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ABSTRACT
In order to elucidate the seasonal and interannual variations of oceanic CO; uptake in the Greenland Sea and the Barents
Sea, the partial pressure of CO; in the surface ocean (pCO,**) was measured in all seasons between 1992 and 2001. We
derived monthly varying relationships between pCO>*®* and sea surface temperature (SST) and combined them with
the SST data from the NCEP/NCAR reanalysis to determine pCO,*®* and air—sea CO; flux in these seas. The pCO,**
values were normalized to the year 1995 by assuming that pCO,*** increased at the same growth rate (1.5 patm yr~!) of
the pCO>, in the air (pCOz“ir) between 1992 and 2001. In 1995, the annual net air—sea CO; fluxes were evaluated to be
52 420 gC m~2 yr~! in the Greenland Sea and 46 + 18 gC m~2 yr~! in the Barents Sea. The CO; flux into the ocean
reached its maximum in winter and minimum in summer. The wind speed and ApCO, ( = pCO,¥" — pCO,%?) exerted
a greater influence on the seasonal variation than the sea ice coverage. The annual CO, uptake examined in this study
(70°-80°N, 20°W—40°E) was estimated to be 0.050 £ 0.020 GtCyr’l in 1995. The interannual variation in the annual
CO; uptake was found to be positively correlated with the North Atlantic Oscillation Index (NAOI) via wind strength
but negatively correlated with ApCO, and the sea ice coverage. The present results indicate that the variability in wind
speed and sea ice coverage play a major role, while that in ApCO; plays a minor role, in determining the interannual

variation of CO, uptake in this area.

1. Introduction

The ocean is a major carbon reservoir on the Earth’s surface and
absorbs a certain amount of anthropogenic CO, emitted into
the atmosphere. The oceanic CO, uptake has been estimated
(Keeling and Shertz, 1992; Francey et al., 1995; Keeling et al.,
1995; Rayner et al., 1999; Le Quéré et al., 2003), but there are
still large uncertainties in their estimates. For example, Prentice
et al. (2001) reported an oceanic CO, uptake of 1.9 GtC yr~!
for the 1990s with an uncertainty of 0.7 GtC yr~! based on an
atmospheric O,/N; observation.

It is considered that the vertical transport of carbon from
the surface to the deep layer of the ocean plays a key role for
the carbon uptake by the ocean. Once carbon is transported from
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the surface to the abyssal depths of the ocean, either by physical
or biological processes, it can be effectively sequestered away
from the atmosphere over 1000 years (Broecker and Peng, 1982).
In this context, high latitude oceans, such as the Greenland Sea,
are thought to be an important sink for atmospheric CO, (Ander-
son, 1995; Noji et al., 2000). In the central Greenland Sea gyre,
the Greenland Sea Deep Water, a source water that ventilates the
North Atlantic Deep Water, is formed (Aagaard et al., 1985).

A positive or negative difference in the partial pressure (or fu-
gacity) of CO, between the air and the sea (ApCO, or AfCO,)
determines the direction of the CO, flux across the air—sea inter-
face. Compared with the partial CO, pressure in the air (pCO,"),
the partial pressure in surface seawater (pCO,**") varies consid-
erably, both spatially and temporarily. For example, Takahashi
et al. (2002) showed that the pCO,*** ranged from 155 patm in
the northern Greenland Sea (80°N, 7.5°E) in July to 529 uatm
in the Arabic Sea (16°N, 62.5°E) in July, a significantly large
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value when compared with that of pCO,*" (25 patm). In the
Greenland Sea gyre, Hood et al. (1999) evaluated an annual av-
erage AfCO, of 71 patm based on a 6-month measurement by
CARIOCA drift buoys. They estimated an oceanic CO, uptake
of 2.4 to 4.2 x 1073 GtC yr~! for the Greenland Sea gyre (74°—
76°N, 10°W=5°E; 0.15 x 10° km?) in the period from August
1996 to July 1997. Skjelvan et al. (1999) derived a CO, uptake
of 1.2 £ 0.15 x 107! GtC yr~! for the Greenland Sea (0.81 x
10° km?) and the Norwegian Sea (1.39 x 10° km?) based on
their observed data from the regions of 74.5°~75.5°N and 5°W-
3°E (25.6 x 10* km?) and 64.5°~70.5°N and 7°W-5°E (33.8 x
103 km?) during the 1996-1997 period. By analyzing the fCO,**
values measured during nine cruises between 1982 and 1998,
Olsen et al. (2003) reported a CO, uptake of 8.2 x 1072 GtC yr™!
for the northern North Atlantic (45°-80°N) in the wintertime
(October to March), with an interannual variability of about +
7% due mostly to changes in the wind speed and fCO,*".

The formation of intermediate/deep water also occurs in the
Barents Sea (Kaltin et al., 2002). High density water is formed
on the shelf of the Barents Sea by surface cooling and brine
rejection due to sea ice formation and then penetrates to the
intermediate/deep layers in the Arctic Ocean. Schlosser et al.
(1990) pointed out that atmospheric CO, absorbed by the Barents
Sea would be stored in the Arctic Ocean for more than 100
years. Based on measurements of the total dissolved inorganic
carbon, total alkalinity, temperature, salinity and nitrate in the
water column, Kaltin et al. (2002) calculated the oceanic CO,
uptake to be 29 + 11 gC m~ for 3 months starting from the late
winter of 1999.

