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Zusammenfassung

Die Zielsetzung dieser Arbeit war es, den Jahresgang von Sauerstoff (O,) in der zen-
tralen Labradorsee mit Hilfe von Daten zu untersuchen, die von autonom profilierenden
Tiefendriftern (Floats) liber den Zeitraum September 2003 bis August 2006 gewonnen
wurden. Die Labradorsee ist eine von wenigen Regionen, in denen Tiefenkonvektion
stattfindet, die bis zu 2000 m und tiefer reichen kann. Die jahreszeitlichen und zwis-
chenjahrlichen Schwankungen in Temperatur, Salzgehalt und Sauerstoff werden von
physikalischen und biologischen Faktoren bestimmt. Die in der Literatur dokumen-
tierte Aufteilung des jahrlichen SiiBwasserpulses zwischen Marz und September in zwei
Pulse sowie ein leichter Anstieg von 0.3°C bis 0.8°C der Oberflachentemperatur wur-
den bestatigt. Diese Ergebnisse stimmen mit friiheren Arbeiten gut uberein. Der O,-
Jahresgang in der Deckschicht ist von hoher Dynamik gepragt und variiert zwischen
erheblicher winterlicher Untersattigung und kraftiger frihsommerlicher Uberséttigung.
Das publizierte klimatologische Bild wurde weitgehend bestatigt, wobei der glattende
Effekt der Klimatologie offenkundig ist.

Die Deckschichttiefe wurde mit Hilfe eines O,-Differenzkriteriums von 5 pumol L= bes-
timmt, was ein angemessener Schwellenwert fur diese Region zu sein scheint. Durch
Konvektion bedingte Vertiefung der Deckschicht ist mit einer Zunahme des Os-Inventars
von jahrlich 8.3 bis 15.1 mol O, m~2 verbunden. Hierbei korreliert die Inventarzunahme
in etwa mit der maximalen winterlichen Konvektionstiefe und erreicht somit im Winter
2003/2004 den groBten Wert von 15.1 mol Oy m~2. Es gibt Anzeichen dafiir, dass
die tiefe Ventilation in der Labrardorsee von der Nordatlantischen Oszillation (NAO-
Index) beeinflusst wird. So wurde eine Korrelation zwischen dem NAO-Index und der
winterlichen Zunahme des tiefen Oa-Inventars (710-1350 m) mit einer Zeitverschiebung
von einem Jahr gefunden. Ferner wurde ein Ansteig des Oy-Konzentrationsmaximums
im Sommer um 17.4 pmol L~! beobachtet, welcher auf erhohte oder schneller akku-

mulierende Primarproduktion hinweist.



Die gewonnenen Sauerstoffdaten wurden auBerdem genutzt, um den Gasaus-
tauschkoeffizienten von Sauerstoff als Funktion der Windgeschwindigkeit zu bes-
timmen. Im Allgemeinen zeigten unsere Ergebnisse eine gute Ubereinstimmung
mit prominenten Parameterisierungen. Dabei liegen sie jedoch am oberen Ende
der Windgeschwindigkeitsabhangigkeit.  Die Daten konnten mit einer kubischen
oder sogar biquadratischen Funktion am besten reprasentiert werden, was auf den
iberproportionalen Einfluss hoher Windgeschwindigkeiten zurtickzufiihren ist.

Im letzten Teil der Arbeit wurde der Vertikalfluss von partikularem organischen Kohlen-
stoff (POC) durch vertikale Integration der Kohlenstoffremineralisationsraten bes-
timmt. Letztere konnten aus den beobachteten sommerlichen Sauerstoffzehrungsraten
im Mesopelagial der zentralen Labradorsee und angrenzenden Kontinentalhangregion
gewonnen werden. Er gibt Hinweise auf eine raschere Remineralisation des organischen
Materials in der Kontinentalhangregion. Es wurde der "b"-Parameter der prominenten
Martin-Funktion fur den vertikalen POC-Fluss ermittelt. Dieser stimmt fiir die zentrale
Labradorsee hervorragend mit dem in der jiingeren Literatur angegebenen Wert fur das

North Atlantic Bloom Experiment im subpolaren Nordatlantik iberein.



Summary

The aim of this study was to analyze the annual cycle of dissolved oxygen (O3) in the
central Labrador Sea on the basis of oxygen data observed by autonomous profiling
floats during the period September 2003 and August 2006. The Labrador Sea in one
of just a few regions where open-ocean deep winter convecion occurs reaching depths
of 2000 m and more. The seasonal and interannual cycles of temperature, salinity, and
oxygen are affected by physical and biological factors. The published separation of the
seasonal freshwater pulse between March and September into two freshening periods as
well as a slight increase of maximum sea surface temperature by 0.3°C to 0.8°C was
confirmed. The seasonal oxygen cycle of the mixed layer is highly dynamic varying from
moderate undersaturation during late winter to marked supersaturation in spring and
early summer. The published climatological picture for oxygen was largely confirmed

whereby the smoothing effect of the climatology becomes obvious.

The mixed layer depth was determined using an O, difference criterion of 5 pmol L™}
which seems to be a reasonable threshold for this region. Convective deepening of
the mixed layer is associated with a strong increase of the upper ocean O, inventory
which was estimated at 8.3 to 15.1 mol O, m~2. This inventory increase is correlated
with the maximum depth of the winter mixed layer. Hence the increase found during
winter 2003/2004 was largest at 15.1 mol Oy m~2. There is indication that the North
Atlantic Oscillation (NAO index) affects the deep ventilation in the Labrador Sea as a
correlation was found between the NAO index and the winter increase of the deep O,
inventory (710-1350 m) with a time lag of 1 year. Also, an increase of the maximum
summer oxygen concentration by 17.4 umol L™! in surface waters was observed which

is indicative of a stronger or more rapid primary production.

The oxygen dataset was also used to estimate the air-sea gas transfer coefficient of
oxygen as a function of wind speed. The results in general agree well with prominent

published parameterizations. They fall, however, on the high end of the wind speed
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dependence. Best fits were found using cubic or even biquadratic functions which
points at the strong importance of very high wind speed for air-sea gas exchange.

Finally, the vertical flux of particulate organic matter (POC) was estimated by vertical
integration of carbon remineralization rates. The latter were derived during the sum-
mer /fall period for the central Labrador Sea and the adjacent slope region from oxygen
utilization rates in the mesopelagial. The data are indicative of more rapid remineraliza-
tion in the slope region. The "b" parameter of the famous Martin curve for the vertical
POC flux was estimated. The value for the central Labrador Sea agrees very well with
more recently published values for the North Atlantic Bloom Experiment in the subpolar

North Atlantic.



Chapter 1
Introduction

The world ocean plays an important role in shaping our climate and weather patterns
and together with the atmosphere it forms a closely linked dynamic duo. Energy from
the sun, marine and land plant distributions and greenhouse gases, like carbon dioxide
(CO2) or methane (CH4) in the atmosphere can affect temperature and circulation
patterns of this ocean-atmosphere duo. The ocean can act as conveyor or buffer for
atmospheric fluctuations, e.g. in oxygen concentration (O5), on timescales from days
up to centuries. Changing the concentration of greenhouse gases in the atmosphere

affects the climate.

In the last few decades the oceans have considerably warmed [e.g., Levitus et al., 2005;
Barnett et al., 2005] and until the end of this century the oceans will continue to
become warmer. The consequences of this heat uptake on ocean circulation, ocean
biogeochemistry and biology are not yet predictable. It is important to understand
the role of the ocean in the global carbon cycle and its response to a changing envi-
ronment. This requires global observations in time and space. Traditional ship-based
ocean sampling methods rarely achieve measurements on the spatial and temporal time
scales required to answer questions regarding various phenomena, such as the uptake
of anthropogenic CO, [Sabine et al., 2004], ventilation of the thermocline in different
regions [e.g., Sarmiento et al., 2004], export and transport of nutrients in the euphotic
zone [e.g., Jenkins et al., 2003], rate and spatial distribution of ocean deoxygenation
[Stramma et al., 2008] and mechanisms controlling the oceans biological (carbon) pump
[e.g., Ducklow et al., 2001].

Ocean deoxygenation can be expected as one consequence of the global warming [Bopp

et al, 2002; Keeling et al., 2010]. Oxygen is produced in the photic surface layer by
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1 Introduction

biological production (photosynthesis), however, it is removed from sub-surface waters
by respiration of sinking organic matter.

Near surface waters are usually well equilibrated with the atmosphere by air-sea gas
exchange and the sub-surface removal is balanced by the transport of oxygen-rich surface
waters into the deep sea. Decreasing concentrations of dissolved oxygen in surface
waters thus results in a decrease of the ventilation of sub surface waters.

Satellite ocean color measurements have helped to overcome the locally restricted ship-
based sampling on spatial and temporal scales, but the observable biogeochemical vari-
ables, of the upper ocean, or, in other words the upper part of the euphotic zone, depends
on cloud-free periods. Time series programs (e.g., Hawaii Ocean Timeseries [HOT],
Bermuda Atlantic Timeseries Study [BATS] or the European Station for Time Series in
the Ocean [ESTOC]) have helped in our understanding of local temporal variability of
biogeochemical processes [Bates et al., 2007; Dore et al., 2009; Santana-Casiano et al.,
2007].

Observation of biogeochemistry at reasonable spatial and temporal scales requires de-
velopment of new observation platforms. Within the past five years the development of
chemical and biological sensors (e.g., oxygen optodes, nitrate and chlorophyll sensors)

has made rapid progress, and is still going on.

1.1 Regional Oceanography and Bathymetry

The Labrador Sea in an arm of the North Atlantic Ocean and located in the northwest
Atlantic Ocean, separating southwest Greenland and Labrador/Canada (Fig. 1.1). It
is one of the important sites that contributes to deep water formation, e.g. Labrador
Sea Water, North Atlantic Deep Water, and is part of the Atlantic meridional overturn-
ing circulation (MOC) and for this reason plays an important role in the thermohaline
circulation (THC), often called " conveyor belt”. This circulation transports warm, shal-
low, saline water poleward, heating the atmosphere. The combination of buoyancy loss,
through cooling, evaporation and sea-ice formation produces cold and salty water masses
that sink. This high latitude cooling and the low latitude heating drive the movement of
the deep water in southward flow. Deep convection, i.e. the process of vertical mixing
between upper and intermediate or deeper layers, is an important component of the
thermohaline circulation of the world ocean which is strongly influenced by the seasonal

cycle of temperature as well as salinity [Lab Sea Group, 1998]. During winter a harsh
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1.1 Regional Oceanography and Bathymetry

climate remains over the Labrador Sea with westerly and northerly winds bringing cold
air from Canada and the Arctic with an average wind speed of about 6 m s™* [Lilly
et al., 1999]. In the central Labrador Sea the mean wind typically blows in NW-SE
direction, in response of the topography of Greenland, with higher average wind speeds

1

in wintertime of up to 18 m s+ in some individual monthly averages.

= =2000

PG NPl 000 RSANNEANYT L
S AT ‘.\ﬂ‘n

-1000

-2000

-3000

-4000

Figure 1.1: Bathymetry of the Labrador Sea [Schmidt, 2008]. The contour interval
is 100 dbar. The used bathymetry is assembled by Smith and Sandwell [1997].

The large-scale regional ocean circulation is dominated by a cyclonic circulation, the
western extremity of the cyclonic subpolar gyre of the North Atlantic. The convec-
tion depth variation is influenced by the stratification buildup of the late summer in
the Labrador Sea and by the varying atmospheric forcing. The region of open ocean
convection varies but has been observed roughly between 55°N - 60°N (e.g., [Lab Sea
Group, 1998; Pickart et al., 2002; Kortzinger et al., 2004]). Open-ocean convection in
the subpolar North Atlantic Ocean affects not only the meridional overturning circula-
tion and the oceanic heat flux, it drives moreover the atmospheric carbon which sinks

to depth with the the surface water as a distinct water mass.
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1 Introduction

1.2 North Atlantic Oscillation (NAQO)

Strong variations in the Labrador Sea water formation were shown by Dickson et al.
[2002]. The interannual and seasonal variability varies from local sources and sinks,
e.g. Hudson Bay outflow, freshwater export, heat flux, rain and East Greenland Arctic
freshwater export. Labrador Sea Water variations (convection) have been related to
changes in the North Atlantic Oscillation (NAQO) index [Hurrel et al., 2003](Fig. 1.2).

NAQ index (Dec-Mar) 1864-2009

6 T T T T T T T T T T T T T T

4+

I I I I I I I I I I I I I I

-6
1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

Figure 1.2: Winter (December to March) index of the NAO based on the difference
of normalized sea level pressure (SLP) between Lisbon (Portugal) and Stykkisholmur
(Iceland) since 1864. The SLP anomalies at each station were normalized by di-
vision of each seasonal mean pressure by the long term mean (1864-1983) stan-
dard deviation. Positive (negative) NAO index values indicate stronger (weaker)
than average westerlies over the middle latitudes NAO. Index Data provided by
the Climate Analysis Section, NCAR, Boulder, USA, Hurrell (1995). Data source:
http://www.cgd.ucar.edu/cas/jhurrel/indices.html.

The NAO is a climate phenomenon in the North Atlantic ocean of fluctuations in the
difference of the location and intensities of the subtropical high in atmospheric pressure
near the Azores and the subpolar low near Iceland. A positive NAO index phase shows a

stronger than normal subtropical high pressure and a deeper than normal icelandic low
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1.2 North Atlantic Oscillation (NAO)

pressure resulting in more and stronger westerly winds in the Atlantic Ocean and strong
heat loss associated with dry winters in Canada and mild and wet winter conditions in
the eastern United States and enhanced air-sea fluxes of heat. A positiv NAO index is
often linked to the onset of deep convection in the Labrador Sea [Dickson et al., 1996]
and the Labrador Sea water tends to be colder, fresher, denser and thicker [Johnson
et al., 2005]. The negative NAO index phase shows a weak subtropical high and a
weak islandic low resulting in weaker westerly winds associated with milder winter in

Greenland and cold air and hence snowy winter in eastern United states.

