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ABSTRACT

The f CO2 in the Greenland and Norwegian Seas surface water varied significantly during the
period from 1995 to 1997. Comparison of f CO2 data from winter 1995 with data from winter
1997 showed that sea surface f CO2 decreased between these winters by 20 to 30 matm in the
central Greenland Sea, and the potential CO2 uptake during the winters of 1995 and 1997 was
3.9Ω10−3 Gt C month−1 and 5.9Ω10−3 Gt C month−1 (based on Wanninkhof ’s relationship for
the gas transfer coefficient), respectively. This difference in CO2 fluxes can be attributed to
lower sea surface temperatures and more extensive sea ice cover in 1997, and these observations
were related to increased convection in the Greenland Sea during winter 1997. Larger amplitudes
in the seasonal variations of CO2 flux were also seen during the other seasons in the period
1996–97, compared to 1995. Over the years of investigation in the Greenland Sea, the carbon
flux showed an increasing trend of 9Ω10−4 Gt C yr−1 into the ocean, which may be related
to the anthropogenic input of carbon to the atmosphere. The Greenland and Norwegian
Seas appear to be sinks for atmospheric CO2 and together absorb approximately
0.12±0.015 Gt C yr−1.

1. Introduction the transport of carbon from the surface water to
depth. In this respect, the Nordic Seas, are of
particular importance, because this area is highlyThe anthropogenic release of carbon from fossil-
dynamic, in terms of surface mixed layer vari-fuel burning and tropical deforestation between
ations, wind stress and water circulation. In the1980 to 1989 was approximately 7.0±1.1 Gt
Greenland Sea, low sea surface temperatures andC yr−1, (Siegenthaler and Sarmiento, 1993), and
sea ice formation increase the water density, andthis CO2 has been distributed between the atmo-
the resulting winter convection periodically pro-spheric, oceanic and terrestrial reservoirs.
duces deep water. In this convection process, CO2Considerable effort has been put into determining
is drawn down to greater depths, thereby isolatingthe annual oceanic CO2 uptake, and model results
the carbon from further contact with the atmo-give an estimate of 2 Gt C yr−1 (Siegenthaler and
sphere, and this removing of carbon from the seaSarmiento, 1993), which corresponds to an annual
surface may also induce further CO2 uptake fromincrease in total inorganic carbon, CT , in surface
the atmosphere.water of 1–2 mmol kg−1.

The deep water flux is variable, and for theEssential for the carbon uptake in the ocean is
period 1980–94 a relatively low rate of deep water
formation was observed (Bönisch et al., 1997),
corresponding to the low North Atlantic* Corresponding author.

E-mail: ingunn.skjelvan@smr.uib.no Oscillation Index in this period (Dickson et al.
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1996). However, during 1996 and 1997, the rate of mostly dependent upon the wind speed. A lot of
effort has been put into identifying the relationshipdeep-water formation appeared to increase again,

an observation supported by a recent SF6 tracer between wind speed, v, and the gas transfer coeffi-

cient, and two of the most common relation-release experiment in the Greenland Sea
(A. Watson, personal communication). In this ships are: E[CO2 mol m−2 yr−1 matm−1]=0.0083

(v−3.39), for 3.6∏13 m s−1 (Liss and Merlivat,paper, we present carbon partial pressure data from

these waters during these two periods of time, 1986), and E=0.00113v2 (Wanninkhof, 1992). The
two relationships use different approaches to timeproviding valuable insight about the relationship

between the carbon cycle and deep water formation. averaging the wind speed. Liss and Merlivat

(L&M) use wind speeds averaged over a few days,The CO2 transfer between the atmosphere and
the ocean is driven by the difference in the partial while Wanninkhof ’s equation (W) is based on

long-term average wind speeds. The first relation-pressure of CO2 between the two reservoirs,

DpCO2=pCO2 (SW)−pCO2 (air), and pCO2 is ship appears to give fluxes that are half the size
of the latter. In our case, we used 2–3 month winddefined as
speed averages and so, have chosen to use the gas

pCO2 (g)=
[CO*2 (aq)]

K
, (1) transfer relationship from Wanninkhof (1992).

