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[..] since every piece of matter in the Universe is in some way affected by every other
piece of matter in the Universe, it is in theory possible to extrapolate the whole of
creation - every sun, every planet, their orbits, their composition and their economic and

social history from, say, one smal piece of fairy cake.

Douglas Adams. “The Restaurant at the End of the Universe”
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Abstract

This PhD thesis was part of the EU-funded project CAVASSOO (Carbon Variability Studies
by Ships of Opportunity). The major goa of the project was to establish an international
network in the North Atlantic consisting of commercial vessels that are equipped with pCO,
measurement devices. The ingtallation of a autonomously working pCO- unit onboard the
carcarrier M/V Falstaff was completed in January, 2002. Measurements started a month later
with the first transatlantic crossing. In the following months continuous and discrete samples
were analyzed. It was examined whether it & possible to correlate the oceanic pCO- with
parameters that can be retrieved by ship-independent observations such as remote sensing.
The correlatin between pCO, and nitrate was promising in this context and it could aso be
shown that nitrate correlated well with the mixed layer depth. Parameters such as temperature
and chlorophyll on the other hand did not reveal a unique correlation with the pCO,. Within
this thesis it was also shown that the seawater pCO- in the eastern basin (10°W-35°W)
showed smaller seasona changes than in the western basin (36°W-70°W) in the North
Atlantic. This was explained by the fact that in the eastern basin the temperature effect on the
seawater pCO, was counteracted by the biological effect yielding a damped seasonal pCO;
cycle. In the western basin, however, temperature was the mgjor force on the pCO, which was
not reduced by a counteracting biology effect thus yielding a pronounced seasonal pCO-
cycle. The CO; flux calculation showed that this region of the North Atlantic was a sink for
atmospheric CO, in 2002. When comparing the CO; flux to awell-cited pCO- climatology the
difference was small (4%). The seasonal cycles of nutrients within different watermasses
showed distinct patterns. The C:N ratio of the seasonal new production were similar to the
Redfield ratio for all watermasses excecpt for the Gulfstream watermass. In the latter a carbon
overconsumption with respect to Redfield could be shown which pointed at N, fixation. This
result was underlined by the high N:P values of the Gulfstream waters.



Zusammenfassung

Der Rahmen der vorliegenden Dissertation wurde durch das EU-geftrderte Projekt
CAVASSOO (Carbon Variability Studies by Ships of Opportunity) vorgelegt. Ziel des
Projektes war es ein internationales Netzwerk kommerzieller Schiffe im Nordatlantik zu
etablieren, die mit pCO,-Mefdgerdten ausgeristet wurden. Im Fall der vom IfM -betreuten
Schiffdlinie konnte die Installation an Bord des Autofrachters M/S Falstaff erfolgreich im
Januar 2002 abgeschlossen werden, und die Melreihe wurde einen Monat spater mit der
ersten transatlantischen Uberquerung begonnen. Uber ein Jahr konnten kontinuierliche (pCO»,
Temperatur, Salzgehat) und diskrete (Nahrstoffe u.a) Proben gesammelt und analysiert
werden. Diese Daten wurden in der vorliegenden Arbeit ausgewertet. Es wurde untersucht, ob
der ozeanische pCO.; durch Parameter bestimmt werden kann, die man durch
schiffsunabhéngige Messungen erhdlt wie z.B. durch Fernerkundung. Die Korrelation
zwischen pCO, und Nitrat war dabei vielversprechend, wobei Nitrat auch sehr gut mit der
Deckschichttiefe korreliert war. Andere Parameter wie Temperatur und Chlorophyll zeigten
keine eindeutige Korrelation mit dem ozeanischen pCO,. Weiterhin wurde festgestellt, dal3
der Seewasser-pCO; im dstlichen Becken (10°W-35°W) geringere saisonale Schwankungen
zeigt as im westlichen Becken (36°W-70°W). Im 6stlichen Becken des Nordatlantiks heben
sich die Temperatur- und der Biologie-Effekte auf den pCO, gegenseitig auf, so dal3 die
saisonale pCO,- Amplitude schwach ausgepragt ist. Im westlichen Becken wiederum zeigt
sich ein ausgepragter Temperatureinfluld auf den pCO,, der nicht durch einen gleichgrofden
Biologie-Effekt ausgeglichen wird, wodurch die saisonale pCO, Amplitude sehr grol3 ist. Bei
der CO, Flufberechnung zeigte sich, dal’ diese Region des Nordatlantik im Jahr 2002 eine
Senke fur atmospharisches CO, war. Der Vergleich des Datensatzes mit einer bekannten
pCO, Klimatologie ergab eine sehr geringe Differenz (4%). Die saisonalen Nahrstoffzyklen
zeigten unterschiedliche Jahresgange innerhalb verschiedener Wassermassen. Die C:N-
Verhdltnisse der saisonalen Neuproduktion waren bis auf die Golfstrom Daten mit dem
Redfield-Verhdltnis vergleichbar. Bei den Golfstrom-Daten ergab sich eine Abweichung zu
Werten, die grol3er waren as die Redfield-Verhéltnisse, was auf ein Np-Fixierung innerhab
dieser Wassermasse hindeutet. Diese Annahme wurde auch durch erhdhte N:P-Werte der
saisonalen Neuproduktion bestétigt.
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Introduction