60°N

55°N

50°N

60°W 50°W 40°W 30°W

Figure 1.3: Mixed layer depth (MLD), computed from float temperature profiles,
in winters 1996-97 and 1997-98. MLD < 400 m are marked with green circles, 400
m < MLD < 800 m with blue squares, and MLD > 800 m with red triangles. The
deepest mixed layer are located in the western basin of the Labrador Sea [Lavender

et al., 2002].

Since the mid-90s open ocean convection in the Labrador Sea has been comparatively
shallow [Yashayaev et al., 2007; Lazier et al., 2002; Pickart et al., 2002] with the
exception of the winters of 1995-1996 with maximum depth of about 2300 m [Avsic et
al., 2006] and the winters of 1999-2000 with an approximate maximal depth of 2000
m. During the winter 2007-2008 floats recorded a maximal mixed layer depth in the
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1 Introduction

Labrador Sea of approximately 1800 m [Vage et al., 2009]. The recorded periods of
deep convection were characterized by high positiv NAO index. Figure 1.3 shows mixed
layer depths in winters 1996-97 and 1997-98. The deepest mixed layers were located in
the western basin of the Labrador Sea [Lavender et al., 2002].

1.3 Dissolved Oxygen (0O,)

The most commonly discussed effect of climate change is the trend in globally averaged
temperature. Rising global average temperatures in the atmosphere and in the ocean,
melting of snow and ice and the global average sea level rise are unequivocally reported by
the IPPC’s Fourth Assessment Report [IPCC, 2007]. A consequence of global warming
that is recently receiving attention is a decrease in the dissolved Oy content of the
oceans, called deoxygenation, due to the fact that O, is less soluble in warmer water.
Global warming may increase the stratification in the upper ocean resulting in reduced O,
supply to the deeper ocean. Oxygen is fundamental for all aerobic life on earth, and plays
a direct role in the biogechemical cycling of carbon, nitrogen and other biogeochemical
cycles. If the O, concentration drops below a certain threshold value, changes in the
biogeochemical cycle occur and new conditions emerge such as hypoxic conditions,
at approximately 60 pmol kg=! [Gray et al., 2002]. At O, concentration below ~ 5
pumol kg™1, nitrate eventually becomes important in respiration replacing O, as terminal
electron acceptor. These environments are termed suboxic and at Oy concentrations
close to zero is commonly termed as anoxic zone. Several models predict a decline of
O, over the next century (e.g., by ~ 30 umol kg™!) in the deep North Atlantic Ocean,
associated with reduced deep water formation [Plattner et al., 2001; Fréhlicher et al.,
2009].

Oxygen is an important chemical tracer, because measured changes in O, concentration,
combinated with changes in nutrients, can be useful for detecting changes in biogeo-
chemistry. The distribution of oxygen can also be used to estimate the rate of produced,
redistributed and decomposed organic matter due to the fact that Oy is directly linked to
carbon by photosynthesis and respiration. The variation of Oy concentration on annual
to interannual time scales is controlled by air-sea gas exchange, circulation and biology.
The seasonal anomaly of air-sea oxygen fluxes in the Nothern and Southern hemispheres

is shown in figure 1.4.
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1.3 Dissolved Oxygen (O2)
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Figure 1.4: Seasonal anomaly of air-sea oxygen fluxes in the northern (top) and

southern hemispheres (bottom) during June (left) and December (right). Positive
fluxes indicates sea-to-air fluxes, negative fluxes indicates air-to-sea fluxes. During
summer the Labrador Sea is a region of strong outgassing however, during winter
time there is substantial oxygen uptake. For the northern and southern hemisphere,

largest fluxes are observed between 30° and 60° latitude Garcia et. al [2001].

1.3.1 Apparent Oxygen Utilization

Oceanic surface waters are rich in nutrients, which are consumed by phytoplankton. If

phytoplankton biomass was not reconverted into dissolved nutrients, the entire water
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1 Introduction

column would be depleted in nutrients and growth would stop. The reverse reaction, i.e.
conversion of biomass to dissolved nutrients, is called remineralization and is initiated
by organic respiration. Production via photosynthesis by autotrophic organisms (e.g.
phytoplankton), can only occur in surface waters, where light is available. The depth of
the euphotic zone can be affected by seasonal turbidity. In contrast, the remineralization
by heterotrophic organisms can occur over the entire water column as well as in the
underlying sediments. It follows that deep seawater contains nutrients from different
sources. First, it may contain nutrients that were present in the water when it sank from
the surface (preformed nutrients) on top of which nutrients accumulate that are derived
from the in situ remineralization of organic matter (oxidative nutrients). To study the
impact of aerobic remineralization on the water column distribution of oxygen we have
to estimate its remineralization component, i.e the change in O5 that occurred since a

water parcel was last in contact with the atmosphere:

A[O2]remin. — [02]obs. - [02]preformed (]-]-)

The exchange of Oy across the air-sea interface is fast, relative to perturbations of this
balance, so that is is difficult to maintain large under- or supersaturation for a certain
time periode. Oxygen is generally close to its saturation concentration, i.e. [O2]preformed
= [Og]sqt- The saturation concentration can be calculated as a function of in situ tem-
perature and salinity,and one atmosphere of total pressure using the solubility function
of Garcia and Gordon [1992] based on the values of Benson and Krause [1984]. Thus
we can estimate the remineralized component of oxygen which is commonly expressed

as apparent oxygen utilization (AOU):

AOU = Og 54t. — O2 0ps. (1.2)

where AOU=-A[O3|,emin.. AOU is hence defined as the difference between the satura-
tion oxygen concentration, Oq 5,; and the observed oxygen concentration O s [/to et
al., 2004]. However, where deep waters are formed (high latitudes, e.g. Labrador Sea)
significant surface disequilibrium have been observed. Note that AOU does not include
the effect of remineralization that is due to denitrification, the only known mechanism
consuming N5O in the ocean. Denitrification only occurs in suboxic environments such

as the oxygen minimum zones (OMZ).
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1.3 Dissolved Oxygen (O2)

1.3.2 Oxygen Utilization Rate

If the observed distribution of dissolved oxygen in the deep ocean below the euphotic
zone is in stationary or steady state, then it can be assumed that the in situ consumption
of oxygen is balanced by ventilation, physical transport of oxygen from regions of higher
dissolved oxygen and biological production. The oxygen utilization rate (OUR) decreases
quasi-exponentially with increasing depth [Jenkins, 1998], as would be expected from
the attenuation of the available carbon flux with depth. OUR is the time rate of change
in AOU or O, associated with the remineralization of organic matter, or in other words
the rate at wich O, is consumed by the oxidation of organic matter and is defined as:

dAOU d[Oy]

dt or dt

OUR = (1.3)

For the North Atlantic ocean several authors [e.g., Jenkins, 1987; Sarmiento et al., 1990]
estimated thermocline OUR by dividing the AOU by the e.g., tritium /3He or ?**Ra age.
A summary of OUR estimates from the thermocline of the North Atlantic ocean using

a variety of techniques is shown in figure. 1.5.

Oxygen Ulilization Rate {OUR) {mmal m3yr1)

0 5 10 15 20 25
o T T T T |
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100 -

200 —

300

400 -

Depth {m}
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700 -
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800 -

Figure 1.5: Compilation of OUR estimates for the North Atlantic using a variety of
techniques [Sarmiento et al., 1990].
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1 Introduction

1.4 Biological Pump

The interaction of biological processes, physical processes and gravity are the most
important procedures to pump organic carbon into the interior ocean, particularly the
amount of phytoplankton can significantly affect the greenhouse gas CO,. Phytoplank-
ton produces organic matter by the photosynthetic uptake of CO; and a major part of
the produced biomass is consumed on the spot. Some fraction, however, finds its way to
the deep ocean through the aggregation and settling of particles or through advection
in the course of global circulation patterns. Most of the organic carbon which sinks to
the deep ocean is finally remineralized by bacteria, into inorganic forms. The combined
action of these processes is commonly called the biological pump [Volk and Hoffert,
1985].

The biological pump, consisting of primary producers, consumers and the bacteria, plays
an important role in the global carbon cycle (Fig. 1.6). The elemental composition of
phytoplankton is C:N:P = 106:16:1, referred to as the Redfield ratio [Redfield et al.,
1963], 106 units of carbon are delivered to the deep ocean for one unit of phosphorus or
for 16 units of nitrogen. This carbon sequestered by the biological pump carbon from
the atmosphere is stored for period of decades to centuries, depending on the depth
of remineralization. A very small fraction escapes from the ocean through sedimental

burial.

There are three different mechanisms by which the nutrients are returned to the surface,
upwelling of nutrient-rich deep water (e.g., along the western coasts of continents),
vertical (eddy) diffusion across the thermocline or on seasonal scale wind-driven deep
mixing, which erodes the thermocline and entrains the sub-surface water into the surface.
In some regions nutrients such as nitrate, phosphate and silicate are not limiting for
phytoplankton growth, e.g. Southern Ocean, the equatorial Pacific and the subarctic
North Pacific Ocean. These are the so called "high-nutrient, low-chlorophyll” (HNLC)
waters. In this waters the biological pump is inefficient because the phytoplankton is
limited by other factors and cannot fully utilized the nutrients in the surface waters

(such as the micor-nutrient).
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1.4 Biological Pump

co,

Phytoplankton Zooplankton
carbon uptake - respiration

U.S.)GOFS

Figure 1.6: Schematic diagram of the components of the biological pump, which
transforms Dissolved Inorganic Carbon (DIC) into organic biomass and pumps it
in dissolved or particulate form into the deeper ocean. CO5 is fixed by phyto-
plankton (photosynthesis), in the euphotic zone, thereby forming Particulate Or-
ganic Carbon (POC) and also releasing some fraction as Dissolved Organic Matter
(DOM) which is consumed by zooplankton. The major part of Particulate Or-
ganic Matter (POM) is consumed by bacteria and respired, the remaining part of
DOM is advected and mixed into the deeper ocean where other bacteria decompose
and respire it, thus returning organic carbon into the enormous deep ocean reser-
voir of (DIC). Thermohaline circulation returns deep-ocean DIC to the atmosphere
on millennial time scales. Copyright United States Joint Global Ocean Flux Study
(http://wwwl.whoi.edu/general _info/gallery modeling/slide4.html).

Light and nutrients are the primary factors regulating the phytoplankton growth. Light
decreases dramatically with depth and the euphotic zone depths vary from only a few
centimeters in highly turbid eutrophic lakes, to around 200 m in the open oligotrophic

ocean.
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1 Introduction

1.5 Air-Sea Gas Transfer

The subpolar north Atlantic Ocean is a prominent CO, sink [Watson et al., 2009]. The
uptake of atmospheric CO, is variable in time and space, decreasing pH of the surface
waters (ocean acidification) and increasing the CO, concentration (ocean carbonation)
[Riebesell et al., 2009]. Therefore, these changes are expected to change the marine
biota, their structure and functionality, and the cycling of carbon. Estimates of the
magnitude causes of temporal variations have come from atmospheric observations in
inverse models and from ocean carbon models. There are different processes that affect
the concentration of gases in the water column: vertical mixing, photochemistry, air-sea
exchange and biological production and consumption. Air-sea gas exchange is being
investigated since ~50 years because of its importance in biogeochemical cycling of
climate, weather and health-related gaseous compounds [Wanninkhof et al., 2009]. Air-
sea gas exchange is additionally important in suppressing the anthropogenic greenhouse
effect by absorption of atmospheric CO, by the oceans and it furthermore indirectly
affects the radiative balance due to the sea-to-air flux of dimethylsulfide (DMS), which
provides as cloud condensation nuclei [Simd, 2001].

Our understanding of exchange processes at the molecular level has improved the un-
derstanding of how environmental factors control the rate of exchange at the air-sea
interface. To better quantify the air-sea gas transfer and the gas flux a lot of effort
in improving and validating of techniques and theories has been realized. In 1998 the
Ocean-Atmosphere Carbon Exchange Study (OACES) of the NOAA Office of Global
Programs was started with the goal to improve the quantification of air-sea CO, fluxes
and gas transfer velocity. For quantification of the gas exchange of oxygen at the air-sea
interface, it takes advantage of oxygen disequilibria that arise from biological consump-
tion or production or utilize excesses of “C in the atmosphere. This *C, resulting
from nuclear bomb test in the early 1960s, invaded the ocean and can also be used for
determination of gas exchange over the ocean [Sweeney et. al, 2007].

The measurement of gas transfer velocities and fluxes can be generally separated into

three categories:

e direct flux measuring techniques: measurement of flux F in the air above the
sea, the difference of the gas concentration (thermodynamically driven potential)
at the sea water surface and the well-mixed bulk fluid below is used to determine

the air-sea gas exchange velocity k, e.g., direct flux measuring [McGillis et al.,
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1.5 Air-Sea Gas Transfer

2001], covariance (or eddy correlation) technique [Fairall et al., 2000].

e bulk concentration techniques: measurement of the partial pressure of the gas
in air and the change of the partial pressure of the gas in water as a function of
time. Assuming the water volume and surface area are known, flux F is equal to
the change in water multiplied by the ratio of the volume to the surface area and

the air-sea gas exchange velocity k, which is parameterized based on wind speed.

e Proxy techniques: measurement of the air-sea flux of a nongaseous tracer, as
a suggorate for a gas using the principle that all air-sea transfer is controlled by

the hydrodynamics at the surface.