In order to discuss the variations in oceanic CO, uptake along
with factors controlling the air—sea CO, flux (ApCO,, wind
speed and the sea ice area) in the Greenland Sea and the Barents
Sea in more detail, it is important to obtain extensive sets of the
pCO,*** data for those seas.

In this study, we acquired the pCO,** data in the Greenland
Sea and the Barents Sea for the 1992-2001 period and then cal-
culated the air—sea CO, fluxes from those data and atmospheric
CO, measurements from a nearby site at Ny-Alesund (79°N,
12°E). We then examined the seasonal/interannual variations of
the oceanic CO, uptake in terms of the ApCO,, SST, wind and

sea ice coverage to show how these factors affect the air—sea
CO, flux in the Greenland Sea and the Barents Sea.

2. Sampling and analytical methods

2.1. Measurements of pCO,"

Comprehensive measurements of the pCO,*** and its relevant
factors were made during nine cruises in the eastern Greenland
Sea and the western Barents Sea from August 1992 to April 2001,
as summarized in Table 1. Hydrographic stations for the pCO,%*
measurements, major current system (Furevik, 2001) and mini-
mum/maximum sea ice area as determined by the NCEP/NCAR
reanalysis data (Kalnay et al., 1996) are depicted in Fig. 1. There
are two branches of the warm Norwegian Atlantic Current that
flow northward off the Norwegian coast; one is the West Spits-
bergen Current, and the other is the branch that enters the Barents
Sea (Furevik, 2001; Kaltin et al., 2002). The cold Eastern Green-
land Current flows southward along Greenland.

The pCO,*** values were obtained using a discrete flask sam-
pling with subsequent laboratory analysis. The sampling system
for air equilibrated with seawater consisted of a shower-head
type equilibrator, a diaphragm pump, a chemical desiccant col-
umn (Mg(ClOy),), a four-way valve and a stainless flask (1 L)
with two stopcocks at both ends (Watai et al., 1998). The equi-
librator was vented to the atmosphere so that air samples were
collected at ambient pressures. All the flasks were evacuated at
1.3 x 1073 Pa at 120 °C for 24 hours in our laboratory before
shipping, and each flask was thoroughly flushed by uncontami-
nated air aboard ship before sampling. After connecting the flask
to the sampling system, the air was circulated at a flow rate of
0.5 L min~! for 15 minutes to ensure equilibrium in CO, be-
tween seawater and air (Watai et al., 1998), and then collected
in the flask.

From August 1992 to January 1999, seawater was taken 3-5 m
below the surface using a submersible pump (>100 L min™!),
and part of it (12 L min~") was diverted into the equilibrator. It
was found that the temperature of seawater in the equilibrator
agreed well with SST to within & 0.1 °C. During November 1999
and April 2001, uncontaminated seawater was taken from the

Table 1.  Summary of cruises in the Greenland Sea and the Barents Sea for the 1992-2001 period

Year Month Cruise name Vessel name Observed territory Sampling method
1992 Aug. - LANCE 75°=79°N 11°W-9°E Anchor
1993 Aug. - LANCE 74°=79°N 13°W-9°E Anchor
1994  April-May - POLAR SHIP 70°=75°N 18°W-10°W  Anchor
1995  June ICE BAR LANCE 74°~78°N 19°E-35°E Anchor
1996  July-Aug. ICE BAR LANCE 74°-81°N 17°E-35°E Anchor
1999  Jan.—Feb. -/ VEINS IAN PETROV /LANCE  70°-80°N 0°-30°E Anchor
1999  Nov. VIENS LANCE 71°=80°N 11°E-20°E Underway
2000  October - LANCE 71°=78°N 13°E-19°E Underway
2001  April CONVECTION  LANCE 71°=77°N 11°W-19°E Underway
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Fig. 1. Geographical locations where pCO2%** measurements were
made from 1992 through 2001. The atmospheric CO; data used to
calculate pCO,™" in this study were taken at Ny—l&lesund in the
Svarbard Islands (79°N, 12°E). The dashed grey line shows the
boundary of the climatological sea ice area in August, and the dashed
black line shows the climatological sea ice area in January. The arrows
represent the major currents in the Greenland Sea and the Barents Sea
(Furevik , 2001), including the Norwegian Atlantic Current (NWAC),
West Spitsbergen Current (WSC) and East Greenland Current (EGC).

sea-chest of the vessel, and it was observed that the temperature
of seawater in the equilibrator was higher than SST by 0.55 °C in
November 1999 and 0.82 °C in April 2001. In October 2000, we
did not measure the seawater temperature rise in the equilibrator.
Therefore, the average of the two values for November 1999
and April 2001 (0.68 °C) was taken to be the rise in seawater
temperature from the inlet to the equilibrator. The uncertainty
in the temperature rise was considered to be 0.14 °C in October
2000, but this does not affect the results of the present study (see
Section 3.3).

All the flasks filled with air samples were sent to our
laboratory, and their CO, concentrations were determined
against our air-based CO, standard gases with a precision of
+ 0.5 ppmv within 3 months of sampling using a gas-
chromatograph equipped with a flamed ionization detec-
to CH; (Watai et al.,
1998). The CO, concentrations of our standard gases are
traceable to the WMO standards (Tanaka et al.,, 1987;
http://gaw.kishou.go.jp/wcc/co2/co2comparison). We also con-
firmed that the CO, concentrations of air samples stored in our

tor and a converter of CO,

flasks were stable to within &£ 0.1 ppmv for 3 months (Nakazawa
etal., 1997).

