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[11 The results of 1 year of automated pCO, measurements in 2002/2003 onboard the car
carrier M/V Falstaff are presented and analyzed with regard to the driving forces that
change the seawater pCO, in the midlatitude North Atlantic Ocean. The pCO, in surface
seawater is controlled by thermodynamics, biology, air-sea gas exchange, and physical
mixing. Here we estimate the effects on the annual cycle of pCO, and relate this property
to parameters like SST, nitrate, and chlorophyll. On the basis of the amplitude in seawater
pCO, for all 4° x 5° grid boxes, this region can be separated into an eastern and western
basin. The annual pCO, cycle in the eastern basin (10°W—-35°W) is less variable,

which can be related to the two counteracting effects of temperature and biology; air-sea
gas exchange plays a minor role when using climatological MLD. In the western basin
(36°W-70°W) the pCO, amplitude is more variable and strongly follows the
thermodynamic forcing, since the biological forcing (as derived from nitrate
concentrations) is decreased. Biology and air-sea exchange strongly depend on the

MLD and therefore also include physical mixing effects. The pCO, data of the analyzed
region between 34°N and 52°N compare well to the Takahashi et al. [2002] climatology
except for regions north of 45°N during the wintertime where the bias is

significant.
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1. Introduction
1.1. Scientific Background

[2] Since the onset of major agricultural changes and the
industrial revolution the CO, content in the atmosphere has
increased by 30%. CO, is the most important anthropogeni-
cally affected greenhouse gas and leads to increased radia-
tive forcing [Houghton et al., 1996], thus potentially
changing the global climate. Possible impacts of this global
climate change cannot be fully appreciated as of now; one
of the reasons is the limited understanding of the global
carbon cycle and the future role of the ocean. A central
question is how much anthropogenic CO, is taken up by
ocean and land now and in the future. Current estimates of
the uncertainty of the ocean uptake term are 0.8 PgC yr ',
which is a fourfold uncertainty compared to atmospheric
measurements [see also Wallace, 2001]. Calculation of the
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oceanic CO, flux from the atmosphere-ocean CO, partial
pressure difference (ApCO,) is not straightforward and
involves several sources of error. Furthermore, the seasonal
variability of the seawater pCO, is difficult to assess,
because direct measurements are sparse. It has been the
focus of many research projects to explain the variability of
oceanic pCO, by a number of parameters: sea surface
temperature [e.g., Lefévre and Taylor, 2002; Lefévre et al.,
1994; Boutin et al., 1999; Stephens et al., 1995], SST
anomaly [Etcheto et al., 1999], sea surface salinity and
temperature [Weiss et al., 1982], physical transports [e.g.,
Dandonneau, 1995; Winn et al., 1994], air-sea exchange
[Lefevre et al., 1994], and phytoplankton blooms [Watson et
al., 1991; Takahashi et al., 1993]. Predicting the pCO, from
changes in SST and SSS is generally most successful in
oligotrophic areas such as the subtropical gyres of the North
Pacific and Atlantic, especially if the correlation is resolved
seasonally [Bates et al., 1996]. In areas with higher
biological productivity such as temperate and subpolar
seas, however, the pCO, is stronger affected by biological
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Figure 1. Cruises of M/V Falstaff between February 2002 and January 2003. The shaded lines delineate
the borders of the 12 grid bands that were used in the data analysis for estimating seasonal cycles of pCO,
and related parameters from observations. Data from marginal seas were excluded (see text). The dotted
line indicates the boundary between the eastern (10°W—-35°W) and western (36°W—70°W) basin as
determined by the distinctively different pCO, seasonality in both domains.

drawdown [Watson et al., 1991] and correlations with
SST/SSS become much weaker. Strong seasonality in the
vertical mixing also plays an important role in these areas,
as has been shown for the North Pacific [Sasai et al., 2000].

[3] All approaches that are concerned with the seasonal
variability of the seawater pCO, show the need of thorough
data sampling. Much effort has been made to establish
an ocean-wide network that can monitor changes in pCO,
and related parameters. Especially in the Pacific, results
from regular measurements onboard commercial vessels
are promising [Nojiri et al., 1999; Zeng et al., 2002]. In
the Atlantic Ocean a comparable network was initialized
by them European project CAVASSOO (Carbon Variability
Studies by Ships of Opportunity) in 2001. This project
encompassed three commercial and one research vessel
on which seawater and atmospheric pCO,, SST, and SSS
were continuously monitored. All lines were operating
with onboard pCO, measurement units that collected
data continuously. Furthermore, on many cruises, discrete
samples for parameters such as nutrients, dissolved
inorganic carbon, total alkalinity, chlorophyll a, etc., have
been collected. This includes data for winter months for
which historical data in the northern North Atlantic are
extremely sparse.

[4] Here we present results covering a full annual cycle
between February 2002 and January 2003 obtained from the
Swedish car carrier M/V Falstaff. The data are used to
analyze the seasonal development of the seawater pCO,
within the eastern and western basin of the North Atlantic.
Correlations between the seawater pCO, and SST, nutrients
and other parameters are examined and used to identify and
explain primary factors controlling the seasonal variability.
Also, basin-wide estimates of the temperature, biology, and
air-sea gas exchange effects on the seawater pCO, are made

in an attempt to explain their variability throughout the year.
We compare and discuss our observations with reference to
the climatology of Takahashi et al. [2002], which is based
on historical data.