1. I ntroduction

The global climate change is inseparately connected to the carbon cycle with carbon dioxide
as one of the mgor greenhouse gases. It is a well known fact that anthropogenic emissions
have led to a higher atmospheric content of CO, since the onset of the industrial revolution.
Such a high atmospheric CO, concentration is unprecedented and has not been exceeded
during the past 420,000 years (Houghton et a., 2001). The atmosphere, however, only stores
about half of the anthropogenic CO, and it remains unclear what happens to the other half.
Generaly, the atmosphere exchanges CO, in a source/ sink pattern with two maor reservoirs:
the terrestrial biosphere and the ocean. The atmospheric CO, content is well known for two
reasons. Firstly, in the atmosphere CO; is distributed uniformly due to the rapid mixing and,
secondly, a high quality world-wide network exists which continously monitors the
atmospheric CO, content (Conway et al., 1994). On land and in the ocean the CO, variability
and consequently carbon storage is much more difficult to determine. A vast multitude of
carbon species exists in the terrestrial biosphere and land use is continously changing which
makes it very difficult to constrain carbon storage (Wallace, 2001). In the ocean most of the
carbon is present as inorganic carbon and the carbon uptake term can be estimated with higher
reliability than in the terrestrial biosphere. Thus the latter is commonly calculated from the
difference between atmospheric and oceanic reservoir. A lot of research has been conducted
to find out about the general mechanisms that underlie the complex carbon cycle in the ocean.
The North Atlantic Ocean plays an important role in the global ocean with regard to the
uptake of anthropogenic CO,. Deep-water formation in the high northern latitudes of the
Atlantic leads to a deep penetration of anthropogenic CO, (Gruber, 1998).
Based on this scientific knowledge the European project CAVASSOO (Carbon Variability
Studies by Ships of Opportunity) was launched as a pilot project in 2000. Within my thesis -
which was part of this project - | came across major questions and topics that are crucial for a
better understanding of the carbon cycling and global implications such as climate change:

How does the marine carbon cycle work? What are the patterns of CO, within the

ocean and at the surface?

How variable is the CO, flux and related parameters in the North Atlantic Ocean?

How well is the international database established? How important is the addition of

new CO; data and parameters such as e.g. wintertime nutrients?



Introduction

2. Scientific Background

2.1. Carbon dioxide chemistry of the sea

2.1.1. TheCarbonate System

The carbon cycle of the ocean is well constrained with regards to pathways of CO,, however,

actual fluxes and quantities are an ongoing subject of debate. CO; is exchanged between

atmosphere and ocean, where the flux largely depends on the concentration gradient. In ocean

Box 1: Reaction Chemistry of CO, in seawater.

CO, from the atmosphere dissolves in seawater:

K
(1) CO, (9) 0 CO, (f) K,,: Henry constant (solubility constant)
(9: gas phase; f: free uncombined CO, = pCO,)
(2) CO, () +H,0U H,CO, SLOW REACTION
(N J
Yo
H,CO;* or CO,(aq) summary of equation (2); denotesthe non-ionized

dissolved CO,

complete reaction with subsequent dissolution:

K Ky K,
CO,(f) +H,O U H,CO,4 U H*+ HCOjy 0 H* + COz?

carbonic acid bicarbonate carbonate

K, K;, K, dissociation constants

areas where the partial pressure of CO- is higher in the ocean than in the atmosphere the flux
will be from the ocean into the atmosphere — this pattern is called outgassing, i.e. the ocean
acts as a source of CO», for the atmosphere. Hence, the reverse process denotes the ocean to
act as asink for CO» to the atmosphere. The air-sea exchange of CO; is difficult to measure
directly and is controlled by myriad processes, e.g.: wind speed, sea state, surface processes,
bubble entrainment, bioproductivity (McGillis et a., 2001). The CO; flux is mostly derived
from estimated transfer velocities, solubility of CO,, and the difference between the partial

pressure of CO, in the bulk seawater and at the ocean surface (DpCO.). This procedure is a
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controversial subject largely because the transfer velocity is estimated from the wind speed
and this parameterization is not well constrained as of yet (eg. Wanninkhof, 1992;
Wanninkhof and McGillis, 1999; Nightingale et a., 2000).