Because wind speeds are highly variable in the
(DOE, 1994), where pCO2 expresses the CO2 Nordic Seas, particularly during the winter season,
pressure in the gas phase just above sea surface, and the relationship between wind speed and gas
CO*2 (aq) expresses the sum of CO2 and carbonic transfer rate is non-linear, the fluxes calculated
acid, H2CO3 in surface water, and K denotes the here are minimum estimates.
temperature- and salinity-dependent solubility of

CO2 in seawater, known as Henry’s law constant
(Weiss, 1974). The oceanic pCO2 is much more 2. Methods
variable both spatially and temporally than the
atmosphere. Correcting pCO2 for the non-ideal The cruises from 1995 to 1997 (in addition to
nature of the CO2 gas gives the fugacity one from 1993) are listed in Table 1 and shown in

Fig. 1. This study was primarily focused on thef (CO2 )=x(CO2 )p Greenland Sea, with a total area of 0.81Ω106 km2
(Simonsen and Haugan, 1996), and our coverage×exp AP P

0

(V (CO2 )−RT /p∞ dp∞
RT B , (2)

of the Norwegian Sea (1.39Ω106 km2 ) was less
comprehensive.

(DOE, 1994), where x(CO2 ) is the mole fraction
To fully describe the inorganic CO2 system

of CO2 in gas phase. Under the conditions encoun-
during these cruises, we determined total dissolved

tered in the oceans, fCO2 differs from pCO2 by
inorganic carbon, CT ; total alkalinity, AT ; and fCO2 ;less than 0.5%. If the difference in fugacity between
(DOE, 1994; Dickson, 1981) in addition to hydro-

the air and sea surface, Df CO2 , is negative, the
graphic data and nitrate. Our sampling techniques

ocean represents a sink of CO2 . The flux of CO2 follow the WOCE manual (WOCE, 1994), and for
between the two reservoirs is related to DfCO2 , a closer description of the equipment, sampling
and this flux per unit area can be represented as

and analyses during 1995 see Miller et al. (in press).
FCO
2

=V
p
KD fCO2=ED fCO2 (3) Discrete samples were collected for CT , AT ,

nitrate, and salinity, while an uncontaminated(Tans et al., 1990), where V
p

is the piston velocity
continuous seawater stream, drawn from 4–5 mand E is the gas transfer coefficient. For a grid
depth, supplied the fCO2 analyser. For CT andbox of area A, the total flux is given by
AT measurements, seawater was collected in

FCO
2

=AEDfCO2 (4) 250 ml glass bottles, the former samples were

poisoned with 0.02%, by volume, of a saturated(Takahashi et al., 1997). The piston velocity
depends on both wind speed and temperature, but HgCl2 solution, and the samples were stored cold

and in the dark for a few hours up to a few daysas a simplification, the temperature dependence in

V
p

and K nearly counteract each other, and the before analysis at room temperature (20°C).
Samples for nitrate were collected in plastic vials,gas transfer coefficient is generally assumed to be
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Table 1. Cruises from 1993 to 1997

Cruise Mixed layer
id. Vessel Month Year Area f CO2 CT/AT depth

Sum93 Johan Hjort July–Aug. 1993 GS, NS × yes 10 m
Win95 Håkon Mosby Feb.–March 1995 GS, NS yes yes 100 m
Spr95 Johan Hjort May 1995 GS, NS yes yes 20 m
Sum95 Håkon Mosby July–Aug. 1995 NS yes × ×
Fall95 Johan Hjort Nov. 1995 GS, NS yes yes 20 m
Sum96 James C. Ross July–Aug. 1996 GS, NS yes yes 10 m
Fall96 Håkon Mosby Nov.–Dec. 1996 GS yes yes 20 m
Win97 Håkon Mosby Feb.–March 1997 GS, NS yes yes 100 m
Spr97 Johan Hjort May 1997 GS, NS yes × 20 m

