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ABSTRACT

The results of a seasonal investigation of carbon and nutrient chemistry in the surface waters at
two stations located north and south of the Iceland-Greenland Ridge are summarized. These stations
were occupied repeatedly at intervals of approximately three months during the period from March
1983 through November 1984 to monitor the seasonal variability of the following quantities: tem-
perature, salinity, partial pressure of CO, in surface water and in the atmosphere, carbon-14 in sur-
face water, and the concentrations of dissolved nutrients, oxygen, and CO,. The partial pressure of
CO, in water and the concentrations of nutrients and CO, are lowest during the summer, the time
when the carbon-14 and oxygen concentrations are greatest. The situation is reversed in winter. The
observed summer values are attributable to the increased photosynthetic utilization of carbon and
nutrients and reduced vertical mixing rate due to strong summer stratification in the upper water
column. The winter values are attributed to the reduced photosynthetic rate due to shortened day-
light hours and increased upward mixing of subsurface waters rich in CO, and nutrients but low in
carbon-14. The CO, partial pressure data indicate that the surface water at these stations is an in-
tense sink for atmospheric CO, during the summer months, whereas it becomes a weak to neutral
sink during the fall, winter and spring months. At the southern station, it even became a weak CO,
source during March 1984. The CO, partial pressure values observed in surface water during the
winter and spring are found to be consistent with those estimated on the basis of the subsurface water
data. Although the northern high latitude waters are generally considered to be an intense CO, sink
throughout a year, our observations show this to be erroneous. Thus, in an estimation of the global
uptake of atmospheric CO, by the oceans, the large seasonal variability in the CO, chemistry in the
high latitude oceanic areas needs to be taken into consideration.

INTRODUCTION

The northern North Atlantic is the
formation area for the North Atlantic Deep
Water mass.. In this area, the surface water
exchanges heat and chemical substances
with the atmosphere, and sinks during the
winter to the deep ocean regime. If this
water carries with it significant quantities of
carbon dioxide dissolved from the atmos-
phere, it would constitute a major pathway
for the removal of industrial carbon dioxide

to the deep interior of the oceans. In addi-
tion, since the physical and chemical con-
ditions of high latitude oceans are parti-
cularly sensitive to climatic changes, these
oceanic areas could play a major role in the
climate-oceanic CO, feedback processes. In
order to evaluate the importance of this
pathway, the seasonal variability needs to
be observed.

Although numerous physical, chemical
and biological investigations of these criti-




cal areas have been conducted, systematic
seasonal observations of the carbon and
nutrient chemistry are presently lacking.
While the summer data indicate that north-
ern high-latitude surface waters are under-
saturated with respect to the atmospheric
CO, by as much as 50%, and hence the
surface waters should take up 2 large
quantity of CO, from the atmosphere, the
data for the winter season, when the ver-
tical transport processes are most active, are
virtually non-existent. If the situation in
summer were significantly different from
that in winter, interpretations and models
based on the summer data alone would not
be valid. For this reason, a cooperative
programme Wwas developed between the
Lamont-Doherty Geological Observatory
(L-DGO) and the Marine Research Insti-
tute, Reykjavik (MRI) to study the season-
al variation of the carbon and nutrient
chemistry and of carbon-14 isotope concen-
tration in the surface waters in the vicinity
of Iceland during 1983-1984. This paper
describes the results of the observations
made at two stations located north and west
of Iceland. These stations have been oc-
cupied repeatedly by a research vessel of
the Icelandic Marine Research Institute at
intervals of about three months starting in
March, 1983. The measurements include
temperature, salinity, partial pressure of
CO, (pCO,), carbon-14/carbon ratio, and
the concentrations of dissolved carbon di-
oxide, phosphate, nitrate, silica and oxygen
in surface water. The data demonstrate that
the carbon chemistry of the surface water is
strongly influenced by the upwelling of
deep water in the winter months and by
the biological utilization of carbon in the
summer months.

STATIONS AND MEASUREMENTS

The two stations, which have been repeat-
edly occupied in 198384, are located in the
vicinity of Iceland, one north (68°N and
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Fig. 1. General circulation of the surface water in the
vicinity of Iceland. The two stations occupied for the
seasonal study are indicated by N for the northern sta-
tion (68°N and 19°W) and by S for the southern station
(64°N and 28°W). The arrows indicate the general di-
rection of flow. After Stefansson (1961).

19°W) and the other south (64°N and 28°W)
of the Iceland-Greenland Ridge as shown in
Figure 1. ‘Hereafter, the 68°N station is
referred to as the northern station, and the
64°N station as the southern station. The
northern station (N in Fig. 1) is located in an
area where the surface water is under the
influence of both the southeastward-flowing
East Icelandic Current and the northward-
flowing North Atlantic (warmer and more
saline) water. On the other hand, the south-
ern station (S in Fig. 1) is located within the
Irminger Current, which brings the warmer
North Atlantic water from a southwesterly
direction.