Box 2: Parameters of the CO,, system.

Parameter  accuracy? chemical determinatior? typical seawater vaue
pH +0.002 spectrophotometric (Friiset ., in press) 80-82
DIC? +2pumol/kg  coulometric (Johnson et d., 1999) 2100 pmol/kg
TA +4umol/kg  potentiometric (Mintrop et a., 2000) 2300 pmol/kg
pCO, +1pam non-dispersive infrared 350 patm

(Murphy et d., 2001)

1 achievable accuracy by state-of-the-art measurements
2 there is more than one possible detection, mentioned are only the most common techniques
3 sum of inorganic carbon species, aso known as TC or CT (total carbon)

Once CO;, gas enters the ocean it reacts — unlike inert gases such as oxygen or nitrogen - with
water and subsequently dissolves (box 1). The hydration of CO; to carbonic acid is a ow
reaction: In one second, only about 3 % of the molecules of free CO, in the solution combine
with a water molecule (Ky » 0.03 s*; cf. Pilson, 1998). Equation 2 (box 1) is generally
summarized into the term [CO»*] (or [CO, aq]) where carbonic acid is present in a ratio of

[CO2¢] : [H2COs] =650 : 1 (at 25°C). The dissolution of carbon dioxide into bicarbonate and
carbonate is controlled by dissociation constants which depend on pressure, temperature and
salinity. Often they are referred to as apparent dissociation constants (Mehrbach et al., 1973).
The complete CO, chemistry of the sea which involves the reactions, CO, species and
constants is also called CO, or carbonate system. It is not possible to analytically detect the
concentrations of carbonic acid, bicarbonate or carbonate. Nevertheless the entire CO, sysem
can be calculated from the combination of any two of the four parameters. pH, pCO, (partial

pressure of CO»), DIC (dissolved inorganic carbon), and TA (total akalinity). All these
parameters can be measured by chemical analysis with different accuracy (box 2).

The negative logarithm of the proton concentration, better known as pH, is considered as the

‘master variable’ of the carbonate system as it determines the speciation of CO,. Seawater has
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a dightly basic pH (~ 8), therefore the speciation of the carbonate parameters approximates
the following ratios: 100 (HCOz) : 10 (COs?) : 1 (H,COs*).
The partia pressure of CO, (pCO-) is calculated from the total pressure (p) and the mole
fraction of CO, (XCOy):

pCO2 =p- XxCO, 1)
The common detection method involves a nondispersive infrared technique which can be
used in a continuous measurement mode. Another method for the determination of pCO- isa
gaschromatographic measurement technique which is less rugged and commonly used for
discrete samples.
Total dissolved inorganic carbon (DIC) encompasses the sum of the concentration of the CO,
Species:

DIC = [H,CO3*] + [HCOs] + [CO#] @)
The coulometric technique for the determination of DIC involves the acidification of a sample
of seawater which leads to an outgassing of CO». The CO, gas sample is titrated and the CO,
concentration is detected coulometrically.
Total Alkalinity (TA), the fourth parameter of the carbonate system, describes the buffer
capacity of for example seawater and encompasses bases that are formed from weak acids. It
is determined by titrating a sample with strong acid (HCI) to the point where all such bases,
mainly carbonate species, are protonated (cf. Pilson, 1998). Generally, TA is described as
following:

TA =2 [CO5?] + [HCO37] + [B(OH)4] + [OH] = [H'] (3)

Total akalinity is a conservative quantity and linearly correlated with salinity. The carbonate
species and to a lesser extent borate contribute mostly to the total alkalinity, but clearly every
similar acid-base system present in solution will influence TA. In a typical seawater sample
(TA = 2300 pmol/kg, DIC = 2000 pmol/kg, T = 25°C, Salinity = 35) the carbonate alkalinity
contributes 96% to the total alkalinity (cf. Zeebe and Wolf-Gladrow, 2001).
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2.1.2. Timedependence of pCO,

The atmospheric CO-, content increases steadily due to human activities; the ocean is affected
by this and follows the increase. The driving force that leads to a source/sink pattern within
the ocean is the concentration gradient between atmospheric and oceanic pCO,. The
distribution of the surface pCO; in the ocean is much less homogenous than in the atmosphere
as it also reflects biological, physical and chemical reaction schemes and less rapid mixing.
With the onset of the industrial revolution the atmospheric pCO, of 280 patm has increased to
arecent value of circa 370 patm in more than a century. The implication for the oceanic pCO,
is significant as the driving force of the concentration gradient has changed signs.