The most commonly used relationship is that of Wanninkhof [1992], which relates the
air-sea gas transfer-coefficient to wind speed. Using thus relationship to calculate air-
sea fluxes on a regional or global scale, it is important to use consistent wind. The
estimates of the global wind speed can differ by more than 1 m s [Boutin et al.,
2002; Naegler et al., 2006]. The National Center for Environmental Prediction (NCEP)
yields a global average wind of 6.6 m s~! compared with a global average wind of 7.9 m
s~1 [Naegler et al., 2006] estimated by the Quick Scatterometer (QuikSCAT) satellite,
resulting in biases in global flux estimations. Spatial distributions of winds are not
consistent among different wind speed climatologies either. Due to the fact that most
wind speed dependent parametrizations of the transfer coefficient are non-linear, the
use of time averaged winds will lead to an underestimation, which has to be corrected
for by an enhancement factor [Wanninkhof et al., 2002]. Globally, the enhancement
factor is 1.14 4+ 0.07 for the quadratic dependence and 1.45 + 0.23 for the cubic
dependence. The flux across the air-sea interface is not controlled by the wind itself,
the wind rather affects the turbulence. Several mechanisms can affect turbulence at the
air-sea interface, e.g. friction velocity, waves, bubbles, rain, chemical enhancement and

surface films.
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1 Introduction

1.6 Motivation

A decrease of O, concentration in the thermocline has been observed in several repeated
hydrographic sections of the world oceans [Keeling et al., 2010]. The reported decrease
of O, concentration range from 0.1 to 6 umol kg=! [IPCC, 2007]. A critical point is
the spatial and temporal undersampling of the ocean. The successful implementation
of oxygen optodes on profiling floats has principally modified this situation. Oxygen
profiling floats are a good method to determine seasonal to decadal time scales variations
in O, concentrations on a global scale. There are a lot of scientific reasons for using

oxygen optodes on profiling floats as proposed by Gruber et al. [2009]:

e Determine transport and air-sea gas exchange of O.

e Determine seasonal to interannual changes in the net community and export pro-

duction.

e Detect, survey and document the ocean’s deoxygenation (suboxic-, anoxic regions

and oxygen minimum zones (OMZ)).
e Prediction and assessment of anoxic and hypoxic events.

e Improve atmospheric O3/ N» constraint on the oceanic uptake of anthropogenic
COs.

e Aid interpretation of variations in ocean circulation and mixing.
e Provide constraints for ocean biogeochemistry models.

e Aid in interpretation of sparse data from repeat hydrographic surveys.

In chapter 4 and 5 we discuss the first two points. We estimate air-sea gas transfer coef-
ficients derived from oxygen float data using wind speed data acquired by scatterometry
from the QuikSCAT satellite. Particulate organic carbon fluxes are calculated by vertical
integration of carbon remineralization rates, obtained by converting oxygen utilization
rates by using a Redfield stoichiometric ratio of -O4:C,,, of 1.34 & 0.06 [Kortzinger et
al., 2001].
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Chapter 2
Profiling Floats

Observing the physical and biological processes in the world ocean on a broad scale
requires high-endurance and relatively low-cost sensors. Since 2003, more than 3000
profiling floats (e.g., Apex, Provor, Nemo) were deployed in the world ocean (Fig. 2.1)
which was the explicit goal of the Argo array of profiling floats [Roemmich et al., 2004;
2009]. The development is still going on and new types of autonomous platforms,
gliders, were developed. More than 100 seagliders [Rudnick et al., 2004] are operating

additionally to the large number of profiling floats the oceans.

g PN =T -,
60°N i 3198 Floats D
 7-Feb-2010 RN R
30°N
0
30°S § AT
60'S

120°E 180° 120°W

Figure 2.1: Argo float observatory on February 7, 2010. Shown are the lat-
est positions of the floats that have delivered data within the last 30 days
(http://www.argo.uscd.edu).
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2 Profiling Floats

Profiling floats and seagliders are autonomous underway vehicles that profile vertically
by changing their buoyancy. Seagliders transit additionally horizontally by gliding on
their wings during descent and ascent. Both change their density by pumping oil stored
in an internal reservoir into an external reservoir (bladder) to increase the volume, at
conservation of mass, to ascent or by deflating the bladder to descend (Fig. 2.2, left).
Floats descend from the surface to a programmed parking depth (here 800 dbar) where
they remain for a certain time (here about 6 days), drifting with the current, before
diving to their profile depth (here 2000 dbar). During the ascent from the profile depth
to the surface, temperature and conductivity (salinity), measured by a SBE-41 CTD
sensor (Sea-Bird Electronics Inc., Bellevue/WA, USA), are recorded at predefined depth
levels. The average ascent speed is 0.08 m s~* for an Apex float and 0.09-0.1 m s~! for
a Provor float (User Manuals: MARTEC Provor CTS3, 2006; Apex-SBE Profiler). At
the end of each cycle the float remains for about 6-12 hours at the surface, where it is
localized by, and transmit the data to, the Argos satellite system or more recently the
Iridium system (Fig. 2.2, right). This measurement cycle is repeated at programmed

time intervals of several days (here 7 days).

A small number of floats and seagliders are addionally equipped with chemical and
biological sensors, e.g. oxygen optode sensors, bio-optics, chlorophyll fluorometers,
pCO, sensors, nitrate sensors or particle backscatter sensors [Johnson et al., 2009](Fig.
2.3). In the following sections we focus on Apex floats equipped additionally with oxygen

optode sensors, mounted on the upper endcap of the float.

The number of deployed floats with oxygen sensors is growing continuously. More
than 200 floats, about 60% of which are currently active, have been deployed whereas
the number of collected oxygen data by profiling floats is twice as large as from ship
measurements [Johnson et al., 2009]. Oxygen sensors have been deployed on seagliders
also with excellent results. Long-term stability is one advantage of the oxygen optode
sensors [ Tengberg et al., 2003; Kértzinger et al., 2005]. They spend only a short time
at the surface and during most of the time they stay in cold and dark environments and
consequently biofouling is not a problem in contrast to optodes fixed at moorings in the

upper ocean [ Tengberg et al., 2006].

Since the sensor responds to the oxygen partial pressure, it is also capable of measuring

in air. At the surface, oxygen measurements are performed half-hourly. These measure-
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Figure 2.2: Cross section of an APEX float (APEX, Webb Research Inc., Falmouth,
USA) (http://www.argo.ucsd.edu/pictures.html) (left) and measurement cy-
cle of an APEX float with oxygen optode sensor (right) [Kértzinger et al., 2005].

ments can in principle be used for drift control of the sensor, the barometric pressure
can be provided from other sources (e.g., NCAR reanalysis). The sensor reading should
equal of the oxygen concentration of freshwater in equilibrium with air (at ambient
atmospheric temperature and pressure, 100 % humidity and an oxygen volume mixing
ratio of 0.2095). Note, the air around the sensor may not to be at 100 % humidity in
reality, however. The oxygen measurements in air at the surface can be compared with
calculated equilibrium concentrations using ambient barometric pressure. Therefore, it

is a useful method in long-term drift check [Kértzinger et al., 2005].

To use the oxygen data from profiling floats as climate-research-quality data it is impor-
tant that the oxygen measurements are made at high precission and accuracy. These are
requirements for the oxygen optode sensors in order to observe seasonal variation in the
upper thermocline, which varies by 10 to 20 umol kg™! (e.g., [Riser et al., 2004; Najjar
et al., 1997]). Further, is the observation of the long-term trend of deoxygenation of

the world oceans an important research topic.
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2 Profiling Floats
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Figure 2.3: All active Argo floats equipped with an oxygen sensor (191, red
circles), bio-optical sensors (19, green circles) and nitrate sensors (6, blue cir-
cles). Map was downloaded from the Argo Infortaion Center (jcommps) at

http://wo.jcommops.org/cgi-bin/WebObjects/Argo.woa/wa/maps.

For accuracy a threshold of 5 umol kg=! with a target of 1 umol kg™! is called for. For
precision a threshold of 2 umol kg=! with a target of 0.5 umol kg=! has been proposed
by Johnson et al. [2009].

2.1 Measuring Principle of the Oxygen Optode

The theory of operation of the oxygen optode is based on a principle called dynamic
luminescence quenching. This phenomenon is the ability of a substance (here oxygen)
to influence the fluorescence of a luminophore. Fluorescence is the emission of a photon,
by a molecule that has absorbed light of a certain energy and emits a photon with lower
energy, that is longer wavelength (fluorescence). Luminophores can be divided into
organic and inorganic substances with the subcategories of fluorophores and phosphores.
The difference between luminophores belonging to these two subcategories is derived
from the nature of the excited state responsible for the emission of photons. The

luminophore, will after absorbing light of a certain energy, enter an excited state. The
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2.1 Measuring Principle of the Oxygen Optode

collision between the luminophore in its excited state and the quencher (oxygen) results
in radiationless deactivation so that no photon is emitted. After collision, energy transfer
takes place from the excited luminophore to oxygen which consequently is transferred
from its ground state to its excited state. The nonemitting of a photon is called dynamic

quenching (Fig 2.5).

The luminophore used in the oxygen optode, is platinum porphyrin (indicator, sensing
layer) and is embedded in a polymer layer, and thus is immobilized in the sensing foil
mounted on a sapphire optical window. On the outside, the sensing foil is covered by
a black gas-permeable coating, to avoid influence from surrounding fluorescent mate-
rial and to shade it from incoming light in the photic zone (optical isolation, silicon
layer)(Fig. 2.4).

The luminophore is excited by a blue-green light (505 nm) from the inside and produces
a red fluorescence that is measured by a photodiode through the same window. The
gas permeable foil equilibrates with the surrounding seawater. If oxygen is present, the
red light will be quenched. The intensity, and lifetime of the returned red light therefore

depends on the oxygen concentration in the ambient seawater.

The presence of oxygen will influence the lifetime of the returned red light with respect
to the excitation with the blue-green light. This delay is called the luminescence decay
time, or lifetime and it will decrease with increasing oxygen concentration. Lifetime-
based optode measuring are considered a long-term stable (i.e. drift free) and fast

response application (e.g., [Klimant et al., 1997]).

A relationship exists between the oxygen concentration and the luminescence decay time

which is described by the Stern-Volmer (e.g., [Demas et al., 1999]) equation:

05— {@—1} (2.1)

KSV T

where O, is the oxygen concentration, Ksy is the Stern-Volmer constant (the quenching
efficiency), 79 is the decay time in the absence of O, and 7 is the decay time in presence
of oxygen (for detailed information see Aanderaa Instruments manual). Measurement
of the luminescence decay time has some advantages compared to the conventional

intensity measurement:
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Figure 2.4: Diagram of the optical design and front view of the optode-based oxygen
sensor [ Tengberg et al., 2006].

e The decay time does not depend on fluctuations in the intensity of the light source

and the sensitivity of the detector.

e The decay time is not influenced by variations in the optical properties of the

sample including turbidity and coloration.

The oxygen sensor returns oxygen concentration in ;tM. The sensor is capable of measur-
ing oxygen concentrations in a range of 0-500 xM, that is the full oceanic concentration
range, with a resolution of < 1 M and a nominal accuracy of < 8 uM (or 5 % whichever

is greater)[ Tengberg et al., 2006].

2.2 Calibration of Oxygen Data

The oxygen raw data have to be corrected for salinity and pressure. The salinity cor-
rection is due to the fact that the foil senses the partial pressure of oxygen in the
surrounding sea water, but does not sense the salinity, hence the optode measures as if
it was deployed in fresh water. The calculated oxygen concentration has to be corrected

to the actual salinity, due to the fact that the partial pressure of any gas is salinity
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Figure 2.5: Principle of dynamic quenching of luminescence by molecular oxygen

[Tengberg et al., 2003; Aanderaa manual].

dependent. If the salinity variation in the study region is small (less than £1 psu), the

oxygen concentration can be corrected by setting the internal salinity to the average

salinity of the study region before deployment. If the salinity varies significantly and in-

situ salinity is available, a more accurate correction may be applied by a post correction

of the data.
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2 Profiling Floats

The response of the sensing foil decreases with increasing ambient water pressure. This
pressure effect is reported to be linear and fully reversible by using following equation
[ Tengberg et al., 2006]:

Oe = O - (1 + (1:805) (2.2)
where Oy, is the pressure compensated O,-concentration, p is depth in meters or pressure
in dbar and C, is the compensation coefficient in %. The compensation coefficient was
determined by Tengberg et al., [2006] to be 4% per 1000 dbar. In a recently published
study of Uchida et al., [2008], the pressure effect was determined to be smaller than
this. They compared high-quality oxygen data obtained by eleven oxygen optodes in the
North Pacific with discrete samples. Currently, the oxygen community uses the 3.2%

per 1000 dbar pressure correction of Uchida et al. [2008] on the basis of these results.

Finally, the relative oxygen saturation in % can be calculated as a function of salinity

and temperature:

(0] - 2.2414

OQ,sat - O

(2.3)

where Oy 44 is the relative Og-saturation in %, O, is the oxygen-concentration and C*
is the Oy solubility at standard air mixture and pressure (1013 hPa) [Garcia and Gordon,
1992].

The standard method to determine dissolved oxygen concentration in seawater is a two-
step chemical reaction. Dissolved oxygen is fixed by the addition of manganese(ll) under
basic conditions, resulting via oxydation of Mn(ll) in a heteroganic reaction in a brown
precipitation of manganese(lll)hydroxide. Prior to analysis, the sample is acidified to
pH 1.0-2.5. This causes the precipitated hydroxides to dissolve, liberating the Mn(lll)
ions. The Mn(llIl) ions oxidize previously added iodide ions to iodine. The iodine is then
titrated with thiosulfate (5,03 ), where iodine is reduced to iodide and the thiosulfate
is oxidized to tetrathionate (5402’). The thiosulfate must be standardized with a
primary standard, typically potassium iodide (KIO3). Standardization is based on the

co-proportionation reaction of iodide with iodate, thereby forming iodine. The iodine
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Figure 2.6: Residuals (Winkler - optode) vs. depth for float 4900607, a) and float
4900611, b). The linear regression of residuals vs. depth yields a depth-dependent
correction function to post calibrate the oxygen data. After correction the residuals

still show a depth dependence. The raw oxygen data were corrected for pressure by
3.2% per 1000 dbar as proposed by Uchida et. al [2008].

binds with excess iodide, and the complex is titrated with thiosulfate. The calculation of
the oxygen concentration (mL L™!) from this analysis follows in principle the procedure

outlined by Carpenter [1965].