The measurements of temperature, salin-
ity, nutrients and oxygen were conducted
aboard the MRI research vessel by the
MRI staff using standard oceanographic
methods. Some phosphate values reported
in this paper were obtained at the land-
based laboratory at L-DGO using poisoned
and stored water samples. The internal
consistency of the shipboard and land-based
analyses has been achieved by close in-
tercalibration of the two sets of analyses.
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The water samples (4 litres) for pCO,
measurements were equilibrated  with
marine air using a portable closed-system
equilibrator immediately ~after ~water
sampling. The equilibrated gas sample was
isolated from the water, sealed in a Pyrex
gas sampling flask, and shipped back to the
laboratories at L-DGO for CO, analyses by
means of a gas chromatograph (Perkin-
Elmer, Model Sigma-10). Air-CO, gas mix-
tures, which have been analyzed by C. D.
Keeling of the Scripps Institution of
Oceanography, have been used to calibrate
the chromatograph. The in sifu water tem-
perature, the equilibration temperature,
the total gas pressure during the equilibra-
tion, and the CO, concentration in the ini-
tial air sample collected for equilibration
are used to obtain the pCO, exerted by the
sea water sample. The overall precision of
the pCO, measurements is estimated to be
about = 1%. Marine air samples were also
collected at the time of water sampling,
sealed in Pyrex flasks, and analyzed using
the same gas chromatograph to obtain the
atmospheric CO, concentration value. In
this paper it is reported in the unit of mole
fraction of CO, in dry air. The precision of
the atmospheric CO, measurements is esti-
mated to be about £ 1 ppm.

The water samples for the determination
of the total CO, concentration dissolved in
sea water were collected in Pyrex bottles
with ground glass stoppers, poisoned with
mercuric chloride for storage, and analyzed
at L-DGO using a CO, coulometer (Coulo-
metrics, Model 5010) a few months after
collection. The coulometer is calibrated us-
ing three different standards (gravimetric
Na,CO, crystals, gravimetric CaCQO, crystals
and volumetric CO, gas), all of which yield
consistent values within * 2 uM/kg. The
overall precision of the total CO, measure-

ments is estimated to be about + 4 uM/kg.
CO, samples for carbon-14 measurements

were extracted from 200-litre sea water
samples acidified with hydrochloric acid and
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swept with nitrogen gas free of CO,. The
CO, gas thus extracted was absorbed in a
CO,-free NaOH solution, which was sent
back to the laboratories at L-DGO for car-
bon-14 analyses by means of liquid scintilla-
tion counting. In the laboratory, the CO, in
the NaOH solution was released by acidific-
ation and converted to benzene using a
chromium oxide catalyzer. The benzene
thus produced was mixed with a scintillation
fluor (Butyl/PDB), and counted for carbon-
14 activity using a liquid scintillation count-
er (Beckman Model LS-100C, or LKB
Wallac, Model 1217 Rackbeta) for a period
of about 67 hours. The carbon-14/carbon
ratios reported in this paper are expressed
in terms of the difference in the *C/C ratio
from the NBS oxalic acid standard. The
overall precision of measurements is esti-
mated to be about * 6%o on the AC (%o)
scale.

OBSERVATIONAL DATA

The data obtained during 1983 and 1934
are summarized in Table 1 and graphically
presented in Figures 2 and 3. The mean
temperature of surface water observed at
these two stations is approximately 1.3°C at
the northern and is approximately 7.0°C at
the southern station. The seasonal peak-to-
peak amplitude is about 5°C at the northern
and 3.5°C at the southern station. The salin-
ity at the southern station is nearly constant
throughout the period of our investigation,
averaging 35.0. On the other hand, the sal-
inity at the northern station was variable
during the summer, being as low as 33.11in
1983 and 30.7 during the summer of 1984,
due most likely to the increased influence of
the low salinity East Greenland Current,
and local ice melting in July-August 1984.
During the rest of the year the salinity at
this station was nearly constant at about
34.6. The total alkalinity values, which have
been computed from the observed values of
the total CO, concentration, pCO,, phos-
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phate, silica, salinity and temperature using
the formulation of Takahashi et al. (1982)
are also listed in Table 1.