1.2. Hydrography of the Midlatitude North Atlantic

[s] The cruises covered a geographical area of the
North Atlantic which ranges from 34°N to 54°N and
10°W to 70°W (Figure 1). Wright and Worthington [1970]
identified four main basins in the North Atlantic (north of
20°N): Labrador, European, North American, and North
African basins. The western basins (Labrador and North
American basin) are separated from the eastern basins by
the Mid-Atlantic Ridge. Two main upper ocean water
masses (0—500 m) are the Eastern and the Western North
Atlantic Central Water [Hinrichsen and Tomczak, 1993].
These water masses exhibit a different physical but also
biological behavior.

[6] The western part is dominated by the Gulf Stream
system (subtropical gyre). Here, at low to midlatitudes,
wind stirring is important for the nutrient distribution in
the water column since it destratifies the water column
and brings up nutrient-rich waters to the surface. Increase
in nutrient concentrations plus adequate light conditions
promote phytoplankton growth. Furthermore eddies play
an important role in redistributing chemical and physical
parameters especially at the northwest boundary. During
summer months, however, a strong stratification of the
water column prevents further vertical supply of nutrients.
In the northeast (subpolar gyre), winter convection plays
a crucial role [Emery and Meincke, 1986]. Deep convec-
tion at high latitudes (>40°N) prevents phytoplankton
growth due to severely decreased light levels. During the
seasonal warming and concurrent stratification of the
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Table 1. Falstaff Cruises Between February 2002 and January 2003*

Cruise Number Time Maximum Latitude Minimum Latitude Minimum Longitude Maximum Longitude Samples (Discrete)
FALOL Feb. 2002 50°N 41°N 2°W 67°W nuts/Chl
FALO2 March 2002 41°N 38°N 40°W 67°W
FALO3 April 2002 49°N 41°N 20°W 71°W nuts/Chl
FALO4 May 2002 50°N 37°N 12°W 60°W
FALO5 May 2002 50°N 41°N 5°W 71°W nuts/Chl
FALO06 June 2002 44°N 35°N 10°W 73°W
FALO7 July 2002 50°N 41°N 5°W 70°W nuts/Chl
FALO8 July 2002 43°N 34°N 13°W 73°W
FALO9 Aug. 2002 50°N 41°N 5°W 73°W nuts/Chl
FALI11 Sept. 2002 50°N 41°N 4°W 73°W nuts/Chl
FALI12 Oct. 2002 44°N 33°N 5°W 75°W
FAL13 Nov. 2002 51°N 40°N 1°W 74°W nuts/Chl
FAL14 Nov. 2002 44°N 33°N 29°W 80°W
FALI15 Dec. 2002 50°N 41°N 5°W 70°W nuts/Chl
FAL16 Jan. 2002 44°N 35°N 10°W 75°W nuts/Chl

?0n all cruises seawater and atmospheric pCO,, SST, and SSS were measured continuously (nuts: discrete nutrient and CT/TA

samples; Chl: discrete chlorophyll @ samples).

surface ocean, strong phytoplankton blooms are promoted
by the wintertime buildup of surface nutrients and optimal
light conditions [Yoder and Kennelly, 2003].

2. Methods
2.1. Data Collection and Analytical Methods

[7] In January 2002, the M/V Falstaff was outfitted for
automated shipboard measurements of pCO, and related
parameters. From February 2002 to January 2003 the M/V
Falstaff sailed across the North Atlantic 15 times. One
roundtrip usually took 6 weeks, including several port calls
in Europe and U.S. east coast, with a mean cruising speed of
18 knots at sea. Continuous measurements of seawater
pCO,, temperature, and salinity were performed on all
cruises. The navigation data (UTC-time, geographical
position) were retrieved from a GPS receiver installed on
the upper deck of the ship. Here we also installed the air
inlet through which we pumped air down to the measure-
ment unit located in the ship’s engine room for the
determination of atmospheric CO,. In addition to these
continuous measurements, we also manually collected
discrete samples for various parameters including nutrients
and chlorophyll @ on every second cruise (Table 1).

[8] The seawater inlet was installed at the ship’s starboard
sea chest located in the engine room of the ship (~6 m
below waterline). Temperature and salinity were measured
by a thermosalinograph (model 21 Seacat, Seabird Elec-
tronics Inc., Seattle, Washington) with the remote temper-
ature sensor installed at the seawater inlet. The seawater is
warmed on average by about 0.04°C on the way from the
inlet to the equilibrator, and the seawater pCO, data have
been corrected for this. The SST and SSS data were
recorded every 6 s, merged with the navigation data and
stored as 1-min averages.

[o] After passing through the thermosalinograph the
seawater flows into the pCO, measurement unit. This
system was designed jointly by one of us (Y. Nojiri) and
Kimoto Inc. (both Japan). The seawater flows at a rate of
~20 L min"" into the equilibrator, where it is brought into
contact with a countercurrent airflow. The equilibrator

(Japanese Patent P2001-83053A) is a tandem type with two
stages: The seawater enters from the top into a shower-type
upper stage which is mounted on top of the bubble-type
lower stage. The countercurrent airflow enters from below.
Any equilibration bias introduced due to the hydrostatic
pressure exerted on the gas bubbles during passage through
the bubble stage (equilibration efficiency 99.5%) is largely
removed in the shower stage (equilibration efficiency 90%).
The overall equilibration efficiency of 99.95% has been
determined in various laboratory tests and was confirmed
during an indoor pool experiment in Tsukuba, Japan, in
March 1999, using varying pool conditions as well as
different CO, concentrations of the countercurrent air
supply for the equilibrators. After passage through the
equilibration unit, the seawater drains into a reservoir.
Finally, the seawater is actively pumped outside of the ship
from the reservoir.