The values of the pCO,*?, as well as those of the pCO,*",
were calculated by the equation

pCO; = xCO; x (P — p(H0)). ()]

Here, xCO, is the measured CO; concentration of dry air equi-
librated with seawater or that of ambient dry air at Ny-Alesund,
P is the barometric pressure and p(H,O) is the saturated vapour
pressure. As mentioned above, the temperature of seawater rose
between the inlet and the equilibrator during three cruises after
1999. This effect on the measured values of pCO, was corrected
using the iso-chemical temperature dependence of pCO, given
by Takahashi et al. (1993),

§In(pCO,)
5T

The pCO,*** data used in this work will be sent to WMO
WDCGG (Tokyo, Japan) and CDIAC (Oak Ridge, USA) in the
near future.

=423 (% °C7™h. )

2.2. Calculation of the air—sea CO; flux

The CO, flux (f) between the air and the sea is convention-
ally given by the product of the gas transfer velocity Ko, as
a function of wind speed (Wanninkhof, 1992; Wanninkhof and
McGills, 1999), the solubility of CO,8 (Weiss, 1974) and the
partial pressure difference ApCO,;

f = Kco, - B+ (pCOS" — pCO5™*)
= Kco, - B- ApCO, = E - ApCO,. (3)

Here, E represents the gas transfer coefficient, which is usually
assumed to be independent of SST, since K¢, and B counteract
their temperature dependence on each other (Tans et al., 1990).
We then determined the pCO,***-SST relationships after nor-
malizing pCO,** to the year 1995 to interpolate/extrapolate to a
larger region. To calculate the monthly averaged CO, fluxes for
the 1992-2001 period, we used the NCEP/NCAR reanalysis data
(Kalnay et al., 1996) for the SST, wind speed, atmospheric pres-
sure and sea ice distribution. Since the NCEP/NCAR reanalysis
data are prepared for each grid of 1.875° by 1.904°, the air—sea
CO, fluxes were also obtained on the same spatial resolution.
Therefore, the total CO, flux in the whole area is presented by
the equation

n

F =Y (E-ApCOy; - ). @
i=0
Here, i represents the grid number, and S shows the sea area.
In this calculation, we assumed that the CO, exchange across
the air—sea interface is thoroughly prevented by the sea ice.

2.3. Uncertainties

We evaluated the uncertainties in the present estimates of the
CO, flux to be 39% by accounting for uncertainties associated
with ApCO, derived using the pCO,***-SST relationship and
the measured values of pCO,*", wind speed and SST. We esti-
mated 25% as the uncertainty of ApCO,. For the NCEP/NCAR
reanalyzed wind speed and SST, we employed the uncertainties
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reported by Smith et al. (2001) for the North Atlantic Ocean (9%
for the wind speed and 16% for SST).

3. Results and discussion

3.1. Long-term trend of pCO2*® and pCO,°"

The pCO,** values obtained in the western Greenland Sea in
April 1994 and in the same month in 2001 were compared to de-
termine the long-term trend. The comparison indicated a pCO,***
increase of 28 4= 21 patm, on average, during that period. How-
ever, further detailed discussion of the long-term trend is beyond
the scope of this paper because the spatial variability is too large
and time series data are not available for that region.

Recent studies have revealed a secular increase of pCO,***
in the subtropics (Gruber et al., 2002; Keeling et al., 2004;
Midorikawa et al., 2005) and even in the high latitudes, such as
the Southern Ocean (Inoue and Ishii, 2005) and northern North
Atlantic, where deep convection occurs in winter. In the Bar-
ents Sea, Omar et al. (2003) compared the fCO,*** data taken in
1967 and in 2000-2001. They found that fCO,** has increased
at a rate similar to the atmospheric CO, increase over the past
33 years. By inspecting observational data from the northern
North Atlantic, Olsen et al. (2003) found that the pCO,** has
increased at a rate larger than that of the pCO,*". Furthermore,
Lefévre et al. (2004) reported that the pCO,** has increased
at a rate of 1.8 patm yr~! in recent decades, which is slightly
higher than that of the pCO,", in the North Atlantic (50°—70°N,
80°—10°W).

In this study, we simply assumed that the pCO,*** has in-
creased at a rate equal to that observed for pCO,*" (Olsen et al.,
2003; Omar et al., 2003). The pCO,*" values were derived from
the atmospheric CO, concentration data at Ny-Alesund (Mo-
rimoto et al., 2001), which show an average increase rate of
1.5 ppmv yr~! for the 19922001 period. By assuming the in-
crease rate to be 1.5 patm yr~! for pCO,%?, we normalized all
the observed data of pCO,** to the year 1995 (pCO; 95°") to
evaluate the seasonal variation in the air—sea CO, flux.

3.2. pCO,*“-SST relationships for the Greenland Sea
and the Barents Sea

The data of pCO,** are unevenly distributed in space and
time; thus, it is necessary to interpolate/extrapolate the ob-
served pCO,** values to evaluate the annual CO, uptake in the
Greenland Sea and the Barents Sea. It is known that variations
in pCO,** are mainly due to changes in temperature, mixing of
the upper ocean and marine biological activities (Broecker and
Peng, 1982). The pCO,** variations are often apparently related
to SST (e.g. Tans et al., 1990; Inoue et al., 1995; Cosca et al.,
2003). Seasonal variation in the relative contribution of those
processes influencing pCO,** leads to a different temperature
dependence of pCO,**. Therefore, we determined the appar-
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ent relationships between the pCO,** and SST for each month
and combined them with the data set of SST that is available
throughout these seas.