This method was originally developed by Winkler [1888] and modified by Carpenter
[1965] as described by Hansen et al. [1999]. Winkler titration (accuracy < 1.0 pmol
L=') has become the standard method and is always performed on collected water
samples. The success of this method is critically dependent on the manner in which the
sample is treated. At all phases, primarily if the water samples are collected, care must
to be taken to ensure that oxygen is neither introduced to nor lost from the collected

water samples. The Winkler titration is still used to check instrument calibration.

The raw oxygen data from the oxygen optodes of both floats were corrected for pressure
and salinity using the floats pressure and salinity readings [Aanderaa Manual; Tengberg
et al., 2006] and using the 3.2% per 1000 dbar pressure correction of Uchida et al.
[2008]. As shown by several other authors (e.g. [Kortzinger et al., 2005; Uchida et al.,
2008]) the factory calibration of the oxygen optodes is generally inadequate. For post-

calibration the float oxygen data were compared to oxygen concentrations measured on
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2 Profiling Floats

discrete samples by Winkler titration (accuracy < 1.0 umol L™!). The float and Winkler

reference data points were matched in depth-space.

For float 4900611, the first profile was compared with 7 discrete water samples measured
by Winkler titration on R/V Charles Darwin cruise 162 taken 7 days before and in a
distance of approx. 17 nm. The oxygen concentrations of float 4900611 were corrected
with a linear depth-dependent function yielding corrections ranging from 23.7 pmol
L~ (shallow) to 32.5 pumol L~ (deep) with a standard deviation of + 1.8 ymol Lt
(R?=0.76). For float 4900607, the first profile was compared with a Winkler-calibrated
CTD oxygen profile taken during R/V Meteor cruise 59/3 taken 8 days before and in
a distance of approx. 20 nm. Float 4900607 was also corrected with a linear depth-
dependent function yielding corrections ranging from 11.3 pmol L=! to 21.2 pmol L=t
with a standard deviation of + 1.5 umol L~ (R?=0.72). Matching floats and reference
data points in density-space did not significantly improve the results nor the accuracy of
the correction. The compared Winkler and float density (oy) is within a mean density of
+ 0.002 kg m—3 with an standard deviation of £ 0.003 kg m—3. Oxygen data shallower
than 100 dbar were not included in the correction. The remaining residuals between

calibrated oxygen float data did show, however, a clear depth-dependence (Fig. 2.6).

The observed depth-dependence of the O residuals (Winkler - optode) disappears for
both floats when a correction of 4.8% per 1000 dbar is applied. This point at the 3.2
% per 1000 dbar depth correction of Uchida et. al [2008] as well as the original factory
correction of 4 % per 1000 dbar being too low.

Because of the importance of accurately describing the pressure effect, a thorough

understanding the source of this disagreement should motivate future work.
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Chapter 3

Variability on Seasonal to

Interannual Time Scales

The Labrador Sea is the coldest and freshest basin of the subpolar North Atlantic Ocean.
It also is a region of particular interest for several groups, because it is one of just a
few regions where open-ocean deep convection occurs. In the process of open-ocean
convection, surface water sinks as distinct water mass to depth, known as Labrador
Sea Water (LSW). Intense air-sea interaction supports the generation of deep winter
convection, by loss of heat, resulting in a loss of buoyancy. Labrador Sea Water is
characterized as cold and fresh water mass, and can be traced at depths of 500 to 2000
m [Lavender et al., 2000]. The net transfer of heat from the ocean to the atmosphere, is
balanced by northward advection of heat through the meridional overturning circulation
(MOC). Deep convection is a central component of the thermohaline circulation (THC).
First results from hydrographic data have identified deep convection in the Labrador Sea
[Clarke et al., 1983] and have inferred a general cyclonic circulation [Lazier et al., 1973].
The Labrador Sea is characterized by strong wind events, incursion of icebergs and sea
ice, great contrast in buoyancy, high biological activity [Lab Sea Group, 1998] and as a
seasonally varying sink and source of oxygen [Kértzinger et al., 2004;2008] as well as a
sink for athmospheric CO, [Kértzinger et al., 2008; Watson et al., 2009]. The amplitude
of the seasonal and interannual cycles of temperature, salinity and O, are affected by
physical and biological processes. Freshwater pulses can have a direct impact on the

convective process, temperature, salinity and O, in the Labrador Sea. Therefore is
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3 Variability on Seasonal to Interannual Time Scales

the spatial and temporal variation of interest and understanding the pathways of the
freshwater cycle and seasonal to interannual time scales has received much more interest
in the past time [Schmidt, 2008]. Freshwater input in the North Atlantic Ocean consists

of precipitation, continental runoff, Greenland ice shield melt, icebergs and sea ice melt.

Since the mid 90°‘s convection in the Labrador Sea has been reported to be relatively
shallow [Yashayaev et al., 2007; Lazier et al., 2002; Pickart et al., 2002], which has

reduced the deep ventilation of the Atlantic Ocean.

3.1 Study Region

A suite of physical (temperature, salinity and pressure) and chemical parameters (Oy)
were measured successfully with two autonomous profiling floats in the time period of
September, 2003 to August, 2006 in the Labrador Sea (Fig. 3.1).

Each float (APEX, Webb Research Inc., Falmouth, USA) was equipped with an oxygen
optode sensor (Model 3830, Aanderaa Data Instruments, Bergen, Norway) as well as
the SBE-41 CTD sensor (Sea-Bird Electronics Inc., Bellevue/WA, USA) (See section 2).
The float data used consist of the data sets of two floats, taken within the rectangular
box which marks the approximate location of the area of deep winter convection (Fig.
3.1). Both floats drift at nominal depth of 800 db and the profiles are taken from 2000
db with a cycle time of 7 days. The first float, 4900607, was deployed on September 7,
2003 at 56.552°N and 52.695°W remaining 385 days (corresponds to 55 vertical profiles)
in the central Labrador Sea, the later one, 4900611, was deployed on September 15,
2004 at 56.968°N and 50.963°W remaining 665 days (corresponds to 95 vertical profiles)

in the central Labrador Sea.

After post-calibration to within 1.8 umol L= and 1.5 umol L~! resp. of the Winkler-
based oxygen reference, we obtained a high-quality oxygen time-series of the upper 2000
m (Fig. 3.8 ) of the central Labrador Sea as well as for temperature and salinity. Figure
3.2 shows the raw (a,b) and salinity and pressure corrected (c,d) oxygen profiles of both
floats. Float 4900607 was the first prototype APEX profiling float with oxgen optode
sensor ever deployed. The internal salinity setting of the oxygen optodes sensor was
S=0 for float 4900607 and S=35 for float 4900611 (Fig. 3.2).
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Figure 3.1: Trajectories of two APEX floats equipped with an Aanderaa oxygen
optode (Model 3830, Aanderaa Data Instruments, Bergen, Norway) in the central
Labrador Sea during the period September, 2003 to August, 2006. The red line
shows the track of float 4900607 (September 14, 2003 to October 3, 2004) and the
blue line that of float 4900611 (October 13, 2004 to August 9, 2006); the black
dots denote the deployment positions. The rectangular box marks the approximate
location of the area of deep winter convection. The drift depth of both floats was
800 dbar and the profiling depth was 2000 dbar. The bathymetry contour interval is
500 dbar.

3.2 Mixed Layer Structure and Depth

Seawater properties such as temperature, salinity and density vary with depth. Near
the surface the variations of these properties are much smaller than deeper down. The
reason for this vertical uniformity is turbulent mixing which is stronger near the surface.
Therefore, the upper ocean is often referred as mixed layer. The oceanic mixed layer is
considered as a quasi homogenous region of the upper ocean, within which temperature,
salinity and density are approximately uniform [de Boyer Montégut et al., 2004]. This

definition based on profiles from in situ data that show approximately uniform regions
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Figure 3.2: Raw oxygen float data of float 4900607 (a) and float 4900611 (b) and

salinity and pressure corrected data (c,d), collected in the central Labrador Sea.
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3.2 Mixed Layer Structure and Depth

of temperature and salinity [e.g., Pickard and Emery, 1990].

The transfer of mass, momentum and energy across the mixed layer provides the source
of almost all oceanic motion. The thickness of the mixed layer determines the heat
content of the layer, which directly interacts with the atmosphere [Kara et al., 2000].
A common difficulty is in determining the base of the mixed layer due to thermal and
density stratification sensitivity of the depth of the turbulent mixing, thereby by the
chosen criterion to define the mixed layer depth (MLD). The mixed layer depth is an
important parameter for determining how the ocean and atmosphere interact. Temporal
variability on seasonal (interseasonal) to interannual time scales of the MLD, are linked
to many processes occurring in the mixed layer (e.g., surface forcing, lateral advection
or waves). During the course of a year, the mixed layer typically undergoes a cycle of
deepening, when the surface water becomes colder and denser, and shallowing when
surface water becomes warmer and less dense. This cycle is more pronounced at higher
latitudes, like the Labrador Sea. The spatial variability of the MLD can be less then a
few tens of meters in the summer season, up to 2000 m and more during the winter

season of the region of deep convection.

There exists a variety of criteria to determine the mixed layer depth. The most com-
monly used determination of the MLD is the use of the threshold method (so called
A-criterion), based on which the MLD is the depth at which temperature or potential
density changes by a given threshold value relative to the one at a near surface reference
depth. Estimating the MLD by visual examination [Sprintall and Roemmich, 1999] or
by using a vertical gradient criterion [Lorbacher et al., 2006] are other ways to proceed.
Like the A-criterion, the gradient criterion depends critically on the prescribed gradient
threshold.

Estimating the MLD using classical methods, e.g. Monterey and Levitus [1997] for
temperature (AT = 0.5°C) as well as for density (Ao = 0.125 kg m—3) are not suitable
in subpolar oceans. During the winter period the temperature and density stratification
is weak and the use of the classical criterion lead to a gross overestimation of the

maximum mixed layer depth (Fig. 3.3)

Another way in determining the wintertime MLD, especially in regions of weak winter-
time stratification or where temperature and salinity data are very sparse, is the use of

oxygen as proxy. For instance, Reid, [1982] used a 95% oxygen saturation limit from
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Figure 3.3: Estimation of mixed layer depth using different criteria. A modified
classical criterion (A = 0.15°C (red) and Aoy = 0.03 kg m~3(blue)) is used for
comparison with the oxygen criterion of AOy = 5 umol L~1. Ambiguous oxygen

MLDs (black circles) were replaced by Aoy determined MLDs.

CTD data to determine the global maximum annual MLD. This 95% oxygen saturation
assumption of Reid [1982] corresponds roughly to the oxygen dissolved during ventila-
tion at the surface at the time of of deepest convective mixing during the year. Such a
fixed oxygen saturation threshold is to static, however, to take into account the regional

dynamics of the surface oxygen reservoir.

The mixed layer depth in this study was determined by using a AQOs-criterion. The
depth at which the Oy concentration differs from the surface O, concentration by 5
pmol L=! was determined as lower bound of the MLD. We also applied a modified
classical criterion (A6 = 0.15°C and Aoy = 0.03 kg m—3) for comparison with the
oxygen criterion (Fig. 3.3). During the winter period of deep convection, when vertical
gradients in temperature and density nearly disappear, even the modified classical criteria
overestimated the MLD, whereas the oxygen criterion seems to be a suitable method

in MLD determination. At time of stable stratification the modified classical criteria as
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3.2 Mixed Layer Structure and Depth

well as the oxygen criterion are comparable in determing the MLD (Fig. 3.4).

At a specific time of the year, the oxygen concentration gradient, between surface and
depth, is smaller than the O, criteria of 5 umol L™}, leading to ambiguous MLD. This
is due to the strong variability of oxygen in surface waters which during fall causes the
surface-to-depth gradient to disappear. These values are replaced by Aéf determined

MLD. Mixed layer depths > 400 m were additionally checked by visual inspection.

The onset of convection and the associated deepening of the mixed layer can be identified
every year by using oxygen as indicator (Fig. 3.8). The peak of the convection and the
renewal of water mass can also be well identified to occur every year approximately in
March /April through a deep winter mixed layer with nearly homogeneous cold and salt

water from the surface to intermediate depth.

