlS ' 
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Fig. 7 .  Mcan distnbutiun of,frOi"" ( ~ n  piitm) in r ,ebruay. 

which is the southern part of the present study 
area. Thcrehjre, an increase in thc NAO index a i l 1  
on one hand act to  decrease the air sea COz flux 
through dccreased /cot'" caused by lower SLP 
(Eq. (3)). whilst on the other it wilI act to increase 
the flux through increased wind speed. Thus. thc 
correlation cockient between thc monthly NAO 
indcx as defined b y  Jones et al. ( I9971 and the 
monthly flux anomaly in each grid point (Fig. 'I) 
doc5 not only show the extent to which thc air-sea 
C02 exchange is inilucnced by the NAO. It also 
provides inronnation. through i t s  sign, on whether 
the inffriencc is through wind spced variability or 
fC0~'"' variations. The correlation coefficients arc 
positive west of the British Isles between approxi- 
mately 4S'N and W N ,  and read1 up to between 



Fig. 8 .  lnkrannual shnrlartl devialiun uf ( h e  air- sea COz flux due to,/C0& (a).JCO~'" (b), and wind speed (c )  vitriations In thc  
munth ul' February. (<I) liilcranniial stiindiird cle\'iatinn 01- the Rux cnmputcd when hoth ,KO:'"' and wind speed wcrc varied. The 
Etandard deviation IS exprussed as  pcr cmt of thc incan v:iIuc. 

0.5 and 0.6. Hcrc thcrdore, thc flux of CO- into . 
the occan tends to increase as the NAO index 
increases, follotving incrcascd S U d d C C  wind spccds. 
Correlation coefficients are negative. reaching 
down to -0.4 in the Irrninger Sea and to thc east, 
south of Iceland. Here, the air-sea C 0 2  flux tcnds 
to decrease as the NAO index increases. An 
increase in the NAO indcx irnplics dccrcascd SLP 
and therefore. as fC0.i'" decreases so does the air 
sea COz flux. Finally, in thc Nordic Scas corrula- 
tiori coefficients are hq and l a i y  quitc low so the 
air-sea CO1 flux in this region does not respond to 
changes in the state of the NAO index. The on ly  
exception is just to the north of the Denmark 

Strait, a region that cxpericnccs significantly high- 
er wind speed as the NAO index increases (K\\\.ol, 
and  Rothrock, 1999). 

l'ahlc 3 suinrnarises the net exchange d' COZ 
intcgratcd over the region as defined in Section 2,  
and its interannual variabilitj. VaIucs are given for 
each month and for the whole winter season. The 
net uptake over winter in thc region is normally 
around 81.9 x 10"g C, or  0.01 Gtnn. Interannuid 
variability between winters is in the range of 

5.5 x 10"g C, corresponding to approximatety 
*7%. But the difference between t w o  winters can 
bc up to 4 times larger. whcn maximum and 
minimum vdues are comparcd. 
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During the ~ndividual months the mean net 
uptakc i s  about 9-15 x 10"g C, with an inter- 
annual variability in the range of f 1-2 x 1O"g C 
or about k 8% to f 13O/;1. The differencc bcrwecn 
2 years can hc up to 6.5 x 10l2 g C when maximum 
and minimum values in  individual months are 
compared. 

4. Discussion 

The present estirnatcs or the air sea CO? flux are 
comparable with previous estirnules. Hood et ai. 
{ 1999) obtained a flux of about 8-16mmol M-' d - '  
during winter season in the Greedand Sea using 
the W'anninkhof f 1892) transfcr velocity cyuation. 
SkjeIvnn et a]. (1990) estimated fluxes on the order 
of 20mmolm-'d--' in the Grcenland Sea and 
bmrnolm-'d in the Norwpian Atlantic Cur- 

Fig. 9. C'orrelation cocfficient ( r )  between the  monlhlg NAO 
uidcx and air-scfi CO2 flux ;Int)maly 

Tent. The consistency between these regional 
estimates and our rcsults lends confidence to our 
method. 

Our flux estimates have not been cornpared with 
those of Takahashi c (  al. (2002) because of the 
diffcrent schemes used to prqiect thc data oritv a 
single ycrtr. Takahaski et al. (2002) assume Lhat 
there is n o  anthropogenic increase in North 
Atlantic and applies therefore no correc- 
tion when projecting jC0;-  data coilected ovcr 
several years onto the single year 1995. We. on the 
othcr hand. assumc that #cwzw increases at thc 
samc rate as the atmosphere, and applies this 
correction when prodelecting fCOy data onto fW5. 
Thus evidently, while thc Takahashi fluxes wi11 
have a substantial antlirnpogenrc component (see 
also bclow), ours have none. and tlic estimates 
should not  be compared. 