The regional variability of the seawater pCO, is considerable. Physical processes,
thermodynamical and biological processes affect the carbonate system. It is important to
gather enough pCO, data to resolve the seasonal variability of the oceanic pCO, ad
subsequently of the CO, flux between the atmosphere and the ocean. The most prominent
pCO, database is undoubtly the climatology by Takahashi et a. who published their most
recent version in 2002. About 940,000 datapoints of the global oceans were collected and
interpolated to a 4°x5° grid. They not only published pCO, data but also calculated the CO,
flux and referenced all data to the year 1995 which was a non-El Nino year.

A major problem in this context is the strong time-dependency of the seawater pCO-. It isa
fact that the ocean takes up CO», but the knowledge does not extent to where and when CO; is
taken up. Generally an oceanic increase in CO, on the order of 1.5 parts per million (ppm) and
per year is assumed following the atmospheric increase. Takahashi et al. (2002) claim that this
correction factor should not be applied to surface waters in high latitude regions (>45°N)
since here the deep water formation takes place which dilutes the anthropogenic CO, signal.
This 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,. Takahashi et a. (2002) applied the
pattern to all latitudes >45°N, which, however, may not be valid. Observations (Omar et al.,
in press) and models (e.g. Anderson and Olsen, 2002) show that the 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.
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2.1.3. Air-Sea Flux of CO,

The air-sea gas exchange of CO, plays an important role for the carbon chemistry in surface
waters. The net flux of CO, (F(CO,)) between the atmosphere and the surface ocean is
difficult to measure directly and is commonly expressed by the following bulk formula:

F (CO2) =k Ko (PCO;2 sw — PCO2 am) )
where k is the gas transfer velocity, Ky is the solubility of CO; in seawater, pCO-sy and
pCO2am are the partia pressures of CO, in seawater and atmosphere, respectively. The
transfer velocity is commonly related to wind speed (Liss and Merlivat, 1986; Wanninkhof,
1992; Wanninkhof and McGillis, 1999). But there is still controversy about the best
relationship as wind is not the only factor controlling the gas exchange. Gas transfer rates can
also be affected by waves, bubbles and surfactants. However, wind speed can be measured
fairly easily and is linked to most of these features, so it seems reasonable to relate k and wind
speed. Much effort has been raised to find a universal relationship between the two. Liss and
Merlivat (1986; hereafter referred to as LM86) proposed a parameterization based on three
different wind speed regimes. They assume a smooth surface regime when wind speed is low,
a rough surface regime for medium to higher wind speed and a breaking wave or bubble
regime for very high wind speeds. Hence they propose the following relationships between k
and the wind speed (u):

k =0.17 u (Sc/ 600) 3 for u< 3.6 m/s (2a)
k = 2.85 u —9.65 (Sc/600) for 3.6 <u<13m/s (2b)
k = 5.9 u—49.3 (Sc/ 600) V2 for u> 13 m/s (20)

where Sc is the Schmidt number which is temperature dependent and accounts for the
viscosity of the medium and diffusivity of CO,. A Schmidt number of 600 corresponds to
COs- in freshwater at 20°C. This approach is based on wind tunnel experiments and lake
experiments where they used the tracer gas SFs. It is noteworthy to mention that in the lake
experiment wind speeds did not exceed 8 m s therefore LM86 extrapolated the results to
higher wind speeds.
The quadratic parameterization of k by Wanninkhof (1992; hereafter referred to as W92)
shows a stronger dependence on wind speed than LM86. It also considers the source of the
wind speed data, i.e. whether they are short-term or climatological. The relationships between
k and u which is calibrated with bomb and natural **C invasion ratesis as follows:

k = 0.39 u2 (Sc/660) V2 (climatological winds) (39

k = 0.31 u2 (Sc/660) V2 (short term winds) (3b)
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where the Schmidt number of 660 is valid for seawater at 20°C.
A more recent parameterization of k is suggested by Wanninkhof and McGillis (1999;
hereafter referred to as WM 99). WM 99 propose a cubic relationship between k and short-term
wind speed which they also extrapolate to long-term based wind speeds based on 4C
experiments. This approach resulted from direct measurements of the CO, fluxes during a
cruise in the North Atlantic (McGillis, 1999) and the dependence between k and u shows two
patterns. The stronger dependence of k at higher wind speeds is explained by bubble
entrainment, whereas the lower dependence of k at lower wind speed is attributed to
retardation of the gas transfer by surfactants. Thus WM99 proposed the following
relationship:

k = 0.0283 u (Sc/660) 2 (4)
Another recent approach by Nightingale (2000; NOO) uses a quadratic parameterization based
on a conservative tracer study. The relationship between the gas transfer velocity and wind
speed shows a dependence intermediate between that of Liss and Merlivat (1986) and
Wanninkhof (1992):

k = 0.222 12 + 0.333 u (Sc/600) V2 (5)
NOO used microbia nonvolatile tracers — bacterium spores — in order to derive the transfer
velocity of volatile tracers (*He/SFs) and to estimate the Schmidt number.