The deepest mixed layer observed by the profiling floats during the three winters
(February-April) were 1350 m in 2003/2004, 710 m in 2004/2005, and 900 m in
2005/2006. Mixed layer depth > 600 m were located in the western basin of the
Labrador Sea, which is consistent with observations of Lavender et al. [2000] and Vige
et al. [2009].
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3 Variability on Seasonal to Interannual Time Scales
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Figure 3.4: Vertical profiles of Oy concentration (a,c), potential temperature (0,
red) and density (og, black)(b,d). In time of stratification the Oy criterion (a) as
well as the modified classical criteria are comparable in determing the MLD (here
120 m). During convection the O criterion (c) determines a realistic MLD (~800
m), whereas the modified classical criteria overestimate the MLD (b) by ~ 600 m

(0) to ~700 m (op), due to the weak gradients in 6 and oy.
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3.3 Labrador Sea Salinity and Temperature Cycle

3.3 Labrador Sea Salinity and Temperature Cycle

The variability in temperature and salinity during the course of the year is the dominant
signal in the upper central Labrador Sea. Interactions of strong meteorological condi-
tions, currents as well as convection in the central Labrador Sea show a strong seasonal
cycle. Sea surface temperature (SST) influences the atmosphere through its effect of
sensible and latent heat flux across the air-sea interface. Ekman advection also influ-
ence the mean SST gradient. A decrease in temperature results in increasing density,
so the temperature stratification generally produces a stable density stratification. A
decrease in salinity, therefore produces a density decrease, so the salinity stratification
would produce an unstable density stratification. The most straight-forward method,
analyzing interannual trends, is using the mean for every month deduced from the float
data set. The advantage of this method is that the standard deviations for each month

can be determined easily.
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Figure 3.5: Comparison of sea surface temperature measurements by the floats
(blue line) and the Advanced Microwave Scanning Radiometer-EOS on the NASA
EOS satellite aqua (red line), daily product in 0.25° x 0.25° spatial resolution.
(http://map.nasa.gov/data/amsre/sst/)
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3 Variability on Seasonal to Interannual Time Scales

A disadvantage of this method is that extreme low or extreme high measurements, which
can modulate the seasonal cycle, are smoothed. Remotely sensed microwave SST data
were compared with in situ sea surface temperatures measured by the profiling floats,
which have been shown before to agree rather well. The in situ temperature differed
by -0.06°C with a standard deviation of 0.59°C from the SST measured by the satellite
(Fig. 3.5).

The mean monthly measurements of sea surface temperature (SST) and sea surface
salinity (SSS) are shown in Figure 3.6 a+b. Monthly mean SSS varies in general from
34.20 psu to 34.87 psu and SST varies from 3.3°C to 9.8°C. The seasonal cycle can be
changed dramatically, during times of pronounced forcing and/or by advection, due to
enhanced or stopped convection, mixing, thermal forcing or advection [Schmidt, 2008].
The mean monthly cycle of temperature shows low SST from December to April. The
second year of observation (2004) has the smallest seasonal fluctuations, reaching the
lowest maximum in August of all years. May to August exhibits a strong increase of
temperature with maximum values of 8.9°C to 9.8°C. In the following months until
December, temperature as well as salinity decrease. At the beginning of each year the

sea surface water is cold and salty.

April to June exhibits a short freshening (Fig. 3.6b) in 2004 and 2006, reaching maxi-
mum in June. In July, a salinification of 0.14 psu (2004) and 0.17 psu (2006) interrupt
the freshening. A stronger second freshening is observed in both years in August, de-
creasing 2004 until November. The decrease in 2006 is not presented, due to the fact
that the float drifted out of study region. The observed freshening cycles have been
discovered and described before by Schmidt and Send [2007] and Schmidt [2008] and
the float observations are in a good agreement with it. The timing of the observed
end of the first freshening and the onset of the second freshening is nearly one month
later than observed by Schmidt [2008]. In 2005, the two freshening pulses cannot been
seen, howover a less intense but prolonged freshening period from March to September
is observed, decreasing until November. The variable freshening cycle in 2005 could
result from a combination of heat loss to the atmosphere, lateral mixing and advection
of relatively salty and warm recirculated Irminger Sea Water, or vertical mixing with
the layer beneath. Another reason could be addressed to the high variability of the first
pulse and its absence in years with high eddy kinetic energy (EKE) [Straneo, 2006]. The

temperature evolution reveals a warming trend in 2005 and 2006 in surface waters of
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3.3 Labrador Sea Salinity and Temperature Cycle
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Figure 3.6: Central Labrador Sea surface temperatures (a) and sea surface salinity
(b) annual cycles, as monthly bins with standard deviation are shown. Red dashed

line denotes year 2003, blue dashed line year 2004, black dashed line year 2005 and
green dashed line 2006.
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3 Variability on Seasonal to Interannual Time Scales

0.3 to 0.8°C referred to 2004 (Fig. 3.6a). An increase of about 0.6 °C for 1996 to 2005
of the vertically averaged temperature was found by Avsic et al. [2006]. The spring
restratification occurs fast and warm and saline waters occupying the upper 200 m (Fig
3.7a,b).

The reasons for the higher standard deviation from May to August could be realated to
the arrival of eddies or waters from dissipating eddies from the northern central Labrador
Sea [Schmidt, 2008].

The local salinity maximum, of April 2004, likely due to the temperature minimum oc-
curing of about one month earlier, is associated with deep winter convection of this year.
The annual salinity cycles are dominated by strong variations/fluctuations generally in

summertime, whereas the annual temperature cycles are more uniform and predictable.

3.4 Oxygen Cycle

The annual cycle of oxygen varies depending on depth. The biological community in the
upper ocean (i.e. photosynthesis in the euphotic zone) is a net source of oxygen. The
interior ocean has no internal oxygen source. Below this Oy production zone, oxygen
is consumed by bacterial respiration (O sink). This change in the O, concentration is

well captured by the profiling floats (Fig. 3.8).

The O, concentration in the oceans interior therefore reflects a balance between supply
through circulation and loss through respiration. Within the mixed layer, Oy concen-
tration is often very close to the Oy saturation. Variation in the saturation result, in
part, from net community O, production, surface heat fluxes, advection and turbulent
diffusion, waves (oxygen injection by bubbles) and by air-sea gas exchange. The ven-
tilation of the upper ocean or oxygen intake is mostly driven by the deepening of the

mixed layer in wintertime.

The seasonal O, concentration and saturation cycles are shown in Figure 3.9 a+b.
During deep convection periods strong uptake of oxygen from the atmosphere occurs
which leads to a rapid buildup of the oxygen inventory down to the maximum convection

depth. It is of interest to note, however, that due to the short time scale of the rapid
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3.4 Oxygen Cycle
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Figure 3.7: Time serie of the temperature (a) and salinity (b) of the upper 200 m
in the convection region of the central Labrador Sea. The white line indicates the
separation between the earlier deployed float 4900607 and the later deployed float
4900611.
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3 Variability on Seasonal to Interannual Time Scales
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Figure 3.8: Time serie of the oxygen concentration (O3) of the upper 2000 m in
the convection region of the central Labrador Sea. Also shown is mixed layer depth
(black line) estimated from the float oxygen profiles with an oxygen criterion of AO2
= 5 umol L~!. The white line indicates the separation between the earlier deployed
float 4900607 and the later deployed float 4900611.

deepening convection the mixed layer never reaches equilibrium with the atmosphere
but typically stays by 5-7% undersaturated (see also Kértzinger et al. [2008]). These
waters ventilate the upper thermocline. After the cessation of the convection activity
the convectively mixed volume is almost instantly sealed from atmospheric contact by
a rapidly forming warm and fresh (sea ice meltwater) surface layer. In this layer the
spring bloom soon forms which causes production of oxygen and depletion of winter
time nutrient concentration. Therefore, the mixed layer changes from undersaturated
to strongly supersaturated by up to 16% for oxygen in late spring. The annual cycle of
the oxygen concentration is characterized by a spring maximum (i.e. end of May) and a
late summer/early fall minimum, consistent with a ventilation-respiration cycle [Najjar
and Keeling., 1997]. The timing of the observed seasonal O, maximum of April/May
is somewhat earlier than in the climatologies of Najjar and Keeling [1997] and Keeling
et al. [1998], which points at the smoothing effect of interpolation for a climatological

cycle.

The peak-to-peak variation in surface Oy concentrations (~58 umol L™ in 2003/2004,
~67 pmol L=t in 2004/2005 and ~77 umol L~ in 2005/2006) are slightly larger than
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Figure 3.9: Time series of oxygen concentration (a) and saturation (b) at sea

surface observed by floats (blue) compared with measurements at the K1 mooring

orange). Oxygen saturation was calculated using the oxygen solubility after Garcia
g yg g yg y

and Gordon [1992]. During fall/winter the oxygen concentration at the surface is

significantly undersaturated by up to 7% and in spring/summertime supersaturated

by up to 16%. Float and mooring data are in a good agreement. The K1 mooring

data are taken from Koértzinger et al. [2008].
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3 Variability on Seasonal to Interannual Time Scales

in the climatologies (~35-45 pmol kg~ again illustraiting their smoothed nature). The
local maximum in surface O, concentrations increases by ~17.4 umol L=}, indicating an
increase or faster buildup of primary production. In late summer/early fall equilibrium
with the atmosphere is nearly reached, at this time the net community O, production
has become small and the water column is well stratified. The oxygen concentration as
well as the saturation are in a excellent agreement with measurements of the long-term
oceanographic mooring site K1, located in the central Labrador Sea (56.5°N, 52.6°W).
There the O, optode sensor (Model 3830, Aanderaa Data Instruments, Bergen, Norway)
was deployed at a nominal depth of about 38 m. A two-point laboratory calibration
was performed, at 0% and 100% O, saturation, to calibrate the oxygen sensor, prior to

deployment. The resulting accuracy was estimated at 2 umol kg™' [Kértzinger et al.,
2008].
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Figure 3.10: Surface O saturation anomaly in the central Labrador Sea. Summer-
time saturation increases by 13.3 umol L= or + 35.4% between 2004 and 2006,

indicating higher or more rapid biological activities.

The surface Oy saturation anomaly (O5**¢ - O5%) varies during the year (Fig. 3.9).
Biological activity as well as temperature (which affect both oxygen concentration and
solubility) are the main factors regulating O, saturation. During fall /winter respiration
and the effect of surface cooling decrease the oxygen saturation anomaly drastically from

~+45 to ~-20umol L=, In spring/summer when restratification occurs and the mixed
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3.4 Oxygen Cycle

layer shoals the water turns from undersaturated to supersaturated, due to spring bloom.
The rather constant increase of the maximal saturation anomaly by 13.3 umol L~! or
+35.4% between 2004 and 2006, indicates higher or more rapid biological activities (i.e.

primary production).
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Figure 3.11: Temporal development of the Os inventory, calculated between surface
and mixed layer depth (blue line), mixed layer depth (dashed green line) and average

O3 inventory (dotted red line) are shown.

The transition from shallow summer mixed layer into a convectively overturning deep
winter mixed layer was associated with an oxygen inventory increase (Fig. 3.11), driven
by the rapid deepening of the mixed layer. This deepening was associated with exposing
large volumes of undersaturated water to the atmosphere leading to air-sea flux of oxygen
into the ocean. The wintertime inventory exhibits a ventilation-respiration cycle. When
the mixed layer reaches its maximum in February-April the mixed layer is well ventilated.
Oxygen inventory of the mixed layer increase 2004 to ~370 mol O, m~2, 2005 to ~149
mol O, m~2 and 2006 to ~227 mol Oy m~2. Integrating the O, inventory to the
maximum winter mixed layer depth of the respective year, yields an increase of 15.1

mol Oy m™2 in 2003/2004, 11.1 mol Oy m™2 in 2004/2005 and 8.3 mol O, m~2 in
2005/2006.

After cessation of the convection the inventory increase is stopped and the homoge-
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Figure 3.12: Temporal development of the Oy inventory of the upper 710 m (a)
and the upper 1350 m (b) in the convective region. The average O inventory
is illustrated by the dotted red line. Positive anomalies are indicated by "+" and

negative anomalies by "-
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3.4 Oxygen Cycle

neously mixed water is capped by a shallow low-salinity and warm surface layer, sealed
from the atmosphere (Fig. 3.6b). The extremely rapid decrease of the mixed layer O
inventory after the convection is striking and is driven by outgassing in summer. The
mixed layer Os inventory decreases throughout the summer, through respiration and
lateral export of the ventilated water. This " deep breath” in the subpolar north Atlantic

Ocean was also observed by Kértzinger et al. [2004].
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Figure 3.13: Variability of AO5 inventory versus time in the central Labrador Sea
during the time periode of September 14, 2003 to August 9, 2006, between maximal
winter mixed Layer (1350 m) and shallowest winter mixed layer (710 m), blue line.
The polynomial fit of AOs inventory is indicated by the black line. The green line
shows the NAO index during the time periode of 2003-2006 (plotted at January 30
of each year) and lagged by one year (dotted red line).

The oxygen inventory cycles of the upper 710 m, i.e. the shallowest maximal winter
MLD, and of the upper 1350 m, i.e. the deepest maximum winter MLD, are shown
in Figure 3.12 a+b. The average O, inventory is indicated by the dotted red line,
that positive O, inventory anomalies are indicated by "+" and negative O, inventory

anomalies by . The positive anomalies in Figure 3.12a in wintertime are of nearly
in the same magnitude of 5.20 to 5.67 mol O, m~2, indicating a constant annual
ventilation of the upper 710 m. Deeper down the situation is slightly different (Fig.
3.12b), the ventilation of the upper 1350 m decreases by 50% from 12.62 mol O, m—2

in 2004 to 6.31 mol O, m~2 in 2006. The local neagive anomaly peak in late fall of
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3 Variability on Seasonal to Interannual Time Scales

2004 are observed in both O, inventory cycle. This could be explained by mixing of less

oxygenated surrounding waters.

The difference between the 1350 m and 710 m of O, inventory can be seen in Figure
3.13. Displayed is the interannual cycle of AO, inventory between 2003 and 2006.
The AQO; inventory shows strong fluctuations in 2003 to 2005. This scatter could be
explained by the strong variability and modulation in the buildup and the decay of the
O inventory in the convection region during this time period. The green line denotes
the NAO-index (plotted at January 30, of each year) and lagged by one year (red line).
This indicates that the NAO may have some effect on the ventilation and hence buildup

of the deep oxygen inventory with a lag period of about 1 year.