Fugacity of CO2 , f CO2 is measured both in the surface water and atmosphere; CT is the total dissolved inorganic
carbon; and AT is the total alkalinity in seawater. GS denotes the Greenland Sea, and NS is the Norwegian Sea.
× means not measured.

stored at 4°C without preservatives and analysed ards were corrected to 100% humidity, and the

data were corrected for temperature differenceswithin 24 hours for the Sum96 and Spr97 cruises.
For the two cruises in between (Fall96 and Win97), (0.3–3°C) between the incoming seawater and the

water in the equilibration cylinder (Takahashinitrate samples were collected and frozen, still
without preservatives, and analysed respectively 5 et al., 1993). NOAA/CMDL of Boulder, USA,

provided us with WMO certified gas standards,and 2 months after the cruises.

T otal alkalinity, AT , was determined on the and the values of secondary standards were
derived from intercalibration with the NOAAcruises from 1996 to 1997 using a rapid, open,

potentiometric titration (Haraldsson et al., 1997). primary standards. The fCO2 measurements had

a precision of 1–2 matm. Intercalibration tests haveThe precision, obtained from replicate analysis of
the samples, was 1.5–2.5 mmol kg−1. Certified ref- been carried out at sea and in laboratories, and

the measurements were within 1–2 matm betweenerence material (CRM) supplied by A. Dickson at

Scripps Institution of Oceanography, USA, was different systems. The largest differences between
results from different groups were not due to theused to determine the accuracy, which for AT was

1–2 mmol kg−1. T otal carbon, CT , was determined analytical technique used, but mainly due to

different methods of calculating f CO2 .using gas extraction from acidified seawater
samples, followed by coulometric titration with In addition to direct f CO2 measurements, we

have calculated fCO2 from total CT and AT data,photometric detection (Johnson et al., 1985, 1987).

The precision was 1.5–2.5 mmol kg−1, and the using the carbon species calculation program
developed by Lewis and Wallace (1998), with theaccuracy, based on CRM measurements, was

2.5 mmol kg−1. Analyses of nitrate were performed following settings, as recommended by the authors:

CO2 constants from Roy et al. (1993), total pHusing standard methods with autoanalysers and
photometric detection (Grasshoff et al., 1983), and scale, and dissociation constant for KSO−4 from

Dickson (1990). The salinity, CT , and AT datathe precision was 0.1 mmol kg−1 for nitrate.

Underway fCO2 measurements (measured while used were from the mixed layer (see Table 1) at
discrete stations. A comparison between the meas-the vessel is moving) were based on infra-red

analysis of CO2 in a gas sample equilibrated with ured and calculated f CO2 in the surface ocean is

shown in Fig. 2.seawater (Cooper et al., 1998). The CO2 gas was
not dried prior to detection, which gave us the

advantage of measuring fugacity directly.
Therefore, all f CO2 values shown in figures and 3. Results
tables are at 100% humidity. The fCO2 instru-

ment was kept calibrated against three secondary Our data can be divided into two time periods;
the first covers the whole year of 1995standards (CO2 in synthetic air). These dry stand-
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Fig. 1. The Nordic Seas surrounded by Greenland in the upper left corner and Norway in the lower right corner.
Cruise tracks from A; summer 1993, B; winter 1995, C; spring 1995, D; summer 1995, E; fall 1995, F; summer 1996,
G; fall 1996, H; winter 1997, and I; spring 1997 are shown.

(Johannessen et al., 1996), and the second is the was quite patchy until it stabilised at low values

during summer. In the fall, a return to winterannual cycle starting in summer 1996 and ending
in spring 1997 (Table 1). For the 1995 summer situation was observed, caused by the general

breakdown of the thermocline and mixing withseason, our data set covered only the Norwegian