2.1.4. Exchange with the Organic Carbon Pool

There are three ‘reactive’ zones in which the inorganic carbon concentration is changed by
biological reactions. surface, water column, and sediment.

In this work | am concerned with the surface zone which denotes the upper part of the ocean
where water masses are till affected by wind, sunlight and weather conditions. The depth at
which 1 % of the daylight is still visible is referred to as the euphotic zone. Another zone of
importance is the mixed layer depth. This is the depth where vertical mixing leads to a more-
or-less homogenous distribution of temperature, salinity and nutrients. The depth of the mixed
layer varies seasonally with deeper depths during the winter months when convection
increases. In the northern North Atlantic for example one can observe mixed layer depths
more than 500 m. At the surface the effects of CO, ar-sea exchange and biological reactions
such as photosynthesis, respiration and calcification are significant. We already introduced
the effect of air-sea exchange. Photosynthesis consumes inorganic carbon and produces
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particulate organic matter and the reverse reaction corresponds to respiration. The uptake of
CO; during photosynthesis decreases the pCO, and increases the gradient of CO, between
surface ocean and lower atmosphere OpCO-). The overall reaction can be displayed as
following:

106 CO; + 16 NOs” + HPOZ +18 H" +122 H,0 U (CH,0)106(NH3)16HsPO, + 138 0, (1)
Equation 1 represents the model by Redfield et al. (1963); this so called Redfield ratio which
encompasses the ratio of C:N:P = 106:16:1 is still a matter of debate. Different approaches
have been used to improve these elemental ratios (e.g. Anderson and Sarmiento, 1994;
Anderson, 1995; Kortzinger et a., 2002). The Redfield ratio is often used to estimate the new
production. New production is defined as that part of the primary production that is based on
allochthonous nutrients, i.e. nutrients newly introduced to the euphotic zone (Dugdale and
Goering, 1967). This contrasts the regenerated production which is based on recycled
nutrients. Particulate and dissolved matter form total organic matter that is produced by
biological reaction chains of the primary production. A part of the organic matter sinks, e.g.
as marine snow, and is consumed in the deeper parts of the ocean. It is estimated that roughly
10% of the organic matter is exported below the euphotic zone. The export of organic matter
is part of the biological pump and plays an important role for the sequestration of carbon to
the deep ocean. About 80% of the water column gradients in dissolved inorganic carbon are
due to the biological pump (Sarmiento et al., 1995).

Excursus:

It could be shown that the consumption of DIC relative to nitrate may considerably exceed the Redfield C:N
ratio (Sambrotto, 1993; Kortzinger et al., 2002). This is referred to as carbon overconsumption (Toggweiler,
1993) and has some implications. It is possible that new nitrogen is introduced not via nitrate but through N,
fixation, for instance by cyanobacteria. These bacteria, a prominent example is Trichodesmium, can utilize
dinitrogen as an alternative nitrogen source. Oceanic N, fixation may directly influence the sequestration of CO,
by providing a source of new nitrogen in the euphotic zone. These observations suggest a re-assessment of the

concept of new production (Karl et al., 2002).

Particulate organic carbon (POC) is not the only export mode of carbon into the deep ocean
(organic carbon pump). It can also be exported via cacification, i.e. the formation of calcium
carbonate (calcium carbonate pump). The process of precipitation and dissolution of calcium
carbonate (CaCOs3) also modulates the carbon chemistry in the ocean. Marine organisms form
calcareous shells from calcium and carbonate following this equation:

Ca®* + 2HCOs ? CaCO; + CO; + H0 (@)
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This chemical equation is a summary of a more complex reaction. The formation of calcium
carbonate increases the concentration of CO,, but at the same time consumes 2 moles of
bicarbonate (HCOs"). This counterintuitive kehaviour reduces the total alkalinity (TA) and
dissolved inorganic carbon (DIC) by 2 and 1 units, respectively, and increases the pCO- at the
same time (Zeebe and Wolf-Gladrow, 2001). CaCOs in the ocean is present in two forms:
aragonite and calcite. Aragonite which is orthorhombic is less stable and hence more soluble
than calcite, therefore it is less abundant than calcite (Pilson, 1998). The maor calcite
producers in the ocean are coccolithophorids and foraminifera, while the most abundant

pelagic aragonite organisms are pteropods (Zeebe and Wolf- Gladrow).