Figure 2 shows the relationships between the pCO, ¢5** and
SST for the Greenland Sea and the Barents Sea. The temperature
dependence of pCO, ¢s** is noticeably different for different
seasons.

The pCO; ¢5°°* increases with increasing SST, except for May
and June. The temperature dependence of pCO, ¢5*** varied from
1to 3% °C~! from August to April. These temperature depen-
dences deviate from that of the solubility (eq. (2)), which sug-
gests the effect of the mixing of the upper ocean and biological
activities against SST change. In May, when SST was lower than
1 °C, we found a negative correlation between pCO,; 95*** and
SST. This relationship may be closely related to the biological
CO, uptake, which starts in the western area of the Greenland
Sea at this time of the year (Skjelvan et al., 1999; Anderson
et al., 2000). In June, a higher pCO, ¢5°** (>250 patm) was ob-
served when SST > 2 °C and < —1 °C, and a lower pCO, ¢5**
(<200 patm) was observed when SST was about 1 °C. A large
temperature dependence of pCO; ¢5*** was noted in July (6%
°C~1). This might be caused by the CO, drawdown close to the
sea ice in the western Barents Sea (Fig. 1). Such a complicated
pCO;,.95°*-SST relationship also indicates that processes other
than solubility, possibly biological activities (spring bloom), pre-
dominantly control the variation in pCO; ¢5**. Therefore, we

sea

tried to derive the pCO, ¢s** values during the spring bloom

¢4 could

using SST and chlorophyll-a data. However, pCO» 95
not be approximated by these two parameters alone, as pointed
out in the equatorial Pacific by Dandonneau (1995) earlier. To
document the pCO,** distribution during the spring bloom, it is
necessary to use variables that are directly related to the photo-
synthesis/respiration of phytoplankton, such as nitrate and phos-

phate (Wanninkhof et al., 1996).

3.3. ApCO;, maps for the Greenland Sea and the
Barents Sea

In order to draw monthly maps of pCO, ¢5** for the Greenland
Seaand the Barents Sea, we used seasonally different pCO, ¢5°*-

SST relationships obtained by fitting the data given in Fig. 2 with
pCOFs(1) = a(t) x SST + b(1), ®)

where a(t) is the slope and b(¢) the intercept at a given time
(month) ¢. In this procedure, since the pCO,** values observed
at SST higher than 2 °C in June are fairly close to those for July,
we included those data to derive the pCO, ¢5***-SST relationship
for July. We also assumed that the negative relationship found in
May is valid at SST lower than 0.55 °C in June, and the positive
relationship at SST higher than 0.55 °C in June/July is applicable
to the same SST range in May. The temperature of 0.55 °C is
the intersecting point of the two pCO, ¢5***-SST regression lines
shown in Fig. 2(b). For January and February, the same positive
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Relationships between pCO,* and SST for the Greenland Sea and the Barents Sea for the periods of January to April (A), May to early

August (B), late August (C) and October to November (D). All the pCO,%®* values plotted were normalized to the year 1995, assuming that they

have increased secularly at the same rate as pCO,*" (1.5 patm yr~"). The solid and dashed lines show the values obtained by applying a

least-squares fit to the data.

Table 2.

Coefficients of the linear function (eq. (4) in the text) expressing the pCO,*-SST

relationships for the respective months derived on the basis of the pCO,* data taken in the

Greenland Sea and the Barents Sea for the 1992-2001 period. a, b, N, o, r and ci represent the

slope (uatm °C~1) and intercept (atm) of the linear function determined by a least-squares fit,

the volume of data used, the standard deviation (peatm), the correlation coefficient of the fit and

the 95% confidence interval, respectively

Month a b N o r ci

1 7.10 294.02 22 10 0.88 0.73-0.95
2 7.10 294.02 18 10 0.88 0.70-0.95
3 5.90 305.37 - - -

4 4.35 320.05 40 14 0.60 0.35-0.77
5-6 (SST<0.55°C) —33.99 235.85 20 11 —0.59 —0.82to —0.20
5-6 (SST>0.55°C) 16.37 208.08 7 28 0.82 0.18-0.97
7 16.37 208.08 14 17 0.94 0.82-0.98
8 8.11 222.09 27 15 0.64 0.34-0.82
9 4.77 250.55 - - -

10 5.23 279.45 21 5 0.92 0.81-0.97
11 4.67 310.10 48 13 0.63 0.42-0.78
12 5.99 301.39 - - -

PCO,.95**-SST relationship was used, considering active deep
convection and low marine biological activities in this period of
the year. Furthermore, under the assumption that the pCO, ¢5°*-
SST relationship varies smoothly with time, the slope and the
intercept for March, September and December with no obser-
vational data were deduced by interpolating linearly the results
of contiguous months. The respective parameters obtained by

fitting to eq. (5) are summarized in Table 2. As shown in Fig. 3,

the values of pCO, 95*** calculated using eq. (5) with the best-fit

¢4 yalues with

parameters agreed well with the observed pCO; 95
a standard deviation of & 14 patm for the differences between
the observed and calculated values.

sea

To see the seasonal cycles of pCO; ¢5*°* calculated by eq. (5)
and to examine whether they could reconstruct the actual fea-
tures throughout the year, we compared the pCO; ¢5*** values by

eq. (5) and observational data taken in the present with those of
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Fig. 3. Differences between the observed and calculated pCO;
values for the Greenland Sea and the Barents Sea. The calculated
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values were obtained from the empirically derived pCO,%*-SST
relationships and the SST data (cf. text).