The pCO, value in surface sea water is
found to be lowest in May-June at both sta-
tions, and is highest during the winter
months. The lowest summer value is ob-
served at the northern station, and is about
150 patm, or nearly 200 patm less than the
atmospheric value of 345 patm observed
concurrently. At the southern station, the
lowest value observed was about 225 patm.
These observations indicate that the sum-

mer surface water is highly undersaturated
with respect to atmospheric CO,. Figure 4
shows the distribution of surface water
pCO, observed in the summer of 1981 dur-
ing the TTO/NAS Expedition. It is seen
that the results of the present investigations
are consistent with the 1981 data. From
May-June 1983 to the following March the
surface water pCO, value increase to about
360 patm at the southern station and to
about 300 patm at the northern station.
Although the temperature reached a maxi-
mum in August 1983 and had decreased by a
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few degrees by March 1984, the pCO, con-
tinued to increase until March 1984. At
both stations the March values are similar to
those of the subsequent year. Although the
winter pCO, values in the surface water
are considerably higher than the summer
values, they remain still lower than the
atmospheric values by about 10 patm at the
northern station, and are approximately
equal to the atmospheric value at the south-
ern station. Thus, the surface waters are a
strong sink for the atmospheric CO, in the
summer months, and are a weak sink or
nearly in equilibrium with the atmosphere
during the winter months. Unfortunately,
no pCO, data were obtained during the

spring through fall months in 1984 due to
equipment failure.

The total CO, concentration in the sur-
face water at both stations tracks the sea-
sonal trend observed for surface water
pCO,, being low in the summer months and
high in the fall, winter and spring months.
The concentrations of nutrients in the sur-
face water are also found to be substantially
lower during the summer months, June
through September, than the winter and
spring values. The concentrations observed
at the southern station, located in the open
North Atlantic, are consistently greater
than those observed at the northern station.
The lower nutrient and CO, values observed




during the summer months appear to be due
to the increased photosynthetic utilization
of nutrients and CO, and to the reduced
vertical mixing rate resulting from enhanced
density stratification of the water column
during this period. The winter nutrient
values observed in the surface water reach
nearly 80% of the values observed at a
depth of about 1000 m, and may be attribut-
ed to the increased upward mixing of
subsurface waters rich in nutrients.

The oxygen concentration data, expressed
in terms of AOU (apparent oxygen utiliza-
tion), show that the water is supersaturated
with respect to atmospheric oxygen by as
much as 30% in May-June, whereas it is
saturated or slightly undersaturated during
the rest of the year. The most intense oXxy-
gen supersaturation (AOU = 120 uM/kg)
is seen at the southern station in May-June,
1983. It should be pointed out that the oc-
currence of maximum OxXygen supersatura-
tion, which was presumably produced by
intense photosynthesis, coincides with the
period of lowest pCO, and nutrient values.
The slight oxygen undersaturation observed
during the winter-spring months can be at-
tributed to the increased upward mixing of
subsurface waters low in oxygen, and to
rapid cooling of surface water, in which
photosynthesis is virtually absent.

The carbon-14 concentration in the sur-
face water increases with progressing season
from about 40%. to 100%. in A™C at the
northern station, and from about 20%o. to
60%o at the southern station. It is higher at
the northern station by about 30%.. The at-
mospheric carbon-14 concentration during
the study period was about 300%o due to the
thermonuclear bomb tests in 1960s (Nydal
and Lovseth 1983), while that for the deep
Norwegian Sea waters observed at TTO/
NAS Station 159 (68°44'N and 10°33'W) in

1981 was —2.8%o at 500 m and —28.4%o at 698
m (Ostlund, 1983). Thus, the observed low-
er carbon-14 values in the surface water can
be attributed to winter upwelling of subsur-

face waters low in carbon-14, while the
higher summer values resulting from the
uptake of atmospheric bomb carbon-14 by
the surface water, which is more or less iso-
lated from the deep water by strong summer
stratification.

The atmospheric CO, concentration
observed at the deck level shows that it is
highest in March through May at 350-353
ppm, and lowest in August at about 335
ppm with a seasonal peak-to-peak ampli-
tude of about 15-17 ppm. The seasonal
phasing and amplitude are consistent with
the observations made by Wong et al.
(1984) at Sable Island (44°N, 60°W) off the
coast of Nova Scotia and at Alert (82.5°N,
62.3°W), Northwest Territories, Canada.
Although their data extend only to mid-
1980 and can not be compared directly with
our measurements in 1983-84, it appears
that our values are somewhat higher than
theirs.

A diffusion-advection model study for
seasonal variation of the carbon and nut-
rient chemistry is currently underway in
order to evaluate the photosynthetic rate,
upwelling rate and CO, uptake rate by the
ocean water.

DISCUSSION

Net Air-Sea CO, Flux

The seasonal pCO, data presented in
Figure 2 show unequivocally that the sur-
face water located west and north of Iceland
is an intense sink for the atmospheric CO,
during summer, when the water is warmest.
On the other hand, it becomes nearly sa-
turated with atmospheric CO, or is only a
weak sink during winter, when the water is
coldest. Since the pCO, of water decreases
rapidly with falling temperature in an iso-
chemical condition, it has been generally
believed that the high latitude oceans be-
come more intense CO, sink during the cold
winter months. Our observations prove this
to be erroneous. Assuming that the summer




TTO/NAS
EXPEDITION
PS

(@]
JUNE - SEPT.