It has to be noted, however, that the restricted time of the data in the central Labrador
Sea region prohibited a precise determination of AO, inventory - NAO index connection.
Long term observations could be helpful in accurate determination of this phenomenon.
It is thus possible that the AQO, inventory is modulated by what is responsible for the
interannual variability of the NAO.
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Chapter 4

Air-sea gas transfer coefficient for

oxygen derived from float data
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4 Air-Sea Gas Transfer of Oxygen

Abstract

We estimated the air-sea gas transfer coefficient for oxygen using three consecutive years
(Sept. 2003 to Aug. 2006) of high-quality oxygen measurements from profiling floats
in the central Labrador Sea. Mixed layer oxygen concentrations exhibit strong seasonal-
ity characterized by biologically and thermally driven outgassing during spring/summer
and uptake during fall/winter caused by cooling and ventilation of oxygen-deficient
subsurface waters. Mixed layer oxygen budgets excluding the spring bloom period are
employed to estimate the air-sea transfer coefficient for oxygen. By using co-located
wind speed data acquired by scatterometry from the QuikSCAT satellite, wind speed
dependent parameterizations for the air-sea transfer coefficient kggo (CO2 at 20°C and
salinity 35) are established and compared with prominent parameterizations from the lit-
erature. Quadratic, cubic and biquadratic functions are fitted to the data for short-term
and long-term wind speed averages separately. In both cases the quadratic functions
yield the poorest fit to the observations. The stronger curvature of the cubic functions
provides a significantly improved fit that is even slightly superseded by the biquadratic
function. Our results generally confirm the stronger wind speed dependencies among
the suite of published parameterizations. Also the better fits found for cubic or even
biquadratic functions point at the strong importance of very high wind speed for air-sea

gas exchange.
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4.1 Introduction

For several decades, significant effort has gone into determining the relationship between
the air-sea gas transfer coefficient and wind speed. Using such a relationship, gas fluxes
can be calculated from measured partial pressure differences, in our case of oxygen, and
wind speed over the ocean. In this study we followed a budget approach to determine the
air-sea gas transfer coefficient for oxygen in the convection region of the central Labrador
Sea. Changes in the vertical mixed layer oxygen inventory between two consecutive
oxygen profiles were interpreted to be generally dominated by air-sea exchange of oxygen.
We excluded the spring bloom period where this assumption is clearly violated due to
high biological productivity and the concurrent production of oxygen. In the remaining
data however, small scale spatial variability is inevitably included in the analysis and

creates considerable scatter in the obtained results.

4.2 Methods

4.2.1 Oxygen floats

In this study we use dissolved oxygen concentrations measured by two profiling floats in
the Labrador Sea (Fig. 4.1). Each float (APEX, Webb Research Inc., Falmouth, USA)
was equipped with an oxygen optode sensor (Model 3830, Aanderaa Data Instruments,
Bergen, Norway) as well as the SBE-41 CTD instrument (Sea-Bird Electronics Inc.,
Bellevue/WA, USA). During the float’s ascent from its profiling depth (2000 dbar) to
the surface, temperature, conductivity (salinity), pressure and oxygen are measured at 72
depth levels. At the surface the float transmits the collected data via the Argos satellite
system and then dives to its drift (parking) depth of 800 dbar. This measurement cycle
is repeated every 7 days. Float 4900607 was deployed on September 7, 2003 and float
4900611 on September 15, 2004. Following thorough quality control, 150 profiles from
the two floats containing 61 to 72 vertical data points each were included in the present

analysis.
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4 Air-Sea Gas Transfer of Oxygen

4.2.2 Mixed Layer Depth

Mixed layer depths (MLD) were estimated from vertical temperature, salinity and oxygen
profiles measured by the two ARGO floats 4900607 and 4900611. The classical criteria
of Monterey and Levitus [1997] for temperature (AT = 0.5°C) as well as for density (Ao
= 0.125 kg m3) are not suitable in subpolar oceans. Using these classical criteria caused
significant overestimation of the mixed layer depth particularly during the winter period
of deep convection when vertical gradients in T and o nearly disappear. We applied
oxygen as a tracer for the estimation of the ventilated mixed layer depth as proposed
by Kértzinger et al. [2008]. Where oxygen data were available, an oxygen difference
criterion (AO, = 5 pmol L™!) was applied to estimate mixed layer depth. Mixed layer
depths > 400 m were additionally checked by visual inspection and ambiguous MLD
values were replaced by the visually determinated mixed layer depth of the oxygen profile.
We also applied a modified classical criterion (A# = 0.15°C and Aoy = 0.03 kg m3)
for comparison with the oxygen criterion. The deepest mixed layer depths observed by
the profiling floats during the three winters (February-April) were 1350 m in 2003 /2004,
710 m in 2004/2005, and 900 m in 2005/2006.

4.2.3 Wind Data

The Sea winds scatterometer on the QuikSCAT Satellite was launched in
1999 and delivers wind speed data at global coverage. The highest spa-
tial resolution is 25 km gridded onto a geographical grid of about 0.25° x
0.25°.  In this study we utilize QuickSCAT wind speed level 3 data (http

//podaac.jpl.nasa.gov/ DATA_PRODUCT /OVW /index.html) from September
2003 to August 2006. The level 3 file contains only the latest measurement for each
day with a location accuracy of 10 km (relative). Several studies (e.g. Boutin et al.
[2009]) demonstrated the good quality of the QuickSCAT wind data (RMS ~1 m s71).
Wind data were matched with float profiles using the average position between each
pair of surfacings. To include information about wind speed variance we also used the
8 neighbor points around this location. The variance of wind speed can have a sig-
nificant influence on the gas transfer velocity calculated from a non-linear relationship

between gas transfer and wind speed. Long-term winds were obtained by averaging
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linearly over the 9 grid points at each mean float position as well as over the 7-day
interval. Squared (cubed, bisquared) winds were used to calculate quadratic (cubic, bi-
quadratic) long-term wind parametrizations. Quadratic (cubic, biquadratic) short-term
wind parametrizations were calculated using winds at the average float position of each

pair of surfacings, averaged over a 7-day interval by using the following equation:

u =Y (%b) (4.1)

were b is 2 for the quadratic wind, 3 for the cubic wind or 4 for the biquadratic wind,

and n is the number of observations.

4.2.4 Calibration of oxygen data

The raw oxygen data from the optodes were corrected for pressure and salinity using
the float’s pressure and salinity readings (Aanderaa Manual; Tengberg et al. [2006])
employing the 3.2 % per 1000 dbar pressure correction of Uchida et al. [2008]. As shown
by several other authors (e.g. Kértzinger et al. [2005]; Uchida et al. [2008]) the factory
calibration of the oxygen optodes is generally inadequate. For post-calibration the float
oxygen data were compared to oxygen concentrations measured on discrete samples by
Winkler titration (accuracy < 1.0 umol L™!). The float and Winkler reference data
points were matched in depth-space. For float 4900611 the first profile was compared
with 7 Winkler samples from R/V Charles Darwin cruise 162 taken 7 days before and in a
distance of approx. 17 nm. The oxygen concentrations of float 4900611 were corrected
with a linear depth-dependent function yielding corrections ranging from 23.7 pmol
L=! (shallow) to 32.5 umol L=! (deep) with a standard deviation of + 1.8 ymol L™!
(R?*=0.76). For float 4900607 the first profile was compared with a Winkler-calibrated
CTD oxygen profile taken 8 days before and in a distance of approx. 20 nm during
R/V Meteor cruise 59/3. Float 4900607 was corrected in the same way, i.e. with a
linear depth-dependent function yielding corrections ranging from 11.3 umol L=! to 21.2
pmol L~ with a standard deviation of + 1.5 umol L™ (R?=0.72). The observed depth
dependence of the initial residuals points at the 3.2% depth correction being too low to

fully account for the pressure effect on the oxygen measurement. Matching floats and
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4 Air-Sea Gas Transfer of Oxygen

reference data points in density-space did not significantly improve the results nor the
accuracy of the correction. Oxygen data shallower than 100 dbar were not included in
the correction. The remaining residuals between calibrated oxygen float data and the

reference data were normally distributed with depth.

4.2.5 Estimation of gas transfer coefficient

To estimate the air-sea gas transfer coefficient we assumed that the change in the mixed
layer oxygen inventory between two consecutive oxygen profiles is primarily driven by
air-sea exchange with advection playing only a minor role. During the spring bloom
period the mixed layer shoals, promoting phytoplankton growth and oxygen production,
resulting in increasing surface oxygen concentrations. During this time of the year the
above assumption is clearly violated and the period of the spring bloom was therefore ex-
cluded from the analysis, more precisely the period of increasing oxygen concentrations.
Gas transfer coefficients estimated as described in detail below were also disregarded
when the signs of the gas transfer and the change of the oxygen inventory were not
consistent indicating a dominance of the advective signals. Finally, we ignored those
transfer coefficients where the air-sea oxygen disequilibrium, i.e. the thermodynamic

driving force of the net gas flux, was < 1 umol L™

The flux of O, Fo,, across the air-sea interface can be determined from the bulk

equation:

Fo, = ko, - A[Oy)] (4.2)

with
A[O,] = [05] — [05] (4.3)

where ko, is the transfer coefficient for oxygen, 03¢ and O3* are the measured and
the equilibrium oxygen concentrations of surface seawater. In fact we used [AO,], the

mean oxygen disequilibrium between two float profiles (n=number of profile):

(A[Oq],, + A[Og]n11)
2

[AO,) = (4.4)
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If we assume that the O column inventory change in the mixed layer (using the deeper
one of the two mixed layer depths as lower boundary of integration), AOY™, between
two consecutive profiles represents the net air-sea oxygen flux Fp, into or out of the
water column, the transfer coefficient ko, can be calculated using the measured air-sea
disequilibrium, A[Os]. The ko, obtained this way (eq. 4.5) is valid only for the Schmidt
number (Sc) of oxygen at in-situ 7" and S and needs to be scaled to kggo using equation
4.6 and equation 4.7. The coefficients in equation 4.7 are taken from Wanninkhof
[1992].

F ) Aozm)
ko, = —2 = —22 (4.5)
AlOy]  A[O,]
k660 = :1€o2 . (50/660)_1/2 (46)
Se=1953.4 — 128 - T + 3.9918 - T% — 0.050091 - T* (4.7)

4.2.6 Wind distribution

For the global wind speed distribution the Rayleigh distribution function is a good ap-
proximation. There are, however, regional variances which can influence the relationship
between transfer coefficient and long-term wind speed. The use of time-averaged winds
leads to an underestimation. The corresponding enhancement factor R, which expresses
the effect of the wind speed distribution on the transfer coefficient in a non-linear rela-

tionship, is given by:

R— Z“b/ (&)b (4.8)

n n

where n is the number of observations and the exponent b is 2 for quadratic dependence,
3 for cubic dependence or 4 for biquadratic dependence. The enhancement factor
accounts for the underestimation by a linearly averaged long-term wind in a quadratic,

cubic or biquadratic wind speed dependence of the transfer coefficient.
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4.3 Results and Discussion

After correction to within 1.8 umol L=" and 1.5 umol L™" resp. of the Winkler-based
oxygen reference we obtained a high-quality oxygen time-series of the upper 2000 m
in the central Labrador Sea (Fig. 4.2) which shows pronounced seasonality (see also
Kértzinger et al. [2008]). The most striking feature is deep convection during winter-
time which extends down to depths that vary between 1350 m in winter 2003/2004 and
700-900 m in the two following winters. During these convection periods strong uptake
of oxygen from the atmosphere occurs which leads to a rapid buildup of the oxygen in-
ventory down to the maximum convection depth (see also Kortzinger et al. [2004]). It
is of interest to note, however, that due to the short time scale of the rapidly deepening
convection the mixed layer never reaches equilibrium with the atmosphere but typically
stays at 5-7% undersaturation (Fig. 4.3). After cessation of the convection activity
the convectively mixed volume is almost instantly sealed from atmospheric contact by
a rapidly forming warm and fresh (sea ice meltwater) surface layer. In this layer the
spring bloom soon forms which causes production of oxygen (and depletion of winter
time nutrient concentrations). As a consequence the mixed layer changes from under-
saturated to strongly supersaturated by up to 16 % for oxygen. This period of strong
in-situ oxygen formation was excluded entirely from our analysis as air-sea exchange is
not the dominant effect anymore for changes in the mixed layer oxygen inventory. After
depletion of surface nutrients the spring bloom decays and the oxygen supersaturation
is gradually reduced by air-sea exchange and the effect of surface cooling. The mixed
layer again turns back to undersaturated when it starts deepening towards the end of
the year (Fig. 4.3). The sub-surface waters underneath the shallow summer mixed layer
show clear sign of a strong respiration signal which mirrors the remineralization of a
major fraction of the summer export production in the overlying waters. This evolving
seasonal oxygen deficit is a major driver for the strong oxygen fluxes into the ocean in

the following deep convection period.

Following the approach and selection criteria outlined in section 4.2 we yielded a total
of 69 estimates of the oxygen flux for time periods (typically 7 days) bracketed by two
consecutive oxygen profiles. By calculating the average air-sea oxygen disequilibrium of
these pairs of profiles we were able to calculate the apparent transfer coefficients for

oxygen. Using the temperature-dependent Schmidt number for oxygen and a square-
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root Schmidt number dependence of k, these transfer coefficients were scaled to the
transfer coefficient of COy in seawater at 20° C and a salinity of 35 (kggp). These
estimates of the transfer coefficient were then matched with the wind speed data for
the respective locations and time periods to investigate their wind speed dependence.
This dependence was explored in two different ways representing different types of wind

speed data.

For long-term winds, i.e. wind speed averaged linearly over periods of weeks to months,
all wind speed data points (9 pixels x 7 days = 63 data points) were averaged into a
single arithmetic mean wind speed. However, as shown in Figure 4.4, the daily wind

speed was highly variable and varied between 0.24 and 28.6 m s~!

with an average wind
speed of 9.0 +4.6 m s™'. For high wind speed (> 10 m s™'), Wanninkhof [1992] and
Wanninkhof and McGillis [1999] yield higher transfer coefficients which are in a good
agreement with our results and in contrast to the other three parametrizations. For
short-term winds, the entire wind speed distribution (shown in Fig. 4.4 for the entire
data set) of the respective period was retained by an average wind speed calculated

using a quadratic, cubic or biquadratic dependence (eq. 4.1).