[10] The system is operated at atmospheric pressure, thus
preventing any pressure gradient that might bias the pCO,
determination. After equilibration with the seawater pCO,,
only a part of the countercurrent airflow is subsequently
pumped into the CO, analysis unit. The other part of the
airflow is vented through the equilibrator vent. A small air
reservoir in the vent line prevents invasion of engine room
air due to water level changes in the equilibrator during
heavy sea. Otherwise the resulting “breathing” of the
equilibrator might cause significant biases due to elevated
CO; levels in the engine room air. Prior to analysis, the air is
treated and dried in several steps which include aerosol
filters, a Peltier cooling element, Nafion" tubing, and a
magnesium perchlorate trap. Finally, the mole fraction of
CO, (xCO,) is measured once per minute by a nondisper-
sive infrared (NDIR) detector (LiCOR", model 6252,
Lincoln, Nebraska).

[11] Since the equilibration takes place at ambient
atmospheric pressure as measured by the barometer
within the analysis unit, the pressure reading is used to
correct xCO, into pCO,. This pressure reading as measured
in the engine room was compared to the shipboard
barometer which is installed on the bridge. The accuracy
of the shipboard barometer is about +3 mbar. After height
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correction, the barometric reading from the pCO, system in
the engine room (6 m below sea level) and from the ship’s
bridge agree within the 3-mbar error. Any possible engine
room overpressure of up to 3 mbar would result in a pCO,
error on the order of <1 patm.

[12] The analysis cycle involves a calibration cycle
every 6 hours during which a suite of three standard
gases (nominal concentrations: 250, 350, and 450 ppm
CO, in natural air) is measured. These working standard
gases were calibrated against NOAA primary standards
(accuracy: 0.07 ppm) with similar concentration ranges
using a LICOR" NDIR analyzer (model 6262). After each
calibration run, atmospheric air is measured for 20 min,
and this is repeated every 2 hours. The seawater pCO,
is measured during the remaining time (approximately
880 min/day). The raw voltage readings of the NDIR are
corrected for temperature and pressure effects [Dickson and
Goyet, 1994] using a least squares procedure for the
quadratic regression function. The partial pressure of CO,
(pCO,) is calculated as follows:

pC02 = (P *szo) X )CCOz7 (1)

where P is barometric pressure, pH,O is the water vapor
pressure, and xCO, is the measured dry air CO, mole
fraction.

[13] On 10 cruises throughout the year, nutrient, total
dissolved carbon (DIC), total alkalinity (TA), and chloro-
phyll samples were taken every 3 to 6 hours (Table 1).
The nutrient samples were kept frozen and analyzed in
the shore-based laboratory at the IfM-GEOMAR, Kiel,
following the method of Hansen and Koroleff' [1999]. The
accuracy of the nitrate determination is £3% in the range 0—
10 pmol L™". DIC and TA samples were preserved with
0.02% (by volume) saturated HgCl, solution onboard the
vessel following DOE instructions. DIC was analyzed with
the coulometric technique of Johnson et al. [1999] using a
SOMMA system. TA samples were analyzed by the
potentiometric titration in an open cell as described by
Mintrop et al. [2000]. Both DIC and TA samples were
calibrated against certified reference material provided by
A. Dickson (Scripps Institution of Oceanography, La Jolla,
USA). The precision (accuracy) was 2 (1) pmol kgf1 for
the DIC and +2 (+2) pmol kg~ ' for the TA analysis.

[14] Samples for chlorophyll @ (1-2 L) were filtered
onboard using glass fiber filters (Whatman GF/F), which
were also stored frozen prior to analysis in Kiel.
Chlorophyll @ was determined at the fM-GEOMAR using
the spectrophotometric method by Jeffrey and Humphrey
[1975] with an estimated accuracy of £5%.

2.2. Data Analysis

2.2.1. The pCO, Calculation and Gridding

[15] One year of observations was used to create
monthly maps of seawater and atmospheric pCO, and
SST. The data from each cruise were first averaged into
12 meridional bands of 5° width in longitude and varying
zonal extent (Figure 1). These bands have a maximal
latitudinal range of 10°. Ocean regions east of 10°W and
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west of 70°W were excluded from the calculation in order
to remove coastal influences.

[16] After Zeng et al. [2002], the seasonality of both
seawater and atmospheric pCO, and SST were analyzed for
each 5° longitudinal band with a sigmoidal function which
can be expressed by a harmonic equation. The latter was
computed for each 5° longitude band:

x(¢) = co + ¢ sin(27t) + ¢, cos(2mt) + ¢; sin(4wt) + ¢4 cos(4nt),

(2)

where x is the seasonally varying quantity (e.g., pCO,), ¢ is
time (in months) and c¢;—c4 are four seasonal terms. It is
required for good seasonal coverage that the maximum data
gap should not exceed 3 months.

[17] To estimate the statistical error of this fitting proce-
dure, we compared the seasonal function with the observed
data (Figure 2a). The regression of the geometric mean of
observed and fitted data yields the following equation:

(PCO3 fited) = 0.83(£0.03)pCO% pbserved + 58.2(+14) R? = 0.83.
(3)

[18] We retrieved a deviation of 0.82 from the 45° line
which shows that the agreement is good between observed
and fitted data. There is a negligible offset in the residuals
(mean = 0.00004), and the standard deviation of the
difference is £9.47 (Figure 2b). The distribution of the
residuals (fitted — observed data) shows neither a spatial
nor a temporal trend (not shown).

2.2.2. Temperature and Nontemperature Effects on
the Seawater pCO,

[19] An objective of this work is to determine and
quantify temperature and nontemperature related effects
on surface seawater pCO, in the midlatitude Atlantic
Ocean. We calculate the seasonal amplitudes of the pCO,
which can help to distinguish between forced primarily by
temperature variability and regions forced by other factors,
for example, biological productivity and mixed layer depth
variability [Takahashi et al., 2002]. As a convention, the
seasonal pCO, amplitude is assigned a negative value if the
annual maximum pCO, is found during winter (factor: —1).
A positive sign is assigned to the pCO, amplitude if the
annual maximum pCO, value is found during summer
(factor: +1). Note that winter and summer are defined as the
6-month periods November—April and May—October,
respectively.