Fig. 4. The surface water pCO, (in pmatm) observed in the northern high latitude areas during the TTO/NAS Ex-
peditions in June-September 1981. The eastern North Atlantic data were obtained during June-July 1981; the Nor-

wegian-Greenland Sea and the Irminger Sea during July-August 1981; the Labrador Sea and the western North At-

lantic during August-September 1981. The mean atmospheric pCO, was about 330 patm during this period. Thus, the

northern high latitude waters were highly undersaturated with respect to atmospheric CO,.

pCO, data obtained during the 1981-TTO/
NAS Expedition in the Norwegian-Green-
Jand Sea (Fig. 4) represent the mean annual
conditions, the net CO, flux from air to
sea can be estimated to be about 6 moles
CO,/(m? - yr). For this estimate a mean
global CO, gas exchange coefficient of 0.067
moles CO,/(m* - patm - yr) is used. This is
equivalent to 20 moles CO,/(m? - yr) gas
exchange rate estimated by Broecker (1983)
on the basis of the steady-state natural
carbon-14 distribution in the atmosphere
and oceans. In the light of the observations
presented in this paper, this estimate must
be reduced by at least 50% to about 3 moles

CO,/(m? - yr) or less for the mean annual
uptake of atmospheric CO, by the surface
water of the Norwegian-Greenland Sea.
Monthly averaged wind speeds are also low-
est in summer and highest in fall and winter,
so that the gas exchange rate should be low-
est when the CO, sink is strongest. This
would further reduce the net CO, uptake
rate by the surface ocean water.

Seasonal Variation of Surface
Water pCO,

As seen in Figure 2 the seasonal change in
surface water temperature is out of phase
with that in pCO,. The water is coldest in
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Fig. 5. The effect of temperature change on the sur-
face water pCO, values at the southern (64°N) and
northern (68°N) stations. It is assumed that the March
1983 waters at these stations were subjected to the
observed seasonal temperature change without change
in chemical composition. The isochemical temperature
effect of 4.3 % pCO,/°C was used. These temperature
corrected values are indicated by “+”. The observed
pCO, values (indicated by “0”) during the summer
and fall months are substantially lower than the tem-
perature corrected March value. This indicates that the
total CO, concentration in the surface water was re-
duced during the summer and fall months, presumably
by the photosynthetic utilization.

February-March and warmest in August,
whereas the pCO, is lowest in May-June and
is highest in March. To show the magnitude
of the effect of temperature on the surface
pCO,, the seasonal change in pCO, due
solely to seasonal temperature changes has
been computed using the temperature de-
pendence of 4.3%/°C (for an isochemical
system), and plotted in Figure 5. It is as-
sumed that the March 1983 water is subject-
ed to temperature change without change in
its chemical composition, including the total
CO, concentration and alkalinity. Figure 5
shows that the observed summer values are
substantially lower than the computed
values. This indicates that the observed
decrease in pCO, during summer is due
mainly to a reduction of the total CO, con-
centration, which resulted from photosyn-
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thetic utilization of CO, in the water. This
view is supported by the reduced nutrient
concentrations and increased oxygen super-
saturation observed in the summer months.
Neither the uptake of CO, from the atmos-
phere nor the upwelling of CO,-rich sub-
surface waters could compensate for the
photosynthetic utilization due to the slow-
ness of the air-sea gas exchange and the en-
hanced density stratification of water col-
umn by summer warming of the upper
layers. Northward flow and rapid cooling of
the warm and nutrient-deficient North At-
lantic waters can account for the low pCO,
and low nutrient values observed during the
summer, but not the observed oxygen
supersaturation. The increase in surface
water pCO, observed during the fall
through spring months appears to be due
mainly to the upward mixing of subsurface
waters rich in CO, (and nutrients) and to the
reduced photosynthetic rate resulting from
decreased daylight hours.

The seasonal variation of the surface wat-
er pCO, observed at these stations is further
compared with the summer values obtained
in the Norwegian and Greenland Seas dur-
ing the TTO/NAS Expedition, July-August
1981, and in the Labrador Sea in August-
September 1981. In Figure 6 the surface
water pCO, data are plotted against the sur-
face water temperature. The summer pCO,
values in the Norwegian-Greenland Sea
waters and in the low-salinity East Green-
land Current and Labrador Sea waters
correlate with temperature, showing a tem-
perature dependence of about 4% pCO,/°C,
which is similar to that of 4.3% pCO,/°C for
sea water in an isochemical system. This
similarity may be coincidental if the in-
crease in the total CO, concentration in
surface water due to the net CO, uptake via
air-sea gas exchange and to vertical mixing
of subsurface waters is nearly compensated
for by the biological utilization of CO,.
Alternatively, this may be causal, if the rate
of temperature change is much greater than




that of the change in the total CO, in the

surface water, such that the total CO, con-
centration in surface water remains nearly
constant throughout the summer months.
The actual situation is probably a combina-
tion of these extreme cases.