The estimated air-sea gas transfer coefficient kg9, separated into four seasons, and
the quadratic, cubic and biquadratic relationships for long-term winds are shown in
Figure 4.5. At the end of spring the central Labrador Sea is characterized by low wind
speed, shallow mixed layers, small changes in surface oxygen concentrations and in
mixed layer oxygen inventory resulting in low gas transfer velocities and outgassing.
The quadratic, cubic and biquadratic parametrizations of kggy are compared with the
prominent quadratic and cubic parametrizations of Liss and Merlivat [1986], Wanninkhof
[1992], Wanninkhof and McGillis [1999], Nightingale et al. [2000] and Sweeney et al.
[2007] (hereafter referred to as LM86, W92, WM99, NOO and S07). Both the quadratic
parameterizations for short-term and long-term winds (Fig. 4.6) overestimate estimated
keeo at low and intermediate wind speed and tend to underestimate at wind speed >
8 m s~!. The stronger curvature of the cubic and biquadratic function generally fit
estimated kggo values better. The biquadratic function also shows little overestimation
at low winds and smaller underestimation at high winds. For short-term winds, the
quadratic function shows much stronger wind speed dependance than W92, NOO, and
S07 which is partly an effect of the overestimation at low/intermediate wind speed.

The cubic function falls almost exactly on top of the WM99 parameterization. The

63



4 Air-Sea Gas Transfer of Oxygen

biquadratic function yields rather similar kggo values with a smaller tendency though to
underestimation at lower wind speed. For long-term winds, the quadratic fit also shows
stronger wind speed dependance of kggy than W92 whereas the cubic fit yield a kggo
values that fall below WM99. Again the biquadratic function is similar to the cubic
but slightly reduces overestimation at low wind speed. All fits are forced trought the
origin. The enhancement factors obtained here (Table 4.1) are very similar to the ones
calculated by Wanninkhof et al. [2002] using a Rayleigh wind speed distribution and
6-hourly wind speed data. Our wind speed data (Fig. 4.4) can indeed be approximated
well by a Rayleigh function, i.e. a special form of the Weibull function where the shape

parameter k = 2..

In summary, we were able to constrain to wind speed dependent transfer coefficient
for air-sea gas exchange of Oy by oxygen time-series measured from profiling floats in
the Labrador Sea. In general, our results show wind speed dependencies that lie in the
upper band of prominent parametrizations. Also, the stronger curvature of cubic (or
even biquadratic) dependencies fits the observations better pointing at the importance

of high wind speed for air-sea gas exchange.
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Table 4.1: Compilation of the coefficient a in k = a u as estimated in this study (standard

errors in parentheses). Also given is the enhancement factor R.

Parameter quadratic approx. cubic approx. biquadratic approx.
long-term wind 0.52 (40.04) 0.042 (4+0.003) | 0.0031 (+0.0003)
short-term wind 0.44 (4+0.03) 0.029 (4+0.002) | 0.0016 (+0.0001)
enhancement factor R 1.16 1.48 1.94
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Figure 4.1: Trajectories of two APEX floats equipped with an Aanderaa oxygen
optode (Model 3830, Aanderaa Data Instruments, Bergen, Norway) in the central
Labrador Sea during the period September 2003 to August 2006. The blue line
shows the track of float 4900607 (September 14, 2003 to October 3, 2004) and the
red line that of float 4900611 (October 13, 2004 to August 9, 2006); the black dots
denote the deployment positions. The drift depth of both floats was 800 dbar and
the profiling depth was 2000 dbar. This study only includes profiles taken within the
rectangular box which marks the approximate location of the area of deep winter
convection. The crosses indicate where mixed layer depths > 600 m were found.

The bathymetry contour interval is 500 dbar.
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Figure 4.2: Time serie of the oxygen concentration (O3) of the upper 2000 m in
the convection region of the central Labrador Sea (Fig. 4.1). Also shown is mixed
layer depth (black crosses) estimated from the float oxygen profiles with an oxygen
criterion of AOy = 5 umol L™, The white line indicates the separation between

the earlier deployed float 4900607 and the later deployed float 4900611.
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Figure 4.3: Time serie of oxygen concentration (blue line) and saturation (green
line) at the sea surface (6 m) in the central Labrador Sea. Oxygen saturation was
calculated using oxygen solubility after Garcia and Gordon [1992]. During wintertime
the oxygen concentration at the surface is significantly undersaturated by up to 7%

and in spring/summertime supersaturated by up to 16%.
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Figure 4.4: Distribution of QuickScat winds over the central Labrador Sea during the
period September 2003 to August 2006 as well as the probability density according
to a Weibull function with shape parameter k = 2 (Rayleigh function). Also shown

are wind averages for a linear, quadratic, cubic and biquadratic dependence.
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Figure 4.5: Estimated gas transfer coefficient kggp vs. long-term wind speed sep-
arated into four seasons FMA, MJJ, ASO and NDJ. The lines represent quadratic
(solid) , cubic (dashed) or biquadratic (dash-dotted)functions fitted to the data.
Wind speed is averaged linearly over the respective time increment of 7 days (long-

term winds).
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Figure 4.6: Comparison of fits (a) for short-term winds and (b) for long-term
winds with prominent parametrizations from the literature. The latter include the
relationships of (a) Liss and Merlivat [1986], Wanninkhof [1992], Wanninkhof and
McGillis [1999], Nightingale et al. [2000] and Sweeney et al. [2007] (hereafter
referred to as LM86, W92, WM99, NOO and S07) and (b) Wanninkhof [1992] and
Wanninkhof and McGillis [1999]. In (a) are the obtained short-term relationships
where the solid black line (k = 0.44 u2)) is the quadratic relationship, the dashed
black line (k = 0.029 u3,) is the cubic relationship and the dash-dotted black line (k
= 0.0016 ui,) is the biquadratic relationship. In (b) the solid black line (k = 0.52
u?3,) is the quadratic relationship, the dashed black line (k = 0.042 u3;) the cubic
relationship and the dash-dotted line (£ = 0.0031 u‘llo) the biquadratic relationship

for long-term winds. All data were normalized to Sc¢ = 660.
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Particulate organic carbon flux
deduced from profiling oxygen float
data in the Labrador Sea
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Abstract

The vertical export of organic carbon from the surface ocean contributes to the uptake
of CO, from the atmosphere. The magnitude of the biological pump strongly varies
regionally, as well as on seasonal and interannual time scales. The gravitational flux of
particulate organic carbon (POC) drives longterm biological carbon sequestration and
is the central part of the biological pump. We estimated the POC flux on isopycnal
surfaces in the mesopelagic layer of the central Labrador Sea and adjacent slope region
by vertical integration of carbon remineralization rates in the time between Apr. 2005
and Nov. 2006. The carbon remineralization rates were obtained by converting oxygen
utilization rates (OUR) derived from float observations, using a Redfield stoichiometric
ratio of -0,:C,,, of 1.34 = 0.06. By integration of these rates we obtain an estimate for
the remineralization of organic carbon of ~ 62.4 g C m~2 yr~! (OUR based on apparent
oxygen utilization) and ~ 81.6 g C m—2? yr ! (OUR based on oxygen concentrations) for
the central Labrador Sea and ~ 154.8 g C m~2 yr~! (OUR based on apparent oxygen
utilization) and ~ 118.8 g C m~2 yr~! (OUR based on oxygen concentrations) for the
shelf current. Commonly the relationship between particulate organic flux and depth is
described by a power law function, which requires the knowledge of POC flux at 100
(Fip0)- The remineralization of the POC flux in the upper ocean (100 m to 150 m)
appears to occur faster and more efficient near the shelf than in the central Labrador

Sea.
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5.1 Introduction

The biological and physical processes in the ocean that control the air-sea CO, balance
play an important role in our climate system. Phytoplankton contributes the major part
of the total annual primary production. The amount of available nutrients as well as
light in the photic zone are responsible for phytoplankton growth. Most of the phy-
toplankton biomass is transfered to higher trophic levels but some fraction finds the
way into the ocean’s interior through gravitational settling. Most of the organic carbon
which sinks to depth is remineralized by bacteria, or consumed by zooplankton and thus
converted back into inorganic forms. All these processes are commonly referred to as the
biological pump [Volk and Hoffert, 1985]. The biological pump removes CO, from the
surface ocean and hence the atmosphere resulting in sequestration (storage) of carbon
for periods of decades to centuries, depending on the depth of remineralization. The
temperature dependence (Qqq factor) of respiration gives rise to the expectation that
remineralization depth might change under a changing climate [Riebesell et al., 2009].
The remineralization of POC and DOC is mirrored in the utilization of oxygen beneath
the ventilated mixed layer. Providing DOC respiration is negligible, the local oxygen
utilization rate (OUR) at a given depth should thus equal the second depth derivative
of the POC flux (d* F/dz?). The subpolar North Atlantic ocean is an important re-
gion of atmospheric CO, uptake and characterized by high primary productivity and
an efficient biological pump. In this study we estimated the vertical flux of (POC) by
vertical integration of carbon remineralization rates (CRR), in the region of the central
Labrador Sea and the boundary current (slope current). Carbon remineralization was
be estimated from oxygen utilization rates derived from oxygen float data using the
Redfield stoichiometric ratio of -O5:C,, = 1.34 £ 0.06 by Kortzinger et al. [2001] for

conversion to carbon.
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5.2 Methods

5.2.1 Oxygen floats

Oxygen measurements were made with an oxygen optode sensor (Model 3830, Aanderaa
Data Instruments, Bergen, Norway) mounted on the end cap of a profiling float (APEX,
Webb Research Inc., Falmouth, USA) also equipped with the SBE-41 CTD instrument
(Sea-Bird Electronics Inc., Bellevue/WA, USA). The float was deployed in the central
Labrador Sea where it remained for 665 days and eventually entered into the boundary
current (Fig. 5.1). Every seven days, a measurement sequence begins with a descent to
2000 dbar from a 800 dbar parking depth. Temperature, conductivity (salinity), pressure
and oxygen are measured continuously at 72 depth levels during the ascent from the
profiling depth to the surface. At the surface the float transmits the collected data
via the Argos satellite system and then dives back to its drift (parking) depth. Float
4900611 was deployed on September 15, 2004. In the present analysis only quality

controlled profiles where included.

5.2.2 Calibration of oxygen data

The raw oxygen data from the optodes were corrected for pressure and salinity using
the floats pressure and salinity readings (Aanderaa Manual; Tengberg et al. [2006]) and
the 3.2% per 1000 dbar pressure correction proposed by Uchida et al. [2008]. Several
authors (e.g. Kdrtzinger et al. [2005]; Uchida et al. [2008]) showed that the factory
calibration of the oxygen optodes is generally insufficient. For post-calibration, the float
oxygen data were compared to oxygen concentrations measured on discrete samples
by Winkler titration (accuracy < 1.0 pumol L™'). The float and Winkler reference
data points were matched in depth-space. Matching float and reference data points in
density-space did not significantly improve the results or the accuracy of the calibration.
For float 4900611, the first profile was compared with Winkler samples from R/V Charles
Darwin cruise taken 7 days before and in a distance of approx 17 nm. The oxygen
concentrations of float 4900611 were corrected with a linear depth-dependent function
yielding corrections ranging from 23.7 umol L~ (shallow) to 32.5 umol L~! (deep) with
a standard deviation of + 1.8 umol L~ (R?=0.76). Oxygen data shallower than 100
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dbar were not included in the correction. The residuals between final calibrated oxygen

float data and the reference data were normally distributed with depth.

5.2.3 Oxygen Utilization Rate

The oxygen utilization rate (OUR) was estimated via the temporal change of the appar-
ent oxygen utilization (oxygen concentration) on reference isopycnal surfaces, below the
spring/summer mixed layer (< 100 m) [see also Martz et al., 2008]. The analysis was
restricted to the time period of April to December 2005 in the central Labrador Sea and
August to November 2006 in the boundary current, i.e. the period after the cessation
of deep convection which is characterized by rather shallow mixed layer depths and the
spring phytoplankton bloom. This approach assumes advective signals to be absent
or at least negligible during this period. In reality, this assumption will not be always
correct. Since a formal correction of advective signals is not possible this caveat has to
be accepted. It can be assumed, however, that advection will largely cause enhanced
scatter rather than a systematic bias. We use an oxygen difference criterion (AOy = 5
pmol L™') as proposed by Koértzinger et al. [2008] to estimate the mixed layer depth.
We also applied a modified classical criterion (Af = 0.15°C and Aoy = 0.03 kg m™3)
for comparison with the oxygen criterion. The average reference isopycnal surfaces at

reference depths were calculated by using the following equation:

n

b ref. = Z %(2) (5.1)

- n
=1

where n is the number of profiles and z is the reference depth (100, 150, 200, 300, 400,
500, 600 and 700 m) (Fig 5.2a). The oxygen utilization rate at each average reference
isopycnal surface is then given by the slope of a linear regression of apparent oxygen

utilization (oxygen concentration) on time.
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5.2.4 Estimation of particulate organic carbon flux

The equation of Martin et al. [1987] describes the POC flux as a function of depth in

a normalized power law of the form:

F(2) = Fip - (2/100)7° (5.2)

where F(z) is the POC flux at a given depth z (positive downward), Figq is the POC
flux at 100 m, and b is a unitless fitting parameter. This equation requires knowledge
of the POC flux at 100 m. We assume that the POC flux at 100 m can be estimated by
vertical integration of the carbon remineralization rate between 100 m and infinity. A
simple approach to estimate the amount of carbon remineralization driving the oxygen
consumption was made by Jenkins [1982] using a log-linear consumption rate-depth

dependence, converted to CRR, of the form:

In(CRR) =m-z+c (5.3)

where CRR is the carbon remineralization rate (in pmol Lt yrfl), m is the slope, z is
the depth in m and c is the intercept (Fig. 5.3a). Vertical integration of equation 5.4
between 100 m and infinity (or an upper depth boundary) yields an estimate of Fig:

Fioo :/ In(CRR) dz :/ e(mz+e) 4. (5.4)
1

00 100

where a is the max. depth of integration, here chosen as 3000 m. The unitless scaling
factor b of the prominent representation by Martin et al. [1987] can be estimated as

the slope of the linear regression of In CRR on the natural logarithm of depth.
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5.3 Results and Discussion

The data presented here, were separated into two regions, the central Labrador Sea and
the adjacent Labrador slope region (Fig. 5.1). Carbon remineralization rates are based
on the conversion between oxygen and carbon rates of production and remineralization
with the Redfield stoichiometric ratio for -O2:C,,;,=1.34 £ 0.06 by Kortzinger et al.
[2001]. Remineralization rates were calculated on isopycnal surfaces in the depth range
of 100 m to 700 m. The 100 m upper limit is safely below the maximum mixed layer

depth of the spring/summer period.