earlier studies (Weiss et al., 1992; Hood et al., 1999; Anderson
et al., 2000; Takahashi et al., 2002; Olsen et al., 2003; Omar
et al., 2003) for two sites at 75°N, 0° in the central Greenland
Sea and at 74°N, 17.5°E in the western Barents Sea (Fig. 4). The
pCO,.95%* values calculated in this study are 15-30 patm higher
than those observed by Weiss et al. (1992) in the Greenland
Sea in July 1981 and in March 1982. However, if the pCO,%*
increased at the same rate as pCO,%" from 1981 to 1995, the
calculated pCO,**
within a range of -9 to 6 patm. This means that our assumption

values agree well with the observed values

about the annual increase of pCO,*** is generally reasonable.
The calculated pCO,95*** in the central Greenland Sea
(Fig. 4(a)) shows a seasonal variation of about 95 patm, with
two maxima, one in April and another in November, and a
minimum in June. Anderson et al. (2000) reported a seasonal
variation of fCO,*** with a maximum in November and a
minimum in August. Furthermore, we compared our pCO5 ¢5**
values with those of Olsen et al. (2003). Their equation gives
the pCO,** values in the year 1995 and is applicable to
the period from October to March. The values of pCO,**
calculated by Olsen et al. (2003) for the October—March period
agree well with our results within a range of 3 to 14 patm,
except for October. In October, a large difference of 32 patm
was found between the pCO,** values of this study and
those observed by Olsen et al. (2003). The fCO,** values
given by Hood et al. (1999) and Anderson et al. (2000) are
generally higher than our calculated values. On the other
hand, the average values of pCO,** obtained by Takahashi
et al. (2002) for two sites (76°N, 2.5°W and 76°N, 2.5°E) are
15-25 patm lower than those of our results, showing a seasonal
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Fig.4. Seasonal variations of pCO»
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the upper and lower panels show the pCO,% values calculated for the
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The solid circles represent our observed pCO, %
the year 1995. In panel (a), the solid triangles denote the pCO,
observed by Weiss et al. (1992) for 1981 and 1982, the dotted line, the
fCO2% by Hood et al. (1999), the rectangle, the fCO,%* by Anderson
et al. (2000), the dashed line, the pCO,** by Takahashi et al. (2002)
and the solid thin line, the fCO,% calculated using the fCO,%*-SST
relationships given empirically by Olsen et al. (2003). In panel (b), the
solid triangles show the pCO,%* values observed by Weiss et al. (1992)
for 1981 and 1982, the dashed line, the pCO,%°* by Takahashi et al.
(2002) and the rectangle, the pCO,%* derived for an SST of 5.7 °C
from the results obtained by Omar et al. (2003) for October.

values normalized to
sea
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variation with high values in February/March and low values in
July.

As seen in Fig. 4(b), pCO, ¢5** varied largely on a time scale
of a few months in the western edge of the Barents Sea. The
PCO, 95** showed a hump in July, which is caused by the large
temperature dependence of pCO; ¢5*** in June and July (Table 2).
The pCO; 95°** values calculated for March also agreed well with
those obtained by Weiss et al. (1992), if their pCO,** values are
shifted up by an amount equivalent to the rise in pCO,*" over the
period in question. Omar et al. (2003) obtained a pCO,*** value
for October that was slightly lower than our values, and the results
by Olsen et al. (2003) for the October—March period agree well
with ours, except for October. In October, a large difference of
32 patm was also found between the pCO, ¢5°* values and those
observed by Olsen et al. (2003). The pCO,*** values by Olsen
et al. (2003) deviate largely from ours in the Greenland Sea and
the Barents Sea in October, due to the difference in temperature
dependence of pCO,%* between both studies.

The average values of pCO,*** given by Takahashi et al. (2002)
for two sites (76°N, 17.5°E and 72°N, 17.5°E) show a rapid in-
crease from February to April, with a gradual monotonic de-
crease thereafter towards the minimum in autumn and winter;
the seasonal evolution identified by Takahashi et al. (2002) has a
noticeably different temporal behaviour than that in our results.

The pCO, 95*** of the western Barents Sea is higher than that
of the central Greenland Sea. However, the seasonal variation
in the pCO; ¢s** of the western Barents Sea showed a differ-
ent pattern from that of the central Greenland Sea (Figs. 4(a)
and 4(b)). These variations were caused by the monthly varying
temperature dependence of the pCO, 95*** and SST distribution.
In the western Barents Sea, SST is about 2—3 °C higher than the
SST in the central Greenland Sea throughout the year.

The monthly distributions of pCO; ¢5*** for the Greenland Sea
and the Barents Sea are presented in Fig. 5. The area of sea ice
was at its minimum in August and at its maximum in January
(Fig. 1). The warm West Spitsbergen Current and the cold Eastern
Greenland Current produce the longitudinal characteristics of a
PCO, 95** distribution that is high on the east side and low on
the west side, reflecting mainly the temperature dependence of
pCO, 95°°*. The current flowing northeastward in the Barents Sea
originated from the Norwegian Atlantic Current (Fig. 1) shows
relatively high pCO; ¢5*** in comparison with the surrounding
areas.