The 1983 summer values for the northern
and southern stations are consistent with
the 1981 summer values. On the other
hand, the fall, winter and spring values at
both stations are considerably greater than
the 1981 summer values. The northern
station winter values approach the deep
water values (at 1000 m) observed at TTO
Station 159 (68°44'N and 10°34'W) located
in the Iceland Sea, and the southern station
winter values are also close to the deep wat-
er values (at 1000 m) observed at TTO Sta-
tion 163 (61°50'N and 28°44’W) located in
the Irminger Sea. These observations indi-
cate that the high pCO, values observed
during the fall and winter months are due
mainly to the upward mixing of subsurface
water. Furthermore, Figure 6 demonstrates
the magnitude of the seasonal change and
its importance in the air-sea CO, exchange
in the northern high latitude areas.

Using the alkalinity, total CO,, oxygen
and nutrient data obtained during the 1931
TTO Programme, Broecker et al. (1985)
computed the initial (or preformed) pCO,
values, which would have been exhibited at
the time of formation of the subsurface
waters in the Denmark Strait area and
the Norwegian-Greenland and Labrador
Seas. Assuming that these waters were
saturated with atmospheric oxygen at the
time of formation, they used the AOU
values and the Redfield ratios (P:N:C:(-O,)
— 1:16:106:138) to estimate the biological
respiration which occurred in the water
column, and obtained the preformed values
for total CO,, nitrate and phosphate. The
alkalinity was corrected only for nitrate
addition, and its change due to growth or
dissolution of calcareous tests was assumed
to be negligible. These preformed values
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Fig. 6. Relationship between the surface water tem-
perature and the pCO, values (in patm) in the surface
waters of the Norwegian-Greenland Sea (filled circles)
and the Labrador Sea (+) during the summer of 1981,
and at the northern (x) and southern (open circles) sta-
tions in 1983 and 1984. The 1981 data were obtained
during the TTO/NAS Expeditions. G. S. (an open
square) and 1. S. (an open triangle) indicate respect-
ively the values at about 1000 m depth observed in the
Greenland Sea (TTO/NAS Station 159) and in the Ir-
minger Sea (TTO/NAS Station 163). The fall-winter-
spring values observed in 1983-84 are close to the
subsurface water values, indicating active vertical mix-
ing of subsurface waters. The initial (or preformed)
pCO, values estimated by Broecker et al. (1985) for var-
ious subsurface waters are indicated by *: UL = Upper
Labrador Sea water, LL = Lower Labrador Sea water,
N = Norwegian Sea water, NB = Norwegian Sea
Bottom water, and D = Denmark Strait water.

were then used to compute the initial pCO,
for five water types found in the northern
high latitude areas. Their assumption of
oxygen saturation at the time of water
formation appears to be supported by the
winter-spring data obtained during the pre-
sent investigation (Fig. 3). The initial pCO,
values thus computed are indicated in
Figure 6 with asterisks with letters. The
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Fig. 7. A plot of the natural logarithm of the pCO,
value normalized to 7.0°C (the annual mean tempera-
ture at the southern station) versus that of the total CO,
concentration normalized to a salinity of 35.0 (the
annual mean salinity at the southern station). The slope
indicates the seasonal mean Revelle factor of 12.4 £ 1.4
at the southern station located in the Irminger Sea.

letters UL, LL, N, NB, and D denote re-
spectively the upper Labrador Sea water
(3.4°C and 34.84 salinity), the lower Labra-
dor Sea water (3.2°C and 34.91), Norwegian
Sea water (3.3°C and 35.02), Norwegian
Sea Bottom water (-1.1°C and 34.90), and
Denmark Strait water (0.25°C and 34.88). It
is seen in Figure 6 that these initial pCO,
values back-calculated from the subsurface
water data are in agreement with the surface
water values observed during the winter
and spring seasons.