Sea, NS, and for representative summer f CO2 in deeper water just below the seasonal thermocline.
During our investigation, we were in the fieldthe Greenland Sea, GS, we used surface mixed

layer CT and AT data from summer 1993 to for short, representative periods of the year, and

our observations are brief snap-shots of the f CO2calculate f CO2 . This approximation rested on the
observation that there were no significant interan- in the sea surface and the atmosphere. The fluxes

introduced in the following paragraphs were calcu-nual variations in the GS during the years 1993
to 1995 (Miller et al., in press). lated from eq. (4) and Wanninkhof ’s relationship

for gas transfer coefficient (1992). Also, we haveIn general, during the winter season, sea surface

f CO2 values were relatively high, close to the estimated uncertainties in these fluxes, based on
standard deviations in the wind speed and theatmospheric values, and during the spring, fCO2
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Fig. 2. An example of the fit between measured sea surface f CO2 values, X, and calculated f CO2 values based on
measured AT and CT& (Sum96 cruise).

natural variability observed in the f CO2 measure- 1993. In general, f CO2 during spring was similar

to the winter values in the eastern part of the GS,ments, and these are shown in Table 2.
but the values differed in the western part, where
fCO2 was very patchy. This indicates that biolo-

3.1. W inter 1995 to fall 1995
gical production and the following drawdown of
CO2 had started in the west. This statement isFig. 3 shows sea surface temperature, SST, in

the GS during winter 1995, with relatively cold further confirmed by the nutrient data (F. Rey,

personal communication).water in the central GS surrounded by warmer
water to the south and east. In particular, the Fig. 5 shows the seasonal variability in f CO2 in

the NS. The seasonal change was occasionallywarm North Atlantic Current is clearly seen to

the east, and the colder Polar Surface Water larger than in the GS. During winter in the NS,
the sea surface f CO2 values were close to atmo-(PSW) is seen to the west. Between the areas

dominated by PSW and North Atlantic Surface spheric f CO2 values, and during the spring bloom,

we measured a drop in surface fCO2 of aboutWater (NASW), we find the Arctic Surface Water
(ASW), which is a mixing product of the two 35 matm. The seasonal change in temperature was

less than that observed in the GS.(Aagaard et al., 1985). Fig. 4 shows the seasonal

variability in air and sea f CO2 and in SST along The estimated seasonal air–sea CO2 fluxes in
the central GS and NS for 1995, are shown in75°N in 1995. Even within the same season fCO2

is considerably variable, particularly in spring. Table 2. For the central GS, the calculations are

based on data from 74.5–75.5°N, 5°W–3°E, andThroughout 1995, the partial pressure of CO2 in
the sea surface was lower than in the air. During for the NS, data from 64.5–70.5°N, 7°W–5°E was

used. Mean monthly wind speeds were based onthe winter, an underpressure of about 30 matm
was measured in the ocean surface, and summer pressure field data (Eide et al., 1985; Falck, 1993),

and these wind speeds were further averaged overf CO2 values were as low as 210 matm to the west

in the GS. Note that this latter value was based the time periods of the f CO2 data. Fluxes of CO2
varied from 0.40 mol CO2 m−2 month−1 duringon calculated ocean surface f CO2 from summer
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Table 2. Calculated air–sea CO
2

fluxes in the Greenland Sea (GS) and in the Norwegian Sea (NS)

Greenland Sea

Year/ Wind speed Mean Flux Flux
season (m s−1 ) D fCO2 (matm) mol CO2 (m−2 month−1 ) (Gt C month−1)

1995 winter 10.8 −36 −0.40 −0.0039±0.0010
1995 spring 8.2 −57 −0.36 −0.0035±0.0014
1993 summer 7.2 −109 −0.53 −0.0051±0.0017
1995 fall 11.2 −50 −0.59 −0.0057±0.0011
1996 summer 7.2 −82 −0.40 −0.0039±0.0013
1996 fall 11.2 −79 −0.92 −0.0090±0.0019
1997 winter 10.8 −55 −0.61 −0.0059±0.0019
1997 spring 8.2 −70 −0.44 −0.0043±0.0011

Norwegian Sea
1995 winter 10.8 −8 −0.091 −0.0015±0.0011
1995 spring 8.2 −52 −0.32 −0.0054±0.0024
1995 summer 7.2 −63 −0.30 −0.0051±0.0014
1995 fall 11.2 −23 −0.27 −0.0045±0.0014
1996 summer 7.2 −60 −0.29 −0.0049±0.0015
1997 winter 10.8 −12 −0.13 −0.0022±0.0020
1997 spring 8.2 −51 −0.32 −0.0053±0.0020