Excursus:

Calcifiying organisms in the ocean respond to the rising atmospheric CO, content (Riebesell, 2000). It could be
shown that coccolithophorids suffer from the increasing atmospheric CO, due to decreasing calcification
success. The fundamental difference between calcifying and non-calcifying organisms is their feedback on the
air-sea exchange of CO,. Non-calcifiying phytoplankton, such as diatoms which produce siliceous shells, reduce
the CO, concentration in the upper ocean by their photosynthetic activity. Calcifying organisms, however, next
to their photosynthetical acitivity also produce CO, through calcification thus offsetting some of the CO,

drawdown.

3. L ong-term monitoring of CO; in the North Atlantic

Many parts of the global oceans are still undersampled with regard to CO, measurements and
the oceanic uptake rate of CO, is commonly based on model calculations rather than on
observations. These models agree well on the overal size of the oceanic CO, sink, but
latitudinal distributions can differ very greatly (Wallace, 2001). The need to improve the
current CO, database supports long-term measurements such as time-series and projects using
volunteer observing ships. Time series in the ocean exist for more than 20 years, e.g.
Bermuda Atlantic Time-Series (BATS), Hawaii Ocean Time-Series (HOT), and they yielded
very significant contributions in many aspects including CO, measurements. More recently
chemical oceanographers adopted the use of volunteer observing ships (VOS), which have
long before been recognized as helpful collectors of meteorological or oceanographical data.
For example, worldwide between 2000 and 3000 VOS are employed which report weather
conditions within the World Weather Watch Programs that are used for weather predictions
and planning of ship routes (Sy, 1993).
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3.1. Carbon Variability Studies by Ships of Opportunity (CAVASSOO)

Continuous CO, monitoring projects employing measurements of the partial pressure of CO,
in seawater onboard VOS have been attempted since the 1990's (e.g. Dandonneau, 1995;
Cooper et a., 1998), but they were mostly short-term, i.e. less than one year. In 1995 the
commercial vessel M/S Skaugran, alumber carrier that sailed the North Pacific, was equipped
with an autonomously operating pCO; unit supported by a bilateral collaboration between the
National Institute of Environmental Studies (NIES) in Japan and the Institute of Ocean
Sciences (10S) in Canada. The vessel operated for more than four years and compiled a huge
dataset of CO, and related parameters. The program is till continuing, albeit with different
vessals.

There was no comparable ocean pCO», monitoring program in the North Atlantic until the start
of the EU-funded program CAVASSOO (Carbon Variability Studies by Ships of
Opportunity). The project which supported this PhD project was launched end of 2000 by five
European research ingtitutes: Ingtitute of Marine Research (IfM, Kiel, Germany), University
of East Anglia (Norwich, United Kingdom), Geophysical Institute (University of Bergen,
Norway), Ingtituto de Investigaciones Marifias (Vigo, Spain), Laboratoire de Sciences du
Climat et de I’Environnement (Gif-sur-Y vette, France). The major goal of this project was to
assemble a large amount of seawater pCO, data from an ocean-wide network to estimate the
CO- flux and its variability. Furthermore it was planned to increase the collaboration between
scientific communities studying marine aspects of the carbon cycle and those working on
carbon modelling, e.g. inverse modelling, and atmospheric measurements.

The pCO; network consisted of four shipping routes (Figure 1). The M/V Nuka Arcticais a
cargo ship that belongs to the Royal Arctic Line and sails between Aaborg, Denmark, and
Nuuk, Greenland, on a monthly basis. This VOS - operated by the Norwegian partner — was
equipped with a Submersible Autonomous Moored Instrument (SAMI) which measures pCO.
in a flow through mode and a thermosalinograph to monitor temperature and salinity. The
M/V Santa Luciais operated by the UK partner and it is a reefer that carries bananas from the
Caribbean (Windward Islands) to Portsmouth, UK. The VOS was equipped with a pCO,

10
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Figure 1: Volunteer observing ships and their shipping routes that continuously monitor
pCQO, in the North Atlantic Ocean. M/V NukaArctica: VOS line maintained by the uni-
versity of Bergen, Norway. M/V Fastaff: VOS line maintained by the Institute for Marine
Research, Kiel, Germany. M/V Santa Lucia: VOS line operated by the University of East
Anglia, Norwich, United Kingdom. R/V Hesperides: Research vessel operatated by the
Instituto de Investigaciones Marinas, Vigo, Spain.