[20] The results of this computation (Figure 3) show a
seasonal pCO, amplitude that ranges between —21 and
—30 patm in the eastern North Atlantic, whereas positive
values of +28 to +74 patm are found in the western North
Atlantic. On the basis of this marked regional difference, we
separated the North Atlantic into two separate regimes: an
eastern and a western basin comprising the region from
10°W to 35°W and 36°W to 70°W, respectively. Note that
the same separation, eastern versus western seasonality, is
obvious in the climatological pCO, data of Takahashi et al.
[2002] (Figure 3). This supports our choice of dividing the
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Figure 2. Comparison of observed and fitted seawater pCO,. The observed data were averaged to 5°
longitudinal grid bands of varying zonal extent. The fitted data were computed using equation (2).
(a) Geometric mean of observed and fitted data yields: y = 0. 83x + 58.2 (R*> = 0.83). Both observed and
fitted data are normally distributed. (b) Residuals plotted against the mean of observed pCO,. The black

lines indicate the mean and the 20 margins.

region into two provinces showing a distinct difference in
the seasonality of the seawater pCO,.

[21] We parameterize temperature and nontemperature
related effects on the seawater pCO, according to the
following equations [Takahashi et al., 2002]:

Temperature-dependent pCO,
PCOs(Tobs) = PCO mean x €433~ ) 4)

Temperature-independent pCO,

PCO(Tmean) = pCO2.ps X e(l()“23(TmcarTobs)7 (5)

where pCOj mean denotes the observed annual mean
seawater pCO, per grid band, pCO, s represents the
observed monthly mean seawater pCO, per grid band, and
Tmean and T, are the observed annual and monthly
mean SST values per grid band, respectively. In effect,
equation (4) modulates the annual mean pCO, values
according to the seasonal SST cycle, thus accounting for the
pure thermodynamic effect of temperature on the solubility
of dissolved CO, and the speciation of CO, system (4.23%
change per 1°C; [Takahashi et al, 1993]). The result
represents the seasonal pCO, signal if this was only driven
by temperature. In contrast, equation (5) corrects the
observed seawater pCO, for the temperature effect and
thus reveals any remaining seasonal pCO, variability that is

not accounted for by the seasonal SST cycle. The result of
this deconvolution thus represents changes in seawater
pCO, values that are forced by factors such as biological
production, air-sea gas exchange, or lateral/vertical mixing.
2.2.3. Temperature, Biology, and Air-Sea Exchange
Effects on the Seawater pCO,

[22] In this section we estimate the effects of temperature
change, “biological” carbon drawdown, and air-sea ex-
change of CO, on the air-sea ApCO, (=pCO; scawater —
PCO2 atmosphere) N the eastern and western basins of the
North Atlantic following the approach of Lefévre et al.
[1994]. The thermally driven monthly pCO, change,
ApCO; temp, has been calculated by

APCOsemp = PCOspm X 00423(To~Tpm) _ PCOspm. (6

The “biologically” driven monthly change of the seawater
pCO,, ApCO, 0, is calculated from the monthly nitrate
change which is converted into a DIC change by using a
Redfield ratio of 7.2 for the North East Atlantic [Kortzinger
et al., 2001]. Please note that we assume the resulting
ApCO, p; to represent the monthly change in pCO, driven
by “biological” carbon drawdown as mirrored in changes in
nitrate concentrations. We are aware, however, that monthly
nitrate changes not only depend on local uptake, but also on
lateral advection and vertical mixing. Therefore the
“biologically” driven pCO, change may be biased to the
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Figure 3. Seasonal amplitude of the seawater pCO, of all 12 latitudinal grid bands based on
observations (black) and the climatological data set (shading) by Takahashi et al. [2002]. The data were
computed according to Takahashi et al. [2002]: A positive sign is assigned when the maximum seawater
pCO, occurs in the warm season (here: western basin). A negative sign of the amplitude refers to a grid
band where the maximum seawater pCO, occurs during the cold season (here: eastern basin). A clear
delineation between a western (summer pCO, maximum) and eastern (winter pCO, maximum) domain is

found for both data sets.

extent that nitrate changes due to lateral advection and
vertical mixing are not accompanied by the respective
Redfield DIC-equivalent. Keeping this in mind, we still
think that this rather simplistic approach is a helpful
exercise to contrast the thermodynamic effects with
“biological” effects on the observed pCO, variability.
Therefore we use quotation marks on the “biology” term
which will account for this assumption. The “biological”
driven monthly pCO, change, ApCO,.;,, has been
calculated by

7.2 x (NO3 — NO3 pm)
DICmean

ApCOzbm = X R X pCOz,pm7 (7)
where NO;;, and NOs,,, are the monthly mean surface
layer nitrate concentrations of the month under considera-
tion and the previous month, respectively. DIC,can is the
annual mean value of dissolved inorganic carbon for each
basin, R is the buffer factor calculated for each basin, and
pCOspm denotes the observed monthly mean seawater
pCO, of the previous month. Both, DIC .., and the buffer
factor were calculated from the pCO,, total alkalinity (TA),
SST, and SSS annual mean data for each basin. The
resulting buffer factor was slightly higher in the eastern
(10.56) than in the western basin (10.02). The alkalinity data
in turn are derived from the salinity observations (SSS,ps)
based on a linear regression of discrete TA (umol kg™~') and
SSS data collected over the sampling period,

TA (pmol kg™") = 50.78 x SSSgps + 527. (8)

This regression compares very well with earlier observa-
tions [Kortzinger et al., 2001; Millero et al., 1998].