Fluxes in mol CO2 m−2 month−1 are based on data from 74.5–75.5°N, 5°W–3°E, and 64.5–70.5°N, 7°W–5°E, and
fluxes in Gt C month−1 are based on the total areas of the GS (0.81Ω106 km2) and NS (1.39Ω106 km2). The gas
transfer relationship from Wanninkhof (1992) was used. Negative signs denote fluxes into the ocean. The uncertainties
in the fluxes are estimated based on standard deviations in the wind speed and the natural variability observed in
the f CO

2
measurements.

winter to 0.53 mol CO2 m−2 month−1 during (1993), this change in temperature from winter to
summer corresponds to a potential increase in sur-summer. As can be seen in Table 2, the calculated

CO2 flux is more sensitive to changes in wind face fCO2 of about 130 matm. No such increase was
seen between these two seasons, but rather aspeed than to changes in DfCO2 , which is in line

with what we expected, due to the quadric of wind decrease in sea surface fCO2 of 90 matm, which

might reflect a strong biological activity in this areaspeed in Wanninkhof ’s (1992) equation.
during summer and an extensive drawdown of
fCO2 in the sea surface.

3.2. Summer 1996 to spring 1997
For the NS (Fig. 5) the observed change

between surface fCO2 in winter 1997 and summerDuring winter 1997 (Fig. 6), parts of the Nordic
Seas were distinctively colder than in winter 1995. 1996 was approximately −60 matm. Corres-

pondingly, the SST change was about 6°C, andIn Fig. 7, a strong seasonal change from summer
1996 to spring 1997 in sea surface fCO2 and SST the potential of biologically induced drawdown of

CO2 was approximately 140 matm. Table 2 showswas observed in the central GS, and there was also

a large variability within each season. In addition, the calculated air–sea CO2 flux for the different
seasons in the GS and the NS for the periodthere was a year-round underpressure of CO2 in the

sea surface of approximately −50 matm during 1996–97.

winter, and as low as −140 matm during the
summer season. Seasonal variations appeared to be

3.3. Comparison
large in the ASW, and decreased towards the east
in the NASW. There were also large seasonal vari- When we compare the two periods, 1995 and

1996–97, in the GS, an obvious difference isations in SST, with differences up to 10°C between

winter and summer in the eastern part of the GS. evident in the winter seasons. During winter 1997,
the sea surface fCO2 in the GS was 20–30 matmAccording to Skirrow (1975) and Takahashi et al.
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Fig. 3. Sea surface temperatures from winter 1995 in the Greenland and Norwegian Seas.

lower than in winter 1995. The majority of this during summer 1996, and a thin fresh water layer
covered almost the whole area, both indications ofdifference can be explained by the lower SST and

surface salinity in winter 1997; DT is as large as distinctively different oceanic conditions from our

first period of sampling.1.5°C, and DS=0.1. Thus, wintertime fCO2 values
appear to be largely dependent upon water charac- While the central GS appeared to be a sink for

CO2 throughout the year, the NS had winterteristics, in agreement with the assumption that

biological activity is insignificant in these waters seawater f CO2 values relatively close to those of
the atmosphere in both 1995 and 1996–97, andat this time of year. Another important factor is

the variable ice cover in the GS. During winter for short periods of time, this ocean might have

been a source for CO2 . However, the NS was1995, most of the basin was covered by open
water, while two years later, the ice cover was primarily a sink for atmospheric CO2 , on the

order of 0.049 Gt C yr−1, for the whole period ofmore extensive and fluctuated. The ice cover might

serve as a shield against air–sea gas exchange, study. The GS and NS, together, were estimated
to be a sink of 0.12 Gt C yr−1, based on data fromand may be an additional explanation for the low

f CO2 in the sea surface during winter 1997. 1996–1997.