measurement unit built at the UEA that includes a thermosalinograph and continuously
monitors pCO,. The R/V Hesperides is an Antarctic supply vessel which sails twice a year
between Spain and the Antarctica. She is equipped with a thermosalinograph, fluorescence
sensor and pCO; unit. At our institute (IfM, Kiel) we maintain the VOS line that includes the
car carrier M/V Falstaff. Between February, 2002, and February, 2003, this car carrier -
owned by the Swedish shipping company Wallenius — sailed between the UK and the East
Coast of North America
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Introduction

3.1.1. pCO, Measurementson board M/V Falstaff

We equipped M/V Fastaff with a pCO, measurement unit beginning of 2002. The pCO, unit
was generoudy lent to us by Yukihiro Nojiri (NIES, Japan) who was one of the main
initiators of the VOS cruises in the North Pacific. This system is state-of-the-art and was built
by Y.Nogjiri and Kimoto Inc. (both Tsukuba, Japan). A detailed description of this system is
given in Murphy et al. (2001).

The seawater intake is located at the starboard seachest of the vessel and is controlled and
guarded by three safety valves. The seawater flows by hydrostatic pressure only as the engine
room is located approx. 7 m below the waterline. A high-quality temperature sensor for
measurement of the in-situ seawater temperature is installed next to the intake. Fom the
seachest the seawater flows through an insulated hose to the thermosalinograph (model
SBE21, Seabird Electronics Inc., Seattle/lUSA) where temperature and conductivity (for
calculation of salinity) are continuously measured. The thermosalinograph is on free
temporary loan from the Federal Maritime and Hydrographic Agency of Germany. The data
are taken every six seconds and stored as Eminute averages. The pCO- is also measured
regularly in atmospheric air. For this purpose uncontaminated air is pumped from an air
intake on the upper deck into the analysis system in the engine room through 100 m of
flexible tubing. In addition to these measurements chlorophyll fluorescence is recorded
continuously on a small bypass of the seawater flow (1-2 L/min) by afluorescence sensor
(Minitracka Mk 11, Chelsea Technologies Group, West Molesey, Surrey, UK). All system

operations and data handling are performed in an automated mode.
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Conclusions and Outlook

Major Conclusions and Outlook

Our dataset shows that the westernbasin (35°W-70°W) displays a higher variability of
seawater pCO; than the eastern basin (10°W-35°W). In the eastern basin the
temperature and biology effect cancel each other and the overall effect is a subdued
seasonal cycle of the seawater pCO,. The western basin, however, is temperature

controlled.

We cannot estimate pCO, from chlorophyll. However, we found a promising

correlation between mixed layer depth and pCO..

This region of the North Atlantic ocean was a sink for CO, most of 2002. When

comparing the CO, uptake rate in the region between 38°N and 46°N between our
dataset and the climatology by Takahashi et al. (2002) using the same wind speed and
grid resolution, the difference is small (4 %). However, our observation indicate that

also data north of 45°N should be corrected for the increase in anthropogenic CO..

During spring time we found a decrease in akalinity concentrations for the NADR

regime and showed that it could be attributed to calcification which increased the
seasond DIC loss by about 12%.

The C:N ratio of the new production was highest for the GSTR (15.4) province
accompanied by elevated N:P ratio (28.2) which indicates the strong influence of N,

fixation in this region.

We will continue the VOS line in cooperation with Wallenius within a future EU-

project.

A comparison between Atlantic and Pacific VOS data is planned and such is the
exploitation of remaining discrete data (d**DIC, POC/DOC).

We will also work out the physical effects on the pCO, within our dataset using a

1-dimensional box moded!.

13
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Abstract

The results of one year of automated pCO, measurements onboard the car carrier M/V
Falstaff are presented and analyzed with regard to the driving forces that change the seawater
pCO; in the mid-latitude North Atlantic ocean. Our dataset shows that the western basin
displays a higher variability of seawater pCO; than the eastern basin. The seasonal drawdown
of nitrate is higher in the eastern basin than in the western basin. In both basins, however the
seasona cycle of nitrate is in opposite phase to the temperature cycle. On the other side it is
obvious that mixed layer depth and nitrate are correlated as they show similar seasonal cycles
in the eastern and western basin, respectively. Our results underline furthermore that we
cannot estimate the biomass and subsequently the pCO» from chlorophyll a. 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 gradua and it does not counteract the temperature effect. The westernbasin is a
regime where the pCO, is more temperature controlled than in the eastern basin.
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1. I ntroduction