4 in the western Greenland Sea

In May and June, pCO; g5
decreases to levels lower than 250 patm, depending on SST. In
the spring of 1995, Skjelvan et al. (1999) found that the val-
ues of fCO,*** measured along 75°N were similar to the win-
ter values in the eastern area of the Greenland Sea and that
fCO,** decreased rapidly from about 320 to 240 patm at 3°W
due to the CO, drawdown by biological activities in the west-
ern area. However, in the spring of 1997, they also found that

the fCO,** values in the western area were relatively constant

(270-300 patm), probably due to unusually cold temperatures
at that time (Chierici, personal communication).

3.4. Seasonal variation of the air—sea CO; flux

sea

Based on the monthly distributions of pCO; ¢5*** given in Fig. 5
and pCO,*" at Ny-Alesund, the air-sea CO, fluxes in the Green-
land Sea and the Barents Sea were calculated for the respective
months. The results are shown in Fig. 6. In general, the Green-
land Sea and the Barents Sea are sinks for the atmospheric CO,.
The flux is small (<2 mol m~2 yr~!) in the eastern Greenland
Sea because warm currents with small ApCO, are flowing in this
region (Skjelvan et al., 1999; Olsen et al., 2003). By contrast,
larger CO; fluxes (>6 mol m~2 yr~') are found in the northwest-
ern area for the period of December to March, which is ascribed
to strong winds (7-9 m s~!) as well as to low pCO3,95°*. In May
and June, larger air-to-sea CO, fluxes are inferred in the areas
where the negative pCO, ¢5***-SST relationship was applied to
derive pCO, 95***. During the period from July to September,
when the wind speed ranges between 3 and 6 m s™!, the CO,
flux is reduced by 70% compared with the wintertime value,
even for the same ApCO,.

The air-sea CO, fluxes estimated for the Greenland Sea and
the Barents Sea are summarized in Tables 3 and 4, respectively,
along with those reported in earlier studies. Our result for the
Greenland Sea (52 & 20 gC m~2 yr~') agrees well with those of
earlier studies. From the calculation of fCO,*** based on mea-
surements of the total dissolved inorganic carbon, total alka-
linity, temperature, salinity and phosphorous concentrations in
the central Greenland Sea (75°N, 0°) for the 1993-1997 period,
Anderson et al. (2000) estimated the average annual CO, flux to
be 53 =4 gC m~2 yr~'. Hood et al. (1999) also reported a CO,
flux of 55 gC m~2 yr~! for the last 2 years of the period, 1996 and
1997. On the other hand, Skjelvan et al. (1999) gave a somewhat
larger CO, flux of 71 gC m~2 yr~! for the 1993-1995 period.
For the Barents Sea, we estimated the annual CO, flux to be
46 4+ 27 gC m~2 yr~!. This value also agrees well with that of
44 4 10 gC m~2 yr~! derived by Fransson et al. (2001).

However, a more detailed inspection of Tables 3 and 4 in-
dicates noticeable differences in the seasonal behaviour of the
CO, flux observed in the present and earlier studies. The CO,
uptake estimated by Skjelvan et al. (1999) for the Greenland Sea
in summer and autumn is larger than ours. This difference can
be attributed to the wind speed used to calculate the air—sea CO,
flux. Compared with our values, the ApCO, values given by
Skjelvan et al. (1999) are about 13 patm higher in summer and
11 patm lower in autumn. These differences would yield only
a 10% difference in the air—sea CO, flux under the same wind
conditions. On the other hand, the NCEP/NCAR data used in this
study give average wind speeds of 5.4 and 8.5 m s~! for summer
and autumn, respectively, and Skjelvan et al. (1999) used wind
speeds of 7.2 and 11.2 m s™! for the respective seasons in their

Tellus 58B (2006), 2
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Fig.5. Distributions of the monthly pCO,%? values (natm) calculated for 1995 using the empirical pCO,%¢?-SST relationships and the
NCEP/NCAR reanalysis SST data. The shaded areas show the sea ice estimated based on the NCEP/NCAR reanalysis data.

analysis. By changing the wind speed in the range covered by
both studies, the air—sea CO, flux can be altered by a factor of
2. For winter and spring, Skjelvan et al. (1999) used almost the
same wind and ApCO, fields as ours. Therefore, there is a better
agreement between the results of both studies for these seasons
than for summer and autumn.

The CO, fluxes derived by Hood et al. (1999) using the
ECMWF wind data agree well with our results within our es-
timated uncertainties. The oceanic CO, uptake estimated by
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Kaltin et al. (2002) for the Barents Sea depends largely on the
C/N ratio of new production. Their estimate of the CO, flux,
44 4 40 gCm~2 yr~!, agrees fairly well with the estimate in this
study when the C/N ratio is assumed to be 6.6.

It is important to clarify how the seasonal evolution of
the CO, uptake in the Greenland Sea and the Barents Sea
is controlled by various oceanic and atmospheric phenomena.
Figure 7 shows the monthly averages of the ApCO,, relative ice
cover, wind speed and the CO, uptake for the region (70°-80°N,
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Fig. 6. Distributions of the monthly air—sea CO, fluxes (mol m~2 yr~') calculated for 1995 using the gas transfer velocity given by Wanninkohf
(1992) and the monthly average wind fields derived from the NCEP/NCAR reanalysis data for the 1992-2001 period. The positive flux values
indicate the uptake of atmospheric CO, by the ocean, and the shaded areas show sea ice.