[23] In order to calculate the air-sea exchange effect on
the observed monthly pCO, changes (ApCO, asg), the
observed pCO, data set was combined with climatological
data for the mixed layer depth (MLD) and wind speed.
Mixed layer depths are taken from the Levitus 1994
climatology [Levitus and Boyer, 1994] using the potential
density criterion (change of 1.25 x 10~* g cm ™ in potential
density with respect to the surface value). We preferred this
to the temperature criterion since it better corresponds to the
water mass characteristics in the North Atlantic [see also
Kara et al., 2000]. Wind speed data are monthly mean
averages from the COADS climatology. We used wind
speeds and the transfer coefficient that is based on the long-
term parameterization of Wanninkhof [1992] to calculate the
monthly CO, flux F,,. Subsequently, the ApCO, associated
with gas exchange is calculated,

Fm = kKO (pCO2.airAm _pCO2,sea,m) (9)

Fn/MLD

ApCO =R CO
pLU2 ASE X pLOs pm X DICoo |

(10)

where R is the annual buffer factor for each basin, pCO, i,
and pCO, p, are the observed seawater pCO, of the current
and the previous month, respectively, DIC is the annual

6 of 16



GB3023

LUGER ET AL.: pCO, VARIABILITY IN THE NORTH ATLANTIC

GB3023

SEAWATER pCO,

55°N i s 55N :
5 5

a [ ]

&SN 345N i
F £

BN B §
W SOW W 10W 70w S0W 30°W 10w
55°N : 3
3 3

E 13

&N 5 g
H £

-] ]

35N 0 ]
W SOW W 10W 70w S0W 30°W 10°W

Nov

55°N

45°N

Ocann Data View

2
L
>
a
7
Q
c
i
e
o
0

38N

T0°W  S0°W 30°W 10°W T0°W 50°W 30°'W 10°W

55°N L
.
4N i 4N
£
8
3N & N
T0°W  50°W 30°W  10'W W S0°W 30W 10w
55°'N : 55°N
-
45N PH 45°N
§
BN g 3N
T0°W 50°W 30°W  10°W W S50°W 30w 10°W

Dec
5N A
5
" a
45°N | 245N
o, i
3N & N

T0°W 50°W 30°W 10°W

T0°W 50w 30°W 10°W

Figure 4. Monthly distribution of the seawater pCO, from February 2002 to January 2003. No data
were recorded for the eastern basin in March 2002 due to technical problems. See color version of this

figure at back of this issue.

mean value of the dissolved inorganic carbon for each
basin, and MLD is the mixed layer depth.

3. Results

3.1. Seasonal Cycles of the Surface Seawater pCO,,
Temperature, and Nutrients

[24] Our data set permits calculation of monthly pCO,
maps in the midlatitude North Atlantic for the period
February 2002 to January 2003 (Figure 4). As explained
above, we separated the observations into two provinces
which are characterized by an opposite phase of the
seasonal pCO, amplitude.

[25] Between January and March the seawater pCO,
ranges between 320 and 340 patm with slightly lower

values in the western basin than in the eastern basin. In
April the eastern basin still shows higher values around
350 patm, while in the western basin values had dropped to
300—-330 patm, indicating an earlier onset of the productive
season in the west. In May and June the seawater pCO, also
started to decrease in the eastern basin (340—330 patm),
while western basin pCO, values increased slightly (325—
335 patm). From July to September the pCO, values rose
significantly in the western basin as a consequence of
seasonal warming. During the summer months the mean
difference of pCO, between the eastern and western basins
is about 30 patm. In October and November the pCO, of
both basins is distributed more uniformly with values
around 340 patm. In December the pCO, values are higher
than in the previous 2 months, which is likely the result of
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Figure 6. Difference between temperature and nontemperature related effects on the seawater pCO, for
each grid band in the eastern and western basin as computed according to Takahashi et al. [2002].

vertical mixing entraining subsurface waters with elevated
pCOz

[26] The western basin shows a higher variability of
seawater pCO, than the eastern basin (Figures 5a and 5b);
however, the annual pCO, means are nearly the same in the
western (342 patm) and in the eastern basin (343.2 patm).
Generally, the seawater pCO, is lower than the atmospheric
pCO, (370.3 + 5 patm) except during the summer months,
where surface waters in the western basin reach equilibrium
and become supersaturated for a short period of time.
Therefore the studied region (34°N-50°N) represents
perennial sink for atmospheric CO, with the exception of
the western basin during late summer. The SST data show
similar patterns of variability (Figures 5c and 5d) for each
basin, with higher seasonal amplitude in the western basin
(14°C) than in the eastern basin (7°C) when calculated from
the observed monthly means.

[27] The nitrate data (Figures Se and 5f) show a higher
seasonal nitrate drawdown (winter maximum — summer
minimum) in the eastern basin (7 pmol kg ') than in the
western basin (5 pmol kg™"). The difference in the nutrient
seasonality is also reflected in the World Ocean Atlas
climatology [Conkright et al., 2002], but it is not as
pronounced. It is noticeable that the minimum nitrate
concentrations of the climatology are higher than the
observed concentrations. The seasonal signal (winter
maximum — summer minimum) of the climatological
nitrate data is reduced by 30—40% (western basin: 4 pmol
kg™ '; eastern basin: 5 pmol kg ).

[28] The annual cycle of the mixed layer depth (MLD)
shows a significantly higher seasonal amplitude in the
eastern basin than in the western basin (Figures 5g and 5h).