The estiinatcd interannual variability of the air 
scn COz flux was dependent on thc timc and length 
scale uscd. The interannual variability in the whole 
area was estimated to he less than f 7 %  for the 
air-sea flux surnmariscd over the winter season 
(Table 3), and i t  was slightly larger when 
individual months were compared, *8% to 
.S I3%. On the other hand, on a monthly time 
scale thc interannual standard deviation fields 
rcvealed interannual variations up to 5 100% in 
arcas inff uenced by the prescncc of sea-ice and 
south ol' Tccland. But variations wcrc norrnully in 
the range of &20% to +40%. depcndiiig on the 
region (Figs. 4d and 5d). Additionally the fields 
confirm the time-scale dependencc. as interannual 
variability dccrcascd to hetween f 10°h and 
- +20% when values akcrapd over the winter 
bcason (Fig. hd) were compared. As expected. 
interannual variability tends to be reduced when 
valucs integrated over long tirnc inlervais and large 

Table 7 
Lstirnetcd A i r  ceii CO? Ilus in 10"; C' in  thc northern N o r i h  Atlantic, nod its interannual variiihility 

Octohcr N'oveidxr  Dcccmhcr Jmua1-l: Idxwwv March Winter 

Mean 4.24 12.3 15.2 14.5 15.2 15.2 81.9 
S.D. 0.82 I .2 I .j 1 . K  I .7 1 .b 5.6 
Max. 10.4 14.9 17.9 18.4 17.9 17.8 91.3 
Min. 7 98 0.85 12.1 11.8 I 1 . X  11.7 71.9 



areas are cornpared, and estimates of seasonal and 
regional intcrannuaf variability based 011 compar- 
ison of "snap-shot" measurements us in Skjclwn 
et aI. (1999) ure most likcly overestimates. 

The intcrannual variations in the air--sea CO? 
flux were related mainly to variability nf the 
atmospheric forcing parameters ,fU3;t'1' and wind 
specd (Fig. S ) ,  and thc interannual w-iahifity of 
.~I?,O;?~, as calculntcd Tiom SST was only about 

(Figs. 4-hc). The interannual SST changes 
in thc rcgion arc small. about *0.5- I "C (Lciitus 
et al., W I O ) ;  thercfore, any conceivable change in 
the  slopc of Eq. ( I )  will not change the magnitudc 
of the interannual variations in ,fCO;wq5. 

Air-sea COz exchange proved sensitive to NAO 
variations mainly in two regions: south of Iceland: 
wherc the flux decreascs following incrcasing NAO 
indcx; and west of thc British I s h ,  whcrc the flux 
tcnds to incrcasc aa the NAO index increases. 
These are the regions wherl: there is greatest 
association berwccn thc NAO index and thc SLP 
and wind spccd variations (Cayun, 1992). Sonic 
response was also evident north of the Denmark 
Strait, but elsewhere correlation coefficients were 
rather low Thus, the atmospheric variations 
causing t h t  interannual flux variations in these 
regions are not intimately linked with the NAO 
index. Ncvertheless. when the air-  sca CIC), flux 
integrated over the whole region and over each 
winter were compared with the classical winter 
(DJFM) NAO indcx. a tcndcncy, for increasing 
COz flux in to  the occm with incrcusing NAO 
index was icicntiticci (2 x  IO"^ c o w r  winter pcl- 
unit change of the NAO index, r = 0.49, p value 
0.03). Most of this positive rcsponsc o f  the air--sea 
C02 Bux to NAO index changes can be attributed 
to the increased uptake in the large rcgion west 0 1  
the British Tsles through incrcascd wind speeds as 
the NAO index increases. The highly variable 
rcgion south ol' Tccland i s  ol' little irnportancc 
bccairse of' its comparntivcly smdl area and low 
mean air-sea CO? flux. 

We identify three potential sources of error that 
may have led us to underestimate the interannual 
variability of the air-sea co, flux. ( 1 )  negligence 
or interannual variations in the atmospheric .KO2 
incrcasc, ( 2 )  thc assumption rhat the occan j C 0 2  
increases at the same rate as the atrnosphericfC02, 

i 

and (3) potential inability of a constant SST-jCO? 
relationship i o  reproduce the true interannual 
variations or ocean ,fuO,. First, the interannual 
variability of thc atmospheric fro, increase has 
not bccn considcrcd in this work. A constant 
growth r i m  of atnirisphcric fC02 of 1.4 patm yr  - '  
was assumed, whereas the truc rate has baried 
between the extreme values of 0 2 and 
3 .2  patm yr-', being Typically between I and 
2 p t r n  yr ' (CMDt. 2002) ovcr thc time period 
of our calculations. The typical variation in the 
atmospheric growth rate is thus lcsa than the 
variation in occanjr0,  that was computed for thc 
open-ocean regions in the northern North Atlantic 
(Figs. 4-6c). Given this. and given that the year to 
year changes in open-ocan,fC02 did not generally 
cause any significant interannual flux variations 
(Fig. h), the use of a constant atmospheric ,ftO:! 
growth rate has only introduced a small error in 
our estimate of interannual air sca CO? flux 
variability. 

