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Abstract

This work presents biogeochemical estimates of maapiological production in the
mixed layer of the Drake Passage (DP) and Belliagsén Sea (BS) regions of the
Southern Ocean. During two oceanographic cruisebBoamd theRRS James Clark
Rossin summer and autumn 2007, continuous underway une@&nts of @ by
optode and @Ar ratios by membrane inlet mass spectrometry weggormed.
Discrete samples were also analysed for i€dtopologues to quantify th€O
anomaly t’4) of dissolved oxygen. These measurements togettierwind-speed
gas exchange parameterizations give estimatesotddgital oxygen air-sea fluxes
(Fpio) and gross photosynthetic oxygen product@hif the mixed layer (MLD).
Here, | also propose a criterion to define MLD lghsen vertical oxygen
concentrations. From this, the MLD is defined as depth where the dissolved O
concentration has changed by at least 0.5 % comiparéts value at 10 m. This
criterion is suitable for other studies on air-gaa exchange.

Biological O, fluxes were obtained in high temporal (few minyitasd spatial (0.1
km) resolution. This, together with estimates & revealed high spatial
heterogeneity of biological £production in both areas of study. High produtyivi
was observed along the coast of the BS and in pweelling areas of the DP. In
contrast, negativep, values were found mainly in open ocean water®BS and
in the Antarctic Coastal Zone of the DP during awutu

In the absence of vertical mixingyi, can be used as a proxy for mixed layer net
community productionN). However, physical processes may play an importae.
The negativeFy, values were associated with the mixed-layer deageand
subsequent entrainment of low-oxygen subsurfacergalet heterotrophy may also
have contributed to the negati¥gj, values. Diapycnal flux of oxygen across the
base of the mixed layer had little effect.

The results presented here are the first high-wésal estimates of marine
productivity in the BS and DP regions. These previchluable information to
understand the heterogeneity of the productivistrdtiution in the Southern Ocean

in a changing climate.
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Chapterl

Introduction

The determination of marine primary productionngctal because it is fundamental
for understanding the global carbon cycle. Varicusrent methods have tried to
improve estimates of primary production in order identify changes in

phytoplankton communities as a response to changesanic CQinventories.

The distribution of CQ in the oceans depends mainly on biological andsichy
pumps. The exchange of gases at the boundary betve@cean and atmosphere by
physical dissolution and chemical reaction arentlaén processes that take part in the
physical pump. On the other hand, the biologicahpus basically the production of
organic carbon and its subsequent transport toddep ocean, delivering large
quantities of carbon away from contact with the@phere (Liss, 2001; Hamme and
Emerson, 2006). The balance between these biolagmnchphysical pumps is a key
for understanding the global carbon balance, coewbiwith anthropogenic GO

contribution.

The Southern Ocean (SO) plays a critical role englobal carbon cycle because it is
considered a major sink of anthropogenic,@©@m the atmosphere. Its influence on
global circulation of water masses is importantduse it acts as a link to other ocean

basins delivering deep, cold nutrient-rich watevdaods northern latitudes.

The exchange of gas between the atmosphere andcden surface regulates
atmospheric C@® General circulation model simulations have shothat the
Southern Ocean is the most important high-latitteggon controlling preindustrial
atmospheric C@because it serves as a lid to a larger volumenefdeep ocean
(Sarmiento and Orr, 2001). Various long-term stsidi@ave been carried out to obtain
global observational COtime series and to monitor changes in ocean and
atmosphere carbon chemistry via research cruisesoorings. The main goal has
been to acquire data at high spatial and tempaablution to constrain the

magnitude and variability of air-sea ¢@ux and the ocean anthropogenic £O
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1.1 Marine productivity estimates from traditiomagthods

inventory. The main example is the PMEL (Pacific rMa Environmental
Laboratory) CQ program, conducted by NOAA, Washington, USA. Othkargrams
carried out were WOCE (World Ocean Carbon Expertjnamd JGOFS (Joint
Global Ocean Flux Study), conducted by the USA ruri991 to 1998. New
programs such as CDIAC (Carbon Dioxide Informatfaralysis Center) have been
created in order to gather the data (discrete aoch funderway measurements)
collected from previous and other programs arouve world. New international
cooperative efforts have been created, such aSARBOOCEAN consortium, with
the aim of accurately assess the oceanic carbagesoand sinks in space and time

and to constrain the rate of uptake of anthropag€x.