The two summer seasons in the GS were also
significantly different from each other. While nitrate

was almost completely consumed in summer 1993, 4. Discussion
nitrate values were as high as 5 mmol kg−1 in the
1996 summer season in the central GS. Similar The Nordic Seas are assumed to be an import-

ant sink for CO2 throughout the year, due tovalues were also measured in the same area at that
time by Rey (1996). The ice cover was extensive cooling of surface water along the northward
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Fig. 4. Seasonal air f CO2 , sea surface f CO2 and surface temperatures (SST) along 75°N in the Greenland Sea
during 1995 (summer data from 1993). (a) Winter, (b) spring, (c) summer, and (d) fall. The solid line indicates the
mean f CO2 in air. The sea surface f CO2 in summer 1993 was calculated from CT and AT .

passage of the North Atlantic Current and the

convection of the ASW in the GS, and the data

presented in this paper validate this assumption.

The area of the Nordic Seas is rather small

compared to the area of the world ocean, and for

this reason, the sink seems not to be of crucial

importance on a global scale. However, the deep

convection is very sensitive to small changes in

heat exchange or fresh water release into the GS,

and if the rate of deep water formation decreases

dramatically, this will influence global oceanic

circulation. Deep water formation in this area has

fluctuated significantly between glacial and inter-

glacial periods, and has apparently stopped

altogether at times (Labeyrie et al., 1992).

Under present conditions (1996–97), deep water

formation in the GS, seems to carry 0.074

±0.011 Gt C yr−1 into the deep ocean.
Fig. 5. Fugacity of CO2 in surface water, &, and the Large seasonal variations are apparent in the
atmosphere, #, in the Norwegian Sea (64.5–70.5°N, calculated air–sea fluxes in the GS shown in
7°W–5°E) from 1995 to 1997. The symbols indicate the

Table 2. In addition, interannual variations aremean value of all data during a cruise in the actual area
seen when comparing winter flux data from differ-and season. The error bars indicate the temporal variab-

ility (1s) in the measurements. ent years, and the same tendency is seen during
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Fig. 6. Sea surface temperatures from winter 1997 in the Greenland and Norwegian Seas.

the spring and fall seasons. This interannual vari- December to March). A correlation between
changes in the NAO index and rates of deep waterability is consistent with the observations of colder

surface waters and intensified deep water forma- formation in the GS have been shown (Dickson
et al., 1996). For the NS, there is no significanttion in the GS during recent years, and the GS

seems to be less stabile during these latter years increase in the seasonal amplitudes of the air–sea

CO2 exchange through recent years, as observedthan in our first period of study. Beside this
increasing amplitude of the seasonal air–sea fluxes, in the GS. On the other hand, we see an increasing

trend in the flux of CO2 , corresponding to thethe flux showed an increasing trend in the uptake

of CO2 of about 9Ω10−4 Gt C yr−1. It is not clear probable anthropogenic signal observed in the
GS, but the trend in NS seems to be weaker thanif this trend is significant, though it might indicate

that the air–sea exchange in the GS has increased in the GS.

The areas over which we have averaged our fCO2on the order of an expected increase in f CO2 due
to anthropogenic input of carbon (Oudot et al., data to be used in the flux calculations, are quite

large, though they represents only 2–3% of the total1995). The fCO2 time series presented here are

not particularly long, but it is worth pointing out area of these oceans; in the GS, we have averaged
data over an area of 2.56Ω1010 m2 (74.5–75.5°N,that our observation of an increase in the potential

CO2 uptake seems to correlate with the change in 5°W–3°E), and for the NS, the area used was
3.38Ω1010 m2 (64.5–70.5°N, 7°W–5°E). The naturalthe North Atlantic Oscillation (NAO) Index,

which, after being positive for a 10-year period, variability in the fCO2 data from these large areas

was often high during periods of sampling, par-changed to a strongly negative value for the one
winter 1996 (the NAO winter index from ticularly during spring and summer seasons
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Fig. 7. Seasonal air f CO2 , sea surface f CO2 and surface temperatures (SST) along 75°N in the Greenland Sea,
during 1996–97. (a) Summer 1996, (b) fall 1996, (c) winter 1997, and (d) spring 1997. The solid line indicates the
mean f CO2 in air.