Relationship. Between pCO,
and Total CO,

At the southern station, the salinity-
normalized alkalinity value is nearly con-
stant throughout the year. Therefore, the
pCO,-TCO, relationship should yield an
estimate of the Revelle factor, v, (or the

buffer factor), which is defined by the fol-
Jowing equation for seawater with a con-
stant salinity, alkalinity and temperature:

y = (ApCO,/pCO,) / (ATCO,/ TCO,)
= (3 In pCO, /3 In TCO,)

Therefore, the slope of a In pCO, vs.
In TCO, plot gives the value of the Revelle
factor. In Figure 7 the natural logarithm of
the pCO, values corrected to the annual
mean temperature of 7.0°C is plotted
against that of the total CO, concentration
normalized to the annual mean salinity of
35.0 at the southern station. It yields a Re-
velle factor of 12.4 = 1.4, which is con-
sistent with 12.0 at 7°C computed by Taka-
hashi et al. (1980) using the apparent dis-
sociation constants for carbonic acid in sea
water determined by Mehrbach et al.
(1973). This value represents a seasonally
averaged Revelle factor for the northern
North Atlantic surface water, which is use-
ful for model computations of the air-sea
CO, exchange.

Because of the large seasonal variability
in salinity at the northern station, 2 similar
data analysis is considered not valid.

Oxygen Supersaturation and
Primary Productivity

As shown in Figure 3, the surface water
was highly supersaturated with respect to
atmospheric oxygen during May-June in
1983 and 1984. This oxygen supersaturation
was presumably caused by the rate of
photosynthetic oxygen production in the
mixed layer exceeding the rate of oxygen
loss to the atmosphere by gas exchange
across the air-sea interface. If these pro-
cesses are assumed to be in a steady state
condition, and if no net oxygen transfer is
assumed to have taken place between the
mixed layer and the underlying subsurface
waters, the oxygen production rate should
be equal to the net oxygen evasion rate to
the atmosphere. Thus, under these assump-

-




' tions, the photosynthesis rate may be esti-

mated on the basis of the observed AOU
- value. The oxygen evasion flux, F, can be
~ evaluated by:

F= VP : { (Oz)sat - (Oz)obs } P
=Vp- P - (-AOU),

where Vp is the gas exchange piston velo-
city, p is the density of seawater, and (O,)sat
and (O,)qps are respectively the oxygen con-
centration in seawater in equilibrium with
atmospheric oxygen and the observed
value. Accordingly, the difference between
these oxygen values is equal to the AOU.
The value of Vp for oxygen has been esti-
mated to be about 3 m/day (Broecker and
Peng 1982), and that for p is 1025 kg/m’.
The AOU values observed at the stations
were about —55 * 5 wM/kg during May-
June 1984 (Fig. 3). Therefore we obtain the
oxygen evasion flux and hence the photo-
synthetic oxygen production rate of about
0.17 = 0.02 moles O,/(m* - day). Using the
0,/C ratio of 138/106 estimated for mean
plankton composition by Redfield et al.
(1963) or 170/122(+ 18) estimated by Taka-
hashi et al. (1985) for decomposing bio-
logical debris in subsurface waters, this can
be converted to the photosynthetic carbon
fixation rate of 0.13 moles C/(m® - day)
(for the O,/C of 138/106) or 0.12 moles
C/(m? - day) (for the O,/C of 170/122). The
mixed layer depth at these stations ranged
from 10 to 15 metres, and the depth for the
Secchi disc disappearance (personal com-
munication by T. Thoérdardéttir, MRI)
ranged from 12 to 14 metres at the time of
the oxygen measurements. Assuming that
the photosynthesis was distributed uniform-
ly within the upper 10 to 15 metres of the
the water column, we estimate that the
mean primary productivity was approx-
imately 0.007 to 0.01 moles C/(m” - day) or
0.08 to 0.1 g C/(m* - day). Considering the
uncertainties in the estimates for the gas
exchange piston velocity, the thickness of

the photic zone as well as the crude assump-
tions used for deriving the relationship
between oxygen supersaturation and prim-
ary productivity, this estimate should be
uncertain to about * 50%.
On the other hand, concurrently with th
oxygen measurements at these stations, the
primary productivity in the mixed layer was
measured by T. Thoérdardéttir (personal
communication) using a carbon-14 incuba-
tion method. The observed primary pro-
ductivity values range between 1.8 and 2.5
mg C/(m® - hr). Assuming that these values
represent the mean productivity in the study
area during the characteristic time for oxy-
gen gas exchange (i.e. one to two weeks),
and that the effective daylight hours per day
were about 18 hours/day at the time of
measurements, the daily primary product-
ivity is estimated to be about 0.05 g
C/(m® - day). Because of the highly variable
nature of primary productivity with time
and space, this estimate should be considered
as a rough estimate for the mean pro-
ductivity over the time scale of oxygen gas
exchange. Nevertheless, it should be noted
that this is broadly consistent with the pro-
ductivity estimated independently on the
basis of the oxygen gas transfer rate and
AOU.