Since the onset of magjor agricultural changes and the industrial revolution the CO, content in
the atmosphere has increased by 30%. CO; is the most important anthropogenic greenhouse
gas and leads to increased radiative 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
role of the ocean. A central question is how much anthropogenic CO, ocean and land take up
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 [cf. Wallace,
2001]. Calculation of the oceanic CO, flux from the atmosphere-ocean pCO, is not
straightforward and involves many sources of error. Furthermore, the 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 [Lefévre and Taylor, 2002, 1994; Boutin et al., 1999;
Sephens et al., 1995], SST anomaly [Etcheto et al., 1999], sea surface salinity and
temperature [Weiss et al., 1982], physical transports [Dandonneau, 1995; Winn et al., 1994],
ar-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, especialy 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 more
strongly affected by biological drawdown [Watson et al., 1991]. Vertical mixing aso plays an
important role in these areas as has been shown for the North Pacific [Sasai et al., 2000].

All approaches that are concerned with the variability of the seawater pCO; show the need of
thorough data sampling. Much effort has been raised to establish an ocean wide network that
can monitor changes in pCO» and related parameters. Especially in the Pacific, results from
regular measurements onboard commercia vessels are promising [Nojiri et al., 1999; Zeng et
al., 2002]. In the Atlantic ocean a comparable network was initialised by the European project
CAVASSOO [Carbon Variability Studies by Ships of Opportunity] in 2001. This project
encompasses three commercial and one research vessel on which seawater and atmospheric
pCO,, SST, and SSS are continuously monitored. All lines are operating with onboard pCO.
measurement units that collect data continuously with the collected information having

greatly increased the present data base. Furthermore, on many cruises discrete samples such
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as nutrients, chlorophyll a etc. have been collected. This includes data for the winter months
for which such data are extremely sparse.

This work presents results of one year of measurements onboard one of these commercial
vessals: the car carrier M/V Falstaff. The data are used to calculate the seasonal devel opment
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 explain the seasonal variability. Also, basin-wide estimates of the temperature, biology, and
ar-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.

2. M ethods

2.1. DataCoallection and Analytical Methods

In January, 2002, the M/V Fastaff was outfitted for automated shipboard measurements of
CO» and closely 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 stops in Europe and the US with a mean cruising velocity of 18 knots. Continuous
measurements of seawater pCO,, temperature, and salinity were recorded on al cruises. The
nautical data (UTC-time, position) were retrieved from a GPS receiver that was installed on
the upper deck of the ship. Here we also installed the air inlet from where we pumped the air
for the determination of atmospheric CO, down to the measurement unit located in the ships
engine room. In addition to the continuous measurements we also manually collected discrete
samples for nutrients and chlorophyll a on every second cruise (Table 1).

The seawater inlet is located at the ship’s starboard sea chest located in the engine room of the
ship (approximately 7m below the waterline). Temperature and salinity are measured from a
thermosalinograph (model 21, Seacat from Seabird Electronics Inc., Seattle/USA) with the
remote temperature sensor installed next to the seawater inlet. The SST and SSS data were
recorded every 6 seconds and merged with the navigation data. The data are subsequently
stored as 1- minute averages.

After passing the thermosalinograph the seawater flows into the pCO, measurement unit. This

system was designed and loaned to us by Y. Ngjiri from the National Institute of
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Environmental Studies and Kimoto Inc. (both Tsukuba, Japan). The seawater flows at a rate
of agpproximately 20 I/min into the equilibrator where thermodynamic equilibrium is reached
with a countercurrent air flow. The equilibrator (Japanese Ratent No. P2001-83053A) is a
tandem type that includes two stages. The first stage is a static mixer equilibrator with a large

Table 1: Fagtaff cruises between February, 2002, and January, 2003. On dl cruises we measured seawater/atmospheric
pCO,, SST, and SSS continuoudy. Nuts: discrete nutrient samples; Chi: discrete chlorophyll asamples.

Cruise time Maximum  Minimum  Minimum  Maximum samples
# Latitude Latitude Longitude Longtude (discrete)

FALOL1 Feb,2002  50°N 41°N 2°W 67°W Nuts/ Chl
FALO2 Mar,2002  41°N 338°N 40°W 67°W -

FALO3 Apr,2002  49°N 41°N 20°W 71°W Nuts/ Chl
FALO4 May, 2002  50°N 37°N 12°W 60°wW -

FALO5 May, 2002 50°N 41°N 5°W 71°W Nuts/ Chl
FALO6 Jun, 2002 44°N 35°N 10°W 73°W -

FALO7 Jul, 2002 50°N 41°N 5°W 70°W Nuts/ Chl
FALO8 Jul, 2002 43°N 34°N 13°W 3*W -

FALO9 Aug,2002 50°N 41°N 5°W 73°W Nuts/ Chl
FAL11 Sep, 2002 50°N 41°