(±15 matm), and as a consequence, we get large changes between seasons, and the associated
effects on fCO2 , in the GS. From winter touncertainties in our estimated CO2 fluxes (Table 2).

In addition, uncertainties in the flux calculation are summer 1995, we observed a drop in fCO2 of

87 matm, while the calculated drop based on thealso influenced by the deviation of the wind speeds
(1s=±1 m s−1) and the uncertainties in the rela- temperature increase and nitrate consumption,

assuming a Redfield ratio of 165106 for nitratetionships for the gas transfer coefficient.

Table 3 shows the temperature and nitrate to carbon, was 41 matm. This implies that

Table 3. Changes in sea surface fCO
2
, dfCO

2
, between seasons in the central Greenland Sea

Greenland Sea

dT dNO3 d fCO2 calculated d fCO2 observed
Season (year) (°C) (mmol kg−1 ) (matm) (matm)

Winter–summer (1995) 5.1 −10.8 −41 −87
Summer–fall (1995) −3.6 9.0 42 74
Fall–winter (1995) −1.5 1.9 −1 13
Winter–summer (1996/97) 7.7 −9.3 9 −30
Summer–fall (1996) −6.4 5.8 −25 12
Fall–winter (1996/97) −1.4 3.5 17 19

Calculated d f CO2 is based on the influence of biological activity and temperature change, assuming: DT=
+1°C[D f=+13 matm (Skirrow, 1975); DCT=+1 mmol kg−1[D f =1.5 matm (Watson et al., 1993); and
N5C=165106 (Redfield, 1963).

Tellus 51B (1999), 2



  f 2 487

30 mmol C kg−1 of carbon was removed from the more intense sea ice formation and stronger con-
vection in the Greenland Sea during winter 1997,surface water by some mechanism other than

biological consumption, reducing f CO2 by an larger air–sea CO2 fluxes were observed, com-

pared to previous winters.additional 46 matm compared to the 41 matm cal-
culated. In the central GS, surface water is The surface waters of the Greenland Sea were

undersaturated with respect to CO2 in the airadvected into the region from the surrounding

oceans. Some of the advected water from the East throughout the year and were therefore a sink for
CO2 the year around. The Norwegian Sea wasGreenland Current (EGC, average characteristics;

T =−1°C, S=33.7 psu, according to Hopkins, also a CO2 sink for most of the year, but during

the winter season, DfCO2 was small. The annual1991) is transported under sea ice, and if we
assume that the water is not supersaturated with sink in these two seas during 1996–97 was estim-

ated to be 0.12 ±0.015 Gt C yr−1.respect to carbon, due to mixing with water masses

below, and since ice cover will effectively reduce A comparison between the winter periods in the
Greenland Sea in 1995 and 1997 showed aor prevent air–sea gas exchange, we might also

assume that the advected water contained less 20–30 matm lower sea surface f CO2 during winter

1997. The CO2 uptake during the winters of 1995carbon than if the EGC had been ice-free. The
mixing of water masses might therefore result in and 1997 was 3.9Ω10−3 Gt C month−1 and

5.9Ω10−3 Gt C month−1, respectively (meana lower fCO2 value, compared to the expected

value based on changes in temperature and biolo- winter wind speed=10.8 m s−1 ). The lower sea
surface fCO2 in 1997 could be explained by thegical activity. The same analysis of the winter and

summer seasons in 1996–97 gave a difference in extended ice cover and colder surface temperatures
in the Greenland Sea Gyre in 1996–97, comparedthe observed central GS surface fCO2 of

−30 matm, while the calculated fCO2 values based to 1995. During the last year (1996–97), the

Greenland Sea probably ‘‘fed’’ the deep water withon the temperature increase and nitrate consump-
tion gave a difference of +9 matm, which indicates approximately 0.074±0.011 Gt C yr−1.
a slightly smaller difference between the observed

and calculated f CO2 than in 1995. The water
masses PSW and NASW mix in the GS, and since
the mixing ratio may change from year to year,

the CO2 content in the resulting water mass may 6. Acknowledgements
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