In March and April the mixed layer deepens to maximum
values of about 360 m and 140 m in the eastern and western
basin, respectively. Beginning in May the MLD shallows
and the minimum depths persist in the eastern and western
basin until November and October, respectively.

3.2. Seasonal Controls on Surface Seawater pCO,

[20] The difference (T — B) between the thermal (7) and
nonthermal (B) forcing was calculated in equations (4) and
(5), respectively, according to Takahashi et al. [2002]. The
eastern basin pCO, is dominated by nontemperature effects,
whereas the western basin pCO, is strongly driven by
temperature (Figure 6). Accordingly, the summer pCO,
maximum in the western basin is due to the fact that
temperature is the major force that drives the seawater
pCOy. In contrast, pCO, values are generally lower in the
eastern basin during summer and highest during winter
when strong vertical mixing brings up subsurface waters of
pCO,. This can be verified by the mixed layer climatology
showing much higher mixed layer depths during wintertime
in the eastern basin than in the western basin. We would like
to stress again that the nonthermal component is not
necessarily a monocausal but collects the effects of
processes such as biological production/respiration, changes
in alkalinity, and also physical processes like vertical
mixing, advection, and air-sea exchange of CO,.

[30] We estimated two of these nontemperature effects
using the current data set: the “biological” carbon draw-
down (ApCO;y,;,) and the air-sea exchange (ApCO; asg).
The “biological” carbon drawdown (new carbon produc-
tion) is calculated from changes in the observed nitrate
concentration. The air-sea exchange term is derived from

Figure 5. Seasonal cycles of the seawater and (a, b) atmospheric pCO,, (c, d) SST, (e, f) nitrate, and (g, h) MLD in the
eastern and the western basin. Shown are the monthly means (black dots) and the results of the computation fit in each
basin. The MLD data are taken from a climatology [Levitus and Boyer, 1994]. The nitrate data are also compared to the

World Ocean Atlas climatology [Conkright et al., 2001].
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Figure 7. Property-to-property plot of SST and seawater pCO, for (a) the western and (b) the eastern
basin. In the western basin we found no correlation between SST and pCO, (open squares, R* = 0.00)
except for the following data subsets. We discriminate data with SST lower than 13°C, presumably
belonging to Labrador Current (black dots) yielding: y = — 4.74x + 383.4, R* = 0.32, and data observed in
the summer months (shaded squares): y = 5.94x + 221.59, R* = 0.53. This relationship corresponds to
1.7% increase in pCO, per 1°C. In the eastern basin, data observed during the summer months (shaded
squares) resulted in the following regression equation: y = 8.71x + 176.83, R* = 0.70 (2.51% °C""). The
white squares represent the rest of the data set in the eastern basin which yielded: y = —3.97x + 401.9,
R*=0.40. Also shown is the isochemical line (dashed line) which describes the empirical relationship of
4.23% °C~' between pCO, and SST that was determined for a North Atlantic seawater sample

[Takahashi et al., 1993].

the air-sea CO, flux which requires quantification of the air-
sea ApCO, as well as MLD, wind speed, and the buffer
factor of the marine CO, system. For calculation proce-
dures, please refer to section 2.2.3.

[31] The seasonal amplitude of the seawater pCO, is less
pronounced in the eastern basin compared to the western
basin, and this can be inferred from the different forcing
factors that influence the pCO, in each basin (Figure 9).
In the eastern basin the subdued annual seawater pCO,
cycle is a consequence of the seasonal ApCO; e, am-
plitude of 58 patm, which is counterbalanced by the seasonal
ApCO, ;o amplitude of 44 patm that is in almost exact
opposite phase. The ApCO, sk in the eastern basin always
increases the pCO, except during March and April where
the MLD is very deep and the effect is diluted. The
strongest seasonal effect (20 patm) is found during the
summertime when the mixed layer depth is shallow and
the CO, flux is therefore increased.

[32] In the western basin, the stronger seasonal ApCO,
amplitude of 62 patm is a consequence of a slightly stronger
thermal forcing combined with a significantly smaller
“biological” influence. The 50% lower “biological” carbon
drawdown in the western basin is associated with a smaller
nitrate amplitude, which in turn is driven largely by the
MLD variability. The ApCO, asg term is similar to the
eastern basin except for the fact that net CO, flux becomes

negative (here: outgassing) in August when the seawater is
oversaturated with respect to the atmosphere. It should be
noted that the pronounced ApCO; Asp maximum in June is
caused by an extremely shallow MLD of 8 m, which might
be an artifact of the mixed layer depth climatology.

4. Discussion

4.1. pCO,, SST, and Nutrient Variability in the
Eastern and Western Basin of the North Atlantic

[33] Our data set compares well with earlier observations
in this area. Cooper et al. [1998] reported 1 year of
observations from a commercial vessel that was equipped
with a pCO, measurement unit cruising from the UK to
Jamaica between 1994 and 1995. They found the largest
seasonal change of pCO, in the mid-Atlantic region
(40°W—-50°W) with summer supersaturation of pCO,,
which is consistent with our results. Furthermore, both data
sets show that in the northeast Atlantic the seawater pCO, is
undersaturated with respect to the atmosphere and therefore
acts as a CO, sink.