20°W—40°E) covered by the Greenland Sea and the Barents
Sea. In general, the seasonal variation of ApCO, is negatively
correlated with the wind speed, and, to a lesser extent, with
the ice cover. The monthly CO, uptake reaches low values
(0.034 GtC yr™!) in April and November and high values
(0.062 GtC yr~') in May and September, reflecting different
seasonal variations of the variables used in its calculation. In
order to quantify how ApCO,, the gas transfer velocity and the

relative ice cover affect the CO, uptake, we used the equation
Fay(t) = E@)- ApCOy(t) - S(1), 6)

where F .z (1) is the total CO, uptake in the Greenland Sea and
the Barents Sea, S(¢) is the ice-free sea area, A pCO,(¢) is the
spatially averaged value of ApCO, at month 7 and E(¢) is the
spatially averaged value of the gas transfer velocity E(¢). This
equation disregards the covariance term between the transfer

Tellus 58B (2006), 2
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Table 3.
summer (July to September) and autumn (October to December), and annual CO> fluxes in the open

Air—sea CO> fluxes (gC m~2 yr~!) in winter (January to March), spring (April to June),

water areas of the central Greenland Sea

Winter Spring Summer Autumn Annual
Hood et al. (1999) 58 64 52 43 55
Skjelvan etal. (1999) 58+ 14(|995) 52 +21 (1995) 77 £ 26(]993) 85+ 16 (1995) 71
Anderson et al. (2000) - - - - 53+4
Olsen et al. (2003) 44 ~ 61(Feb4) - - 35~53 (Nov.) -
This work 72 £25 45 £21 37+ 14 54 +21 52+ 20

The uncertainties of Skjelvan et al. (1999) are estimated based on the standard deviations in wind speed
and natural variability observed in the fCO,*** measurements. The uncertainty of Anderson et al. (2000)
is due to the variability in the wind field and extent of sea ice from 1993 to 1997.

Table 4.
summer (July to September) and autumn (October to December), and annual CO, fluxes in the open
water areas of the Barents Sea

Air—sea CO, fluxes (gC m~2 yr~!) in winter (January to March), spring (April to June),

Winter Spring Summer Autumn Annual
Fransson et al. (2001) - - - - 44 £+ 10
Kaltin et al. (2002) - 116 4 44 (C/N=875) - - -
- 44 + 40 (¢/N=6.6)
This work 63 +22 28 £ 13 43+ 17 49 + 18 46 £ 18

The uncertainties of Kaltin et al. (2002) include the analytical error, the variability in the source water
concentration and the uncertainty in the fresh water estimates. The oceanic uptake of atmospheric CO»
by Fransson et al. (2001) was determined by the difference in the export production computed from the
nutrient deficit and the observed deficit of dissolved inorganic carbon. The uncertainty for this calculation
procedure was estimated.

Fig. 7. Seasonal variations of ApCO; (A),
the sea ice cover (B), the wind speed (C) and
the CO; uptake (D) in the Greenland Sea and
the Barents Sea (70°-80°N, 20°W—40°E).
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Fig. 8. Respective contributions of ApCO,, the wind speed and the
sea ice area to the seasonal variation of the oceanic CO, uptake in the
Greenland Sea and the Barents Sea (cf. text). The positive and negative
values mean the acceleration and suppression of the CO, uptake,
respectively.

velocity and the ApCO,. The differential of F, (f) with respect
to time can be written as

8F.; SEQ)

B AR L F SApCOy (1) .
5 —St ApCOy(t)- S(t) -+ E(t) 7& S()
FE® - ApCOm - 25, ™

where the first, second and third terms on the right-hand side of
eq. (7) represent changes in the CO, uptake caused by temporal
variations in the gas transfer coefficient, ApCO,, and the sea
area, respectively. The calculated values of the respective terms
and their sum are given in Fig. 8. The decrease in the CO, up-
take seen from March to April is caused by the reduction in both
ApCO, and the wind speed. From April to May, these contri-
butions tend to counteract each other, but the contribution from
the pCO,*** decrease becomes so large that the CO, uptake in-
creases. For the period of August to October, the wind speed is a
major factor for controlling the air—sea CO, flux. In November
and December, the air—sea CO, flux increases, mainly due to
rapid changes in ApCO,. The seasonally varying sea ice area
contributes to the decrease in the CO, uptake from September
to November to a certain extent, but, compared with the wind
speed and ApCQO,, it has a minor effect on the variations in the
CO, uptake.

3.5. Interannual variability of the CO; flux in the
Greenland Sea and the Barents Sea

We examined the interannual variability of the air—sea CO, flux
in the same way as Olsen et al. (2003) did. We assumed that the
only intercept values given in Table 2 for the empirical pCO,***-

SST relationships varied with the atmospheric CO; increase rate
(1.5 patm yr~') over the period from 1992 to 2001. This assump-
tion means that the ApCO, was not affected by the uptake of
anthropogenic CO,. Figure 9 shows the monthly and 1-year run-
ning mean anomalies of the ApCO,, sea ice area, wind speed,
CO, uptake, and the monthly and 1-year running means of the
North Atlantic Oscillation Index (NAOI) during the same period.
By comparing these anomalies with the average values of the
CO, uptake and its relevant factors, i.e. the wind speed, ApCO,
and sea ice area, we estimated the contributions of the anomalies
of the respective factors to the CO, uptake to be 13, 4 and 15%,
respectively. Considering the anomalies of the wind speed, SST
and sea ice area, the interannual variability of the CO, uptake
amounts was found to be 18% of its average value. Contrary to
the equatorial Pacific, where large interannual variations in the
air—sea CO, flux occur due to changes in the ApCO, distribu-
tion (Feely et al., 2002), the Greenland Sea and the Barents Seas
are the oceans in which ApCQO; is a minor factor in determining
the interannual variability. Olsen et al. (2003) reported that the
interannual variability of the CO, uptake for the entire North
Atlantic Ocean in the winter season between 1981 and 2001 was
about 7%. They also reported that changes in the wind speed and
fCO,%" accounted for most of its interannual variations. Their
finding that the wind speed is crucial for the interannual varia-
tions of the air—sea CO, flux is in agreement with our results.