Relationship Between Nitrate
and Phosphate

The distribution of nutrients and oxygen
in the vicinity of Iceland and the northern
Irminger Sea has been extensively investi-
gated by Stefansson (1968a, 1968b). He
observed that while the N/P ratio for the
warm (T > 6°C) Atlantic waters is similar to
that for the low salinity (S < 34.0) Polar
waters (i.e. 14.35 vs. 14.10), the phosphate
concentration at zero nitrate concentration
for the Atlantic waters is about zero and
that for the Polar waters is about 0.24 uM-
P/kg. The nitrate and phosphate con-
centrations obtained for surface water at
both stations during the present investi-
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Fig. 8. Plots of the nitrate concentration versus phosphate concentration in surface waters at the southern (left) and

northern (right) stations in 1983-84.

gation are shown in Figure 8, and they ap-
pear to be linearly related. A linear re-
gression yields an N/P ratio of 15.8 = 1.9
with an X-axis intercept of 0.04 = 0.1 uM-
P/kg for the southern station and 17.1 + 0.8
with an X-axis intercept of 0.13 = 0.03 uM-
P/kg for the northern station. In view of
Stefansson’s observation (1968b), the great-
er N/P and intercept values observed at the
northern station may be attributed to mix-
ing of the low-salinity Polar waters with the
Atlantic waters. Although the N/P ratio
observed at the southern station, where the
salinity was nearly constant throughout the
two-year period, is consistent with the mean
N/P ratio of 16 in marine plankton (Red-
field et al., 1963), the observed N/P ratio
can not be taken unequivocally as an ex-
pression of the ratio of the photosynthetic

utilization for nitrate and phosphate due to
the lack of our knowledge of the mixing
proportion of waters having different pre-
formed nutrient concentrations.

Relationship Between Phosphate
and Total CO,

The relationship between the phosphate
and total CO, concentration corrected to
the mean annual salinity at the southern
station (35.0) is shown in Figure 9-A, and
that between phosphate and pCO, normal-
ized to the annual mean temperature at the
southern station (7.0°C) is shown in Figure
9-B. It is seen that the northern station data
scatter far more than those for the southern
station. As noted before, the seasonal var-
iation of the salinity at the southern station
is small, whereas that at the northern sta-
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of the data points for the northern station is due to mixing

water is influenced by the low-salinity and high-CO, East

tion is substantially larger (salinity is as low
as 30.7 during August 1984) due mainly to
the increased influx of the low-salinity East
Greenland Current water and/or melting
ice. Thus, the large scatter of the northern
station data may be attributed mainly to the
effect of mixing among various water
masses.

The southern station (64°N) data exhibit
a linear relationship, yielding a CO,/P ratio
of 136 =+ 20. This ratio reflects not only the
effect of photosynthetic utilization, but also
that of air-sea CO, gas exchange, produc-
tion of calcareous tests and water mixing.
Since the surface water pCO, is much lower
than that of the atmosphere during summer,
the summer surface water should have
taken up more atmospheric CO, than the
winter water. Thus, if the observed CO,
values for the summer water, which has a
low phosphate concentration, were correct-
ed for a greater uptake of atmospheric

(B) the pCO, in surface water (normalized to 7.0°C) and phosphate. The northern station data are indicated by “x
and the southern station data by “o0”. The data pointsin () were not used for the regression analysis. Greater scatter

PO4 (pmol/kg)

Fig.9. Relationship between (A) the total CO, concentration (normalized to a salinity of 35.0) and phosphate, and

@y

of various water masses. The pCO; and total CO, values

observed at the northern station are greater than those at the southern station. This suggests that the northern station

Greenland Current water.

CO,, the slope of the regression line in
Figure 9-A should be increased. Therefore,
were the uptake of atmospheric CO, the
only non-biological process to affect the
CO,/P ratio, the observed ratio should re-
present the lower limit for the CO,/P ratio
attributable to biological utilization. In
view of the near constancy of the salinity-
normalized alkalinity values (with an ex-
ception of the March 1983 value) observed
at this station, the effect of CO, utilization
by calcareous shell production appears to be
small. However, the effect of mixing of
various water types cannot be evaluated on
the basis of the present data set.

On the basis of phosphate, total CO,
concentration and oxygen data obtained
along isopycnal horizons in the North
Atlantic, Takahashi et al. (1985) observed
that the phosphate, CO, and O, concentra-
tions in the main thermocline waters change
with a ratio of 1:93:170. Since the younger

3
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(hence higher oxygen concentration) waters
should contain a greater amount of an-
thropogenic CO,, they interpreted that this
value for carbon should represent the lower
limit for the decomposition of biological
debris in the water column. On the other
hand, if nitrogen in the debris is assumed to
be in the form of NH,, its oxidation to NO;
should consume two molecules of O,.Thus,
correcting the oxygen consumption for
oxidation of NH,, they obtained the upper
limit for the P:C: (-0,) ratio of 1:135:170.
The P/C ratio of 1/136(% 20) for biological
production observed at the southern station
during this study tends to support the upper
limit for the P/C ratio, 1/135, observed by
Takahashi et al. (1985).