[34] This data set covered the margins of both gyres, the
subtropical and subpolar gyre. Hence the driving forces of
the seawater pCO, will be influenced by these systems;
however, the effects will be diluted. We found a positive
correlation between temperature and pCO, in the western
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no correlation with the pCO, data (summer depletion of nutrients).

and eastern basins for the summer months, which
corresponds to a pCO, increase of ~1.7 and 2.5% per
degree Celsius (Figure 7), respectively, which is comparable
to Cooper et al. [1998], who observe a 2—3% °C ™" increase
in pCO,. The deviation from the thermodynamic effect
(4.23% °C~") can mostly be explained by a counteracting
“biological” effect (see below). SST was used earlier for the
prediction of seawater pCO,; however, our observations do
not support this finding for seasons other than summer
when stratification prevents the upward mixing of nutrients
and limits biological production. A pCO, prediction by SST
was successful in the center of the subtropical gyre [Lefevre
and Taylor, 2002; Bates et al., 1998]. The observed water
masses along our VOS line, however, include mixtures of
surface water masses of different origins which are stronger
influenced by biological activity, air-sea exchange, and
vertical mixing/lateral advection than within the center of
the subtropical gyre. If the summer months are excluded we
find a weak negative correlation between SST and pCO, in
both basins (Figure 7). It is noteworthy that minimum SSTs
are much lower in the western basin, which can be
attributed to Labrador current waters (SST < 13°C) based
on the low-salinity signature. A negative correlation
between SST and pCO, is typically an indicator of vertical
mixing/upwelling, which brings to the surface colder waters
with elevated pCO, levels (respiratory CO, from subsurface
respiration).

[35] The nitrate data compare well with earlier publica-
tions; however, slight variations occur when our data set is
compared to the World Ocean Atlas climatology. The latter
shows a lower seasonal nitrate drawdown than our observed
data, but Takahashi et al. [1993] report a seasonal nitrate

drawdown of ~8 pmol kg ' in the northeast Atlantic (47°N,
20°W) which is in the range of our observations in the
castern basin. Generally, the seasonal range of surface
nutrients can be considerable owing to the interannual
variability in mixing and especially biological productivity.
In the eastern basin, which is mainly influenced by the
North Atlantic drift, temperature-normalized seawater pCO,
shows a strong correlation with nitrate (% = 0.8; Figure 8).
An explanation of the strong “biological” effect which is in
essence derived from nitrate concentrations is the broad
MLD range in the eastern basin. A maximum depth of over
300 m is reached which is caused by deep water convection
and higher wintertime wind stress in this region. In the
western basin the MLD is generally shallower, reflecting a
higher stratification, especially during the summer months.
In the subtropical gyre the nutrient concentrations are
usually very low and the winter mixing produces a peak-
like spring bloom through the upward transport of water
masses that have higher nutrient concentrations [Bates,
2001]. Our observations in the western basin show a
nutrient concentration throughout the year, except during
the summer months, that is at least ten-fold higher than
nitrate concentrations in the subtropical gyre (BATS site).
Thus the analyzed region shows different nitrate patterns
than the subtropical gyre, pointing toward a more
mesotrophic system. When the summer months are
excluded from the data, a weak correlation between
temperature-normalized pCO, and nitrate is found in the
western basin (> = 0.4; Figure 8) which is only 50% of
the correlation found for the eastern basin. In contrast to the
pCO,-SST correlation (excluding the summer months), the
correlations with nitrate in both basins are positive. Since
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nitrate and SST are also negatively correlated, the effects of
temperature increase and ‘‘biological”” drawdown (as
mirrored in nitrate concentrations) on the seawater pCO,
are counteractive, which is shown in Figure 9. Lefevre and
Taylor [2002] found that the strength of the biological effect
increases with latitude in the subtropical gyre of the
northeast Atlantic. Although our measurements were at
the margins of the subtropical gyre, we can nevertheless
confirm this finding in the regard that the ApCO, ,, of the
eastern basin is more pronounced than in the western basin.
This is also based on the fact that the observations in the
eastern basin are farther north than in the western basin.
Concluding, we can show that in the western basin the
temperature effect on the pCO, is not counteracted by an
equally strong opposite “biological” effect, and as a
consequence the seawater pCO, primarily follows tempera-
ture changes. This result is confirmed by model experiments
which use data from various stations in the eastern and
western North Atlantic. Brostrom [2000], for instance,
shows that biology is more important for the pCO, in
northern nutrient-rich parts than in the southern nutrient-
depleted areas, whereas the SST influence is strongest in
southern areas and relatively weak in northern areas.

[36] MLD not only affects the nitrate concentration
through physical mixing, but it also plays an important role
for the air-sea exchange (ASE). Brostrom [2000] explains

12

that the imprint of the ASE effect on the inorganic carbon
concentration is strongest when the MLD is shallow and
furthermore estimates the ASE effect to be 50% of the SST
effect. This is in line with our findings, as we could show
that the ASE effect is generally smaller than the thermo-
dynamic and “biological” effect on the pCO,. Hence the
choice of the MLD data set is crucial and determining for
the controls on the surface seawater pCO,. It is difficult to
assess the uncertainty of the MLD climatology, however,
since it is highly variable in time and space. Kara et al.
[2000] suggest that the variability of the MLD for any
definition, for example, temperature or density criterions,
yields an accuracy of only 20 m in 85% of the analyzed
cases. In our case, for instance, a 10% decrease in MLD
increases the ApCO; a5k term by 10%, which may lead to
more significant contributions of this effect with respect to
the pCO, variability.

[37] Earlier work suggested a good correlation between
pCO, and chlorophyll [Watson et al., 1991] since
chlorophyll a has been used frequently as an indicator for
algal biomass. The pCO, prediction from chlorophyll a
would be very convenient as the latter can be remotely
sensed. Our data, however, do not reveal any relationship
between temperature-normalized pCO, and chlorophyll «,
which is also true for remotely sensed chlorophyll data
derived from the SeaWiFS project (Figure 10). There is no
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significant correlation in the present data set between pCO,
and chlorophyll @ for any region or time (> < 0.2), not even
for the spring bloom time where one might expect a closer
relationship. Please note that the observed chlorophyll data
generally compare well with the remotely sensed results
except during spring and fall time where differences of more
than 2 pg L™ occur. It is most likely that the pCO,-
chlorophyll relationship is (1) very patchy, (2) probably
obscured by variable and time-dependent chlorophyll-to-
carbon ratios, and (3) to some extent masked by the large-
scale effects of vertical mixing and variable water mass

properties. On the basis of the present data set it is therefore
not possible to confidently estimate the biomass and
subsequently the seawater pCO, from chlorophyll a.