The sub-surface layer below the mixed layer, also often referred to as mesopelagic zone,
shows a clear sign of respiration which must be driven by export production from the
photic zone. The OUR decrease with increasing depth as expected from the fact that
organic matter is produced in the upper ocean and remineralized on its way to depth
(Fig. 5.2a). Within the upper ocean (100 m - 150 m), the remineralization of organic
matter at the boundary current (bc) is by a factor of 3 higher than in the central
Labrador Sea (cLS), showing the higher export production in the boundary current (Fig.
5.2b). The decrease of the POC flux is also more rapid in the bc region. This may be
indicative of a more labile or less ballasted material. At depth, the POC decrease slows

consistently.

The use of a log-linear consumption rate-depth dependence as proposed by Jenkins
[1982] provides an estimate of the net oxygen consumed below the euphotic zone (~
100 m). Integrating from the lower bound of the euphotic zone to infinity one obtains an
oxygen consumption of 7.0 mol O, m~2 yr~! (9.1 mol O, m~2 yr!) in the cLS compared
to 17.3 mol O, m=2 yr=! (13.3 mol O, m™2 yr~!) in the bc. This corresponds to a net
carbon flux out of the euphotic zone of 5.2 mol C m™2 yr~! (6.8 mol C m=2 yr™') for
the cLS and 12.9 mol C m™2 yr™" (9.9 mol C m~2 yr!) for the bc.

The equation of Martin et al. [1987] (Eq. 5.2) describes the flux of particulate organic
matter as a function of depth below a reference horizon (i.e. 100 m) and requires the
knowledge of the POC flux at that reference depth (F}.s.). We assumed that the POC
flux at 100 m can be estimated by vertical integration of the carbon remineralization
rate from 100 m to infinity (Section 5.2.4). As proposed by Martin et al. [1987] the

unitless fitting parameter b can be estimated as the slope of the linear regression of
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5 Particulate Organic Carbon Flux

In(CRR) on In(z) (Fig. 5.3a,b).

In the central Labrador Sea the estimated exponent b=1.22 (+0.12) (b=1.28 (£0.12))
for the time period of April - December 2005. We found a value of b=1.40 (+0.30)
(b=1.75 (£0.49)) for the boundary current for the time period of August - November
2006 (Fig. 5.4). A smaller value of b represents a faster transfer of organic matter
to depth or a slower respiration rate. This can be interpreted as different lability or
mineral ballasting of the POC. A more labile composition of the organic matter, leading
to faster remineralization and a shorter remineralization length could thus influence the
POC flux profile and result in a higher b value. The estimated b values in this study
are significantly larger than the determined mean value of the sediment trap studies
from the Joint Global Ocean Flux Study (JGOFS) in the late 1980s with values of 0.82
(+0.16) [Berelson et al., 2001] and 0.946 for the North Atlantic Bloom Experiment
(NABE) from 1989 to 1991 site at 48°N, 21°W [Martin et al., 1993]. However, the cLS
value of b is in a excellent agreement with the value of 1.28 (£0.06) found by Berelson
et al. [2001] for the NABE study. The discrepancy between the two b values of the
NABE study could be explained by the different methods in determining the export flux
at 100 m [Berelson et al., 2001]. The scaling factor b varied considerably from region
to region due to the variations in the remineralization kinetic, where regions with higher
flux generally tend to show higher b values. Similar variations in the scaling factor b

were found by Schlitzer et al. [2002] analyzing data from the Southern Ocean.

Lutz et al. [2002] noted the inability to fit the sediment trap data using a single
parameter b. Due to vertical changes in lability of organic matter, sinking rate and
mineral ballast effect, they therefore suggest to use a double exponential curve, one
representing the labile organic matter with a relatively short remineralization length
scale and one representing the more refractive resistance organic matter with a longer
remineralization length scale. There is some indication that double exponential curve
might also fit our observation slightly better. It is to noteworthy that several authors
(e.g., Lutz et al. [2002]) pointed out that the Martin et al. [1987] relationship in region
with strong variable exponent b overestimate the estimated POC flux (< 2000 m).

As reported by Jenkins et al. [1985]; Feely et al. [2004]; Martz et al. [2008] there is
a discrepancy between sediment trap-derived and OUR-derived b values. Further exists

great uncertainty how to best quantify the Figy flux. A detailed discussion of errors in
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the exponent b has been given by Primeau [2006].

In summary, we were able to present POC flux profiles for the central Labrador Sea and
the adjacent slope region by vertical integration of carbon remineralization rates deduced
from profiling oxygen float. The estimated b values appears to be somewhat on the
high end of the range of values derived from sediment trap data. The remineralization
of organic matter appears to be faster in the slope region. Compared to the modeled
DOC/POC export flux ratios with depth for the global ocean of Hansell et al. [2009]
we can assume an overestimation of POC export in the upper 500 m of about 10-20%.
It has to be noted, however, that the scatter of the data in the bc region prohibited
a precise determination of the b values. The difference to the CLS region is therefore

statistically not significant.
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Figure 5.1: Trajectories of float 4900611 equipped with a CTD and an Aanderaa oxygen
optode (Model 3830, Aanderaa Data Instruments, Bergen, Norway) in the Labrador Sea. The
green line shows the track of float 4900611 in the central Labrador Sea during the time period
April 13, 2005 to December 7, 2005 and the blue line indicates the track in the boundary
current during the time period August 16, 2006 to November 22, 2006. The drift depth of the
float was 800 dbar and the profiling depth was 2000 dbar. The bathymetry contour interval
is 500 dbar.
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Figure 5.2: Oxygen utilization rate (OUR, a) AOU derived and c) O derived) and
carbon remineralization rate (CRR, b) AOU derived and d) Os derived) for float
4900611 in the central Labrador Sea (green) and in the boundary current (blue).

The rates are calculated from April 2005 to December 2005 (central Labrador Sea)

and from August 2006 to November 2006 (boundary current). The remineralization

of organic material of the upper ocean of ~ 100 to 150 m (center to the lower bound

of the epipelagic zone) is in the boundary current by a factor of ~3 higher than in

the central Labrador Sea. All rates are computed on mean isopycnal surfaces.
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Figure 5.3: a+c) Plot of In CRR versus depth (z) for the central Labrador Sea
(green line) and the boundary current (blue line). Integration between 100 m and
3000 m, yields an estimate of the POC fux at 100 m (Figg). b+d) The slope of the
linear regression of In CRR on In z equals the unitless scale factor b of the normalized
power function of Martin et al. [1987] (Equation 5.2). Note the significantly better
fit obtained for the cLS region (green equation).
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Figure 5.4: Argo float derived particulate organic carbon flux as a func-
tion of depth for the central Labrador Sea (green line, F=5.2(z/100)~1-22+0-12,
green dotted line, F=6.8(z/100)"1-28%0-12) 3nd the boundary current (blue line,
F=12.9(z/100)~140+0:30. blye dotted line, F=9.9(z/100)~1:75%0-49) a5 discribed
by Martin et al. [1987]. The scaling factor b is slightly larger in the boundary cur-
rent as in the central Labrador Sea, indicating a faster transfer of organic matter to

depth. Note, however, the comparatively high error of the b value estimated for the

bc region.
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Chapter 6

Conclusions and Outlook

6.1 Conclusions

Profiling floats equipped with oxygen optode sensors are helpful to improve our under-
standing how and why oceanic O, is changing [Keeling et al., 2009; Johnson et al.,
2009]. The advantage of this oxygen sensor is its long-term stability and high precision
[Tengberg et al., 2006]. Nevertheless, very often the factory-calibration does not pro-
vide adequate accuracy [Kértzinger et al., 2005] and post-calibration is necessary. For
post-calibration the float oxygen data were compared to oxygen concentrations mea-
sured on discrete samples by Winkler titration (accuracy < 1.0 umol L™!). There exist
also the possibility to use air measurements for drift control of the sensor which was

not employed here.

1. A new A-criterion, using the oxygen, concentration is established to estimate the
mixed layer depth [Kértzinger et al., 2008]. In this study, the depth at which
the O, concentration differs from the surface O, concentration by 5 pumol L1
was determined as lower bound of the mixed layer. The main advantage of this
method is that oxygen gradients are generally more distinctive, particularly during
convection, than temperature or density gradients. AQ,-criterion is comparable

with A9 = 0.15°C and Aoy = 0.03 kg m~3 criteria during summertime.
2. The separation of the freshening in two freshening periods for the central Labrador
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Sea as discribed by Schmidt and Send [2007] was observed/confirmed by the
profiling floats. The timing of the onset of the freshening is nearly one month
earlier as described by Schmidt and Send [2007].

. The observed central Labrador Sea temperature and salinity cycle has high similar-
ities with previous works [Avsic et al., 2006; Yashayaev et al., 2009]. A slightly sea
surface temperature warming between 2005 and 2006 of 0.3°C to 0.8°C, referred
to 2004, was identified.

. The observed seasonal cycle of Oy agree well with the climatology of Najjar and
Keeling [1997, 2000] and Keeling et al. [1998]. The observed seasonal Oy maxi-
mum in May is somewhat earlier than in the climatologies of Najjar and Keeling
[1997] and shows an overall increase of about 17.4 pumol L™, This could be indi-
cating an increase or more rapid biological activities (primary production), which is
reflected by an increase of the maximum supersaturation during the spring bloom

periode.

. "Deep breathing” in the convectively region of the Labrador Sea was observed by
the profiling floats. This oxygen intake was mostly driven by fast deepening of the
mixed layer, exposing undersaturated water to the atmosphere. The O, inventory
increases by 15.1 mol O, m™2 in 2003/2004, by 11.1 mol O, m~2 in 2004 /2005
and by 8.3 mol O, m~2 in 2005/2006, when integrated to the maximum winter

mixed depth of the respective year.

. Time evolution of the deep AOs-inventory (710-1350 m) appears to be connected
with the one year lagged NAO index, however. There is no clear understanding

of the connection between AOs-inventory and NAO index.

. Our estimates of air-sea gas transfer coefficient kggo for oxygen show wind speed
dependencies that lie near upper bound of prominent parametrizations. Our re-
sults generally confirm the stronger wind speed dependencies among the suite of
published parametrizations. Also the better fits found for cubic or even biquadratic
functions point at the strong importance of very high wind speed for air-sea gas

exchange.

. We present POC flux profiles for the central Labrador Sea and the adjacent slope
region by vertical integration of carbon remineralization rates deduced from pro-

filing oxygen float. Despite being somewhat on the high end of the range of b
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values derived from sediment trap data, our estimates of b for the central Labrador
Sea is in an excellent agreement with estimated b value of the NABE experiment
[Berelson et al., 2001]. It has to be noted, however, that the scatter of the data

in the slope region prohibited a precise determination of the b values.

6.2 Qutlook

Two aspects of recent works:

The development of new oxygen sensor calibration methods, with regards to simplified
handling and procedure, cheap and high accuracy, is still going on. Calibration with
an electrochemical oxygen generator could be a solution. Well-defined oxygen standard
solution can be obtained, if the oxygen is produced continously by the electrolysis of an
alkaline carrier solution in a flow through the system. The produced oxygen concentra-
tion depends on the electrolysis current and on the flow rate, which is regulated in a
constant flow by a flow rate controller, of the solution. The choice of the calibration
matrix can therefore be adjusted with as many concentration pairs as on likes. For
accuracy, a threshold of about 1 umol L™, in the magnitude of Winkler titration, is de-
sirable. A coherent understanding of production mechanisms, their controlling features

and interdependence is needed in laboratory development and field testing.

A new prototype based on the autonomous drifting profiler NEMO (Navigating European
Marine Observer) has been developed. NEMO has been further developed on the basis
of the SOLO (Sounding Oceanographic Lagrangian Observer) Float. This prototype
NEMO float is equipped with an oxygen optode sensor (Model 3835, Aanderaa Data
Instruments, Bergen, Norway) mounted on the upper endcap of the float, as well as
the SBE-41 CTD sensor (Sea-Bird Electronics Inc., Bellevue/WA, USA). Additionally a
PSI CO4-Pro sensor (Pro Oceanus, Halifax, Canada) is mounted on a new developed
external interface. The field of application of the new NEMO prototype float is nothern
of Cape Verde. The ascent/descent as well as the park/profile cycle can be individually

adapted (e.g., to the sensor charasteristic). .
The NEMO prototype float has been further improved in:
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e external interface to integrate new sensors (e.g. pCOy, nitrate)

e autonomous external energy supply for the additional sensors

e optional Iridium telemetry combined with GPS (e.g., recovery of the float)
e bidirectional communication in real-time (e.g., changing park/profile depth)
e internal memory chip to save technical and scientific parameters

e user-friendly software interface

Consequently the fields of application is enormous. The first results of the prototype
NEMO float provided helpful technical and scientific informations for the manufacturer
and for the customer. The development and improvement is still going on and will

motivate for future work.
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