Secondly, the assumption that surface ocean 
fCO2 increases at thc ~ltrnc rate as the atmospheric 
jC0 :  can be questioncd. A s  was discussed in 
Scction 2.1 the air-sea f C 0 2  gradient in the region 
may be increasing because of upwelling 01' dcep 
water that has not hccn cxposed to the present 
atinosphcro (Takahashi et dl.. 1997), or it may hu 
decreasing as is indicated by model calculations 
(Anderson and OIscn, 2002) and ocean data 
(Roson et al., 2003: Lehrre et al., 2003). To assess 
thc likely changes in the air-sea flux that can be 
induced by a steadily increasing air-sea .#CO, 
gradient, the air-hca flux into the present study 
arua was computcd for an increasing atmospherc 
ocean gradient of 1.4 patrn yr I ,  ihllowing the "full 
corrcction" assumption of Takahashi et al. ( I  997 1. 
This yielded a steady increase in the wintci*tirnc 
ocean uptake of  7 x 10" E C yr-'. which i s  slightly 
larger than the natural variability between w,inters. 
k5.5 x 10l'gC (Table 3). And d' course, a 
decreasing air sea Fradient of I .4 patm yr-'. 
more than three times the value found by Lefevrc 
et al. (3003), will yield a steady decrease in the f lux 
of 7 x 1O"g C y r  ' _  

Thirdly as pointed ou t  above, use of a constant 
relationship between and SST to com- 
pute #CO& fields will incvitably predict low 
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intcrannual variation, because of thc rclalivcly 
small interannual changes of SST in the region. 
Howcver, thc1.e may bc interannuai changes in the 
relationship bctwcon SST and so that the 
use of a constant rc la thship over the years may 
have led to the undcrcstimation of the interannual 
variability of fCOyll:. Changes in thc SST - 
#COFq~ relationship may he caused by the 
increased transfer of atmospheric C:02  IO tlic 
ocean in periods of persistently higher wind spccds 
and vice vcrsa. Also. the assumption of corre- 
spondence bc twccn jCOyTqs and SST changes 
during mixing may not  be valid, and interannual 
changes in the fCO;",5--SST relationship can be 
brought about by changes in the mixing dcplh 
cxpcctcd from changes in wind speed. As o f  now, 
with no othcr data available, we take the 
uncertainty in the j U ) ? T q 5  fields of f IOpitm 
(Scction 2.3) as ;1 inertsure ol' thc maximum 
likely interann ual variations in the large-scale 
,fCOy?9s distribution in the area, since this un- 
certainty more or less reflects deviations from an 
cstimated mean d u e  in each grid point. Sensiliv- 
i ty calculations, carried out by detc~mining the 
air -,sea ilux a s  a function of,fCO$ using data h m  
selected grid points. showed that the effect of such 
potential variations of ,fCOy on thc flux is of 
rnagnitudc similar to the computed interannual 
flux variations. For one thing this observation 
highlights thc need for il bettcr assessment of 
marine C02 variability at different length and timc 
scales to allow more robust estimates of' inter- 
annual vuriations in the air sea C 0 2  flux. But i t  
also implies, R S  we wouId like to empliasise here, 
that interannual variations in atmospheric rorcing 
are at least as important as variations in,/COm in 
determining inteIannua1 variability in the winter- 
time ocean uptnkc or C02 in the northern North 
Atlantic region. Estimates Kor thc globai oceans 
have shown that variability in wind forcing 
accounts for approximakIy 10% or thc interannual 
variations in the airsea COz transrcl- (Lce et al.: 
1998). The present rcsults show that there may be 
substantial regional deviations horn this number. 

Finally, we note that the atmospheric circula- 
tion over the North Atlantic may lock into B 
positive NhO mode following global warming 
(ShittdeH et 31.. 1999). Neglccting changes in water 

column chemistry. our results show that this will 
Icad to enhanced wintertime air to sea CO? 
transrcr into the northern North Atiantic. Addi- 
tionally. the expected decrease in sea ice cover 
extent (Vinnikov cl a].. 1999) will also enhance the 
flux into the region. 
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