The NAOI is an index derived from the north—south distri-
bution of the sea level pressure over the North Atlantic Ocean.
Therefore, the NAOI is closely related to the wind speed over
the northern North Atlantic. The anomaly of the CO, uptake
varies similarly with those of the wind speed and the NAOI. The
anomalies of ApCO; and the sea ice area are negatively corre-
lated with the NAOI In the North Atlantic sector, the climate
variability on a time scale of months to decades is dominated
by the North Atlantic Oscillation (Wallace and Gutzler, 1981).
Therefore, both the decadal change in CO, uptake and the in-
teranuual variation could occur in the Greenland Sea and the
Barents Sea.

Overland and Wang (2005) reported that the ice area has de-
creased by about 20% over the past two and a half decades,
primarily in the western Arctic Ocean, and a decrease in sea
ice has occurred in the last decade, as shown in Fig. 9 in their
paper. Jones et al. (2001) reported an SST increase of 0.18 °C
per decade in the Northern Hemisphere over the same period.
The wind speed also seemed to decrease slightly, but not sig-

~1 is taken into

nificantly, when an rms deviation of +3.0 m s
account (Smith et al., 2001). If these long-term trends are added
to eq. (4), the CO, uptake is consequently expected to increase
at a rate of 8 x 10~ GtC yr~2, which is mostly caused by the
decrease in the sea ice area. Skjelvan et al. (1999) also suggested
an increasing trend in the CO, uptake of about 9 x 10~* GtC
yr~2 in the Greenland Sea. These results indicate that more an-
thropogenic CO, will possibly be stored in the Greenland Sea
and the Barents Sea due to a decrease in sea ice area in the near

Tellus 58B (2006), 2
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those of the NAOI (E). The dashed lines represent the anomalies of the monthly means, and the solid lines show their 1-year running means.

future. However, the oceanic dynamics and biological activities
in the near future may be different from the present conditions.
Therefore, extended observations and analyses are needed to
forecast the variation of air—sea CO, flux in the Greenland Sea
and the Barents Sea.

4. Summary

Measurements of pCO,** were made in the Greenland Sea and
the Barents Sea from 1992 through 2001 by using a discrete
sampling of the air equilibrated with surface seawater. The mea-
sured values of pCO,** ranged between 200 and 350 patm,
which are generally lower than pCO,", suggesting an effective
transport of CO, from the atmosphere into intermediate/deep
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waters ventilated in these seas. The pCO,**" values showed a
positive correlation with SST each month except for May and
June, when a negative pCO,***-SST relationship was found in
the western Greenland Sea due to CO, drawdown by biological
activities. Our pCO,*** data suggest a long-term increase, as do
the data of Olsen et al. (2003) and Omar et al. (2003) for the
North Atlantic Ocean and the Barents Sea, respectively.

By assuming that pCO,*** has increased at the same rate
(1.5 patm yr~') as pCO,™, we derived a set of seasonally vary-
ing pCO,**-SST relationships for the Greenland Sea and the
Barents Sea to estimate the pCO,*** values for the areas where
no observation was conducted. In 1995, the values of pCO,**
calculated using those relationships and the SST data were found
to be low in the northwestern Greenland Sea in July and August
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(<220 patm) and relatively high (>340 patm) for warm water
originating from the Norwegian Atlantic Current in April.

The air—sea CO, fluxes in 1995 were calculated using the
gas transfer coefficient, wind speed and ApCO, derived from
the pCO,*2-SST relationships, SST and pCO,*" at Ny-Alesund.
The air—sea CO, fluxes for the Greenland Sea ranged between
37 + 14 gCm~? yr~! in summer and 72 25 gC m~2 yr~! in
winter, showing an annual average of 52 & 20 gCm~2 yr!. On
the other hand, the CO, fluxes for the Barents Sea were found
to be 28 & 13 ¢C m~2 yr~! in spring and 63 & 22 gC m~2
yr~! in winter, with an annual average of 46 4= 18 gCm™2 yr~!.
The total CO, uptake in the Greenland Sea and the Barents Sea
(70°-80°N, 20°W—40°E) was within the range of 0.034 & 0.014
in summer to 0.062 & 0.024 GtC yr~! in winter with an annual
mean of 0.050 £ 0.020 GtC yr—!.

We also examined the sensitivity of seasonal/interannual vari-
ations of the oceanic CO, uptake to the gas transfer coefficient
as a function of wind speed, ApCO, and the sea ice area. The
results showed that both the wind field and ApCO, were par-
ticularly important for the seasonal variation in the CO, uptake.
The interannual variability of the 1-year running mean was es-
timated to be & 18% of the oceanic CO, uptake of 0.050 GtC
yr~'. The wind speed anomaly showed a positive correlation
with the NAOI, while the anomalies of ApCO, and the sea ice
area were negatively correlated with the index. The CO, uptake
anomaly showed temporal variations similar to the NAOI. It was
also found that the interannual variability of the CO, uptake was
noticeably influenced by the wind speed (13%, relative to the
mean annual CO, uptake) and the sea ice area (15%), while the
contribution of ApCO, (4%) was minor.
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