4.2. Comparison of pCO, Changes to the pCO,
Climatology

[38] The measured annual cycles of seawater pCO, are
compared to the climatological pCO, cycles of Takahashi et
al. [2002]. Both data sets are corrected to the virtual year
1995 using the approach of Takahashi et al. [2002], who
assumed that ocean areas south of 45°N should be corrected
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for the annual increase of anthropogenic CO, (C,,;) whereas
areas north of 45°N would not show any long-term trends in
surface ocean pCO,. The latter assumption was derived from
observations at Weather Station “P” (50°N, 145°W) in the
northeastern subarctic Pacific by Wong and Chan [1991]
where it was shown that the oceanic pCO, did not follow the
atmospheric increase of CO,. Here we corrected the observed
pCO, data by using a correction factor of 1.5 ppm yr~ ' for
data south of 45°N, whereas data north of 45°N were left
uncorrected for the anthropogenic increase (C,y). Also
shown is the result when all data (i.e., also those north of
45°N) are corrected for the anthropogenic CO, increase.

[39] In general, both data sets compare very well
(Figure 11), especially in the western basin (annual mean
observed-climatological pCO, difference = —2 patm).
Significant deviations between the observed year and the
climatology are apparent mostly during the winter-spring
season in the eastern basin. Here from January until May the
observed pCO, is higher by ~22 patm than the climatolo-
gical pCO, (annual mean observed-climatological pCO,
difference = +13 patm). In the eastern basin the agreement
is slightly improved if we correct data north of 45°N for the
temporal trends in atmospheric pCO,. This discrepancy
indicates that the sampled year may not be representative of
the long-term climatological mean. It has been shown for
the subtropical gyre near Bermuda that interannual
variability of the upper ocean carbon cycle varies with the
strength of the wintertime convection which was then
extrapolated to the entire North Atlantic ocean [Gruber et
al., 2002]. We showed earlier that the pCO, variability
strongly depends on the MLD, but the mechanisms that
drive the annual pCO, cycle in the designated basins are of
profound difference.

[40] The differences between the climatology and our data
set are most likely caused by further implications. The first
one relates to the fact that our data set only represents 1 year
of data in contrast to Takahashi et al. [2002], who used over
900,000 data points for all oceans. Second, it is most likely
that there is indeed an increase in C,, in surface waters
north of 45°N in contrast to the assumption by Takahashi et
al. [2002]. Observations [Omar et al., 2003] and models
[e.g., Anderson and Olsen, 2002] show that the surface
pCO, within this region did indeed increase; therefore it
seems reasonable to apply the correction factor also to
regions north of 45°N in the North Atlantic. Our findings
also support a temporal trend in surface ocean pCO, north
of 45°N, and therefore the assumption of Takahashi et al.
[2002] does not appear to be valid for the North Atlantic.

5. Conclusions

[41] We successfully established a VOS-line in the North
Atlantic on board the merchant vessel M/V Falstaff owned
by the Swedish Wallenius Lines A/S. The measurements of
seawater pCO, and further parameters started in February
2002 continued well into 2003.

[42] Our results suggest that in the eastern and the western
basin the variability of the seawater pCO, is steered by
different mechanisms. We show that along our transect,
predicting the seawater pCO, from temperature might be
successful in the summer, but the correlation of pCO, and
SST is too weak during the rest of the year. Despite earlier
observations, we showed that chlorophyll cannot be used as
a predictor for pCO,, as we could not prove any correlation
between the two. However, our results are promising with
regard to the relationship between nitrate and pCO,. Here
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the mixed layer depth which is strongly correlated with the
nitrate supply might be an auspicious parameter to be used
for pCO, predictions.

[43] The seasonal cycle of the seawater pCO, within the
analyzed region and time is controlled by two major
forcings: temperature and ‘“biology.” The latter includes
physical mixing effects since the nutrient concentration is
changed by both biology and vertical mixing, advection,
eddies, etc. In the eastern basin the temperature and
“biology” effect cancel each other and the overall effect
is the observed subdued seasonal cycle of the seawater pCO».
In the western basin the “biological” drawdown is gradual
and it does not counteract the temperature effect; therefore it
is more temperature controlled than the eastern basin. The
effect of air-sea exchange is smaller compared to temperature
and biology effects when the climatological MLD are used.
Future analysis will test whether more accurately computed
MLD data will change the ASE effect significantly.

[44] It is noteworthy to point out that the annual mean
pCO, of both basins is the same despite the fundamental
differences in underlying mechanisms. Related parameters
such as SST, nutrients, and MLD may offer hindsight into
these mechanisms as we showed in this work. It is difficult,
however, to discriminate between true biological and
physical controls that mediate the seawater pCO,, since
both effects are strongly correlated and prone to large
interannual variability. Such a large data set with the rather
high spatial and temporal coverage achieved by VOS-type
operations has major advantages in resolving not only the
seasonal but also the interannual variability of properties in
large ocean regions. The continuation of scientific measure-
ments onboard commercial vessels is highly recommended,
as they provide valuable insight into the biogeochemical
functioning of the ocean which cannot be achieved by
research vessels only.
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Figure 4. Monthly distribution of the seawater pCO, from February 2002 to January 2003. No data
were recorded for the eastern basin in March 2002 due to technical problems.
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