CO, in the Arctic Waters

Both the total CO, and pCO, data pre-
sented in Figure 9 show that the northern
station waters, when normalized to a salin-
ity of 35.0, contain approximately 50 uM/kg
more CO, than the southern station water.
The 1981-summer pCO, and temperature
data (Fig. 6) also show that the East Green-
land Current water and the Labrador Sea
water have pCO, values about 15% greater
than that of the Norwegian-Greenland Sea
surface waters of North Atlantic origin.
This may be due to a contribution of colder
and higher CO, water of arctic origin. Since
the pCO,-temperature relationship ob-
served during the summer of 1981 (Fig. 6) is
nearly equal to that for an isochemical sea
water, it appears that, although the surface
waters were highly undersaturated with
respect to atmospheric CO,, they did not
take up an appreciable amount of atmos-
pheric CO, via gas exchange as they flowed
northward into the Arctic basin through the
Norwegian-Greenland Sea. We therefore
postulate that during their residence in the
Arctic basin, the surface waters take up CO,
from the atmosphere over the areas free of
ice cover. They might also receive addition-
al CO, by mixing with subsurface waters,

34

although such mixing should be minimal
due to strong density stratification during
the summer. The waters thus enriched in
CO, flow southward out of the Arctic basin
as the East Greenland Current into the
Greenland Sea and further into the Labra-
dor Sea. If this were the case, the Arctic
Sea, in particular the areas free of ice during
summer when photosynthesis is at a maxi-
mum, should play an important role in the
uptake of atmospheric CO,.

SUMMARY AND CONCLUSIONS

The results of a seasonal study of the car-
bon and nutrient chemistry in surface water
conducted at two locations in the areas
north and west of Iceland during the period
March 1983 through November 1984, lead
to the following conclusions:

1) The partial pressure of CO, in surface
water and the concentrations of nutrients
and total dissolved CO, are lowest during
the summer months but are greater in the
fall, winter and spring months. On the
other hand, the concentrations of dissolved
oxygen and carbon-14 in sea water are
greatest during the summer months but
smaller during the rest of the year.

2) The results of the summer observations
can be attributed to accelerated photosyn-
thetic utilization of carbon and nutrients and
reduced vertical mixing in the upper water
column due to increased density stratifica-
tion of the water by the summer warming.
The winter results are attributable to re-
duced photosynthetic rates due to short-
ened daylight hours and to the upward mix-
ing of subsurface waters rich in nutrients
and CO, resulting from winter cooling of the
surface water. Thus, the carbon and nutri-
ent chemistry in the northern high latitude
waters appears to be regulated by the inter-
actions of the photosynthetic utilization of
carbon and nutrients and the supply rate of
these into the photic zone by upward mixing
of subsurface waters. The former is the
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dominant process during the summer
months, whereas the latter is the major
governing process during the winter
months.

3) The surface pCO, data indicate that the
ocean in this region is an intense sink for the
atmospheric CO, in the summer months,
whereas it is a weak to neutral sink during
the winter months. At the southern station
(64°C), the sea even became 2 weak CO,
source during March 1984. This is contrary
to the general belief that the northern high
latitude areas are intense CO, sinks
throughout the year. Seasonal variability in
the carbon chemistry of the high latitude
water mass formation areas must be taken
into consideration for estimating oceanic
uptake of the industrial CO,.

4) The initial pCO, values at the time of
formation of subsurface waters, which have
been computed by Broecker et al. (1985) on
the basis of the estimated preformed values
for the alkalinity, total CO, and nutrients,
are consistent with the values observed dur-
ing the winter and spring seasons.

5) Based upon the pCO, and total CO,
concentration data, the seasonally averaged
Revelle (or buffer) factor for CO, has been
estimated to be 12.4 + 1.4 at the southern
station located in the Irminger Sea in the
North Atlantic.

6) The summer data for the waters of the
East Greenland Current and the Labrador
Sea show that they have greater total CO,
concentrations and higher pCO, values than
those of North Atlantic origin. It appears
that the North Atlantic water cools rapidly
and nearly isochemically as it flows north-
ward into the Norwegian-Greenland Sea
and further into the Arctic basin. It appears
to acquire additional CO, via air-sea €x-
change and perhaps by mixing with subsur-
face waters during its residence in the Arctic
basin. The low salinity East Greenland
Current water, which flows southward out
of the Arctic basin, appears to reflect the
results of these processes.

7) These seasonal data serve as the basis
for quantitative evaluation of the upward
mixing rate, photosynthetic rate and CO,
uptake rate by the sea through model
studies. A diffusion-advection model study
is currently underway. 3
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