In 2003, the International Ocean Carbon Coordimafooject Workshop (IOCCP)
identified the urgent need for studies focusingtlo® role of primary productivity,
carbonate chemistry above and below the thermqchmel the identification of
appropriate remote sensing products to improve dbBmates of inter-annual

variability in sea-air CQfluxes.

Because of the link between €@nd Q via photosynthesis and respiration, marine
biological production can also be estimated frorgg®n measurements. However,
the presence of dissolved,On seawater is due to both biological (i.e.
photosynthesis, respiration) and physical procegisesair-sea gas exchange and

mixing).

Measurements of £Ar ratios can be used to constrain the physicaltrdautions
(i.,e. changes in seawater temperature, barometesspre variations, injection of
bubbles) to dissolved LOsupersaturation which are translated into biokagi®,
supersaturationsdQ,/Ar). This approach is based on the similar soityogroperties

in seawater of oxygen and argon and that the laiemo biological sources or sinks
(Craig and Hayward, 1987; Emerson, 1987). Fefd/Ar and a suitable gas transfer
coefficient, the biological ©flux (Fpic) is calculated. Because of the stoichiometric
relationship between CGCand Q by photosynthesis and respiration and under the
assumption of a mixed layer in steady-stdg, approximates net community

production in terms of oxygemj.
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1.1 Marine productivity estimates from traditiomagthods

This approximation is possible only if the vertitansfer of gas between the mixed
layer and the waters below is neglected (i.e. e&rtmixing, eddy diffusivity,

entrainment and upwelling of subsurface low-oxygedavaters).

In the oceand\ is defined as the difference between the ratexpfien produced by
photosynthesis (gross oxygen producti@),and the rate of oxygen consumption
(respiration,R) by all metabolic processes (i.e. dark respiratigiehler reaction,
photorespiration, chlororespiration, alternativeéhpay and nitrification) (Reueet
al., 2007a). In section 1.8 of this chapter, a dedadescription for the calculation of
Fuio IS presented.

Gross Q production G) can be derived from the triple,@otopes in dissolved O
(*'0/*®0 and*®0/*°0). Thus, G represents the rate of oxygen that has been prdduce
by photosynthesis. In the oceans, photosynthesisupges @ with the isotopic
composition of the source water, bearing a massyignt isotopic fractionation
(MDF) (Guy et al, 1993). On the other hand, atmospheric oxygen Btratospheric
photochemical reactions bears a mass-independaetioination (MIF) (Luzet al,
1999; Luz and Barkan, 2000). The oxygen dissolvethe mixed layer exchanges
rapidly with the oxygen in the atmosphere; therefothe stratospheric ;O
contribution will balance the production by photofyesis and consumption by

respiration.

The estimates d& in the ocean can be done from measurements offifie oxygen
isotopes composition of dissolved.@or this, it is necessary the estimation of the
"0 anomaly {’4). The latter is given by the change in the oxygsmotopic
abundance, as photosynthesis adg$o@he mixed layer, diminishing the magnitude
of the 1’0 abundance associated with dissolvedn®lecules from air (Luzt al,
1999; Luz and Barkan, 2000; Barkan and Luz, 2008ydRet al, 2007a).Details

regarding the estimates Gffrom 1’4 are presented below in section 1.10.
1.1  Marine productivity estimates from traditional medis.

In order to understand the method used here tanatgi marine biological

productivity, it is important to first differentiatamong the following definitions.
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1.1 Marine productivity estimates from traditiomagthods

Primary Productivity (PP), is the rate of formation of organic carbon connpds
from inorganic matter. Most of tHeP is produced from photosynthesis, with a small

portion from chemosynthetic bacteria (Nybakken Bedness, 2005).

Gross primary productioliGPP), is the total amount of organic material fixedtime
PP process, meaning the total rate at which, @Cfixed into organic carbon by the
dark reactions of photosynthesis (Nybakken andriged, 2005).

Net Primary Productivity(NPP), is the organic carbon that is used by plants
themselves (plant respiration) and the remainimguoic carbon available to support
other trophic levels. In other words, it is theulesof phytoplankton autotrophy
(GPP) and heterotrophy (i.e. respiratid®), (Emerson and Hedges, 2008).

The rates ofGPP andNPP are expressed in terms of grams of carbon fixedipg
area or volume of seawater per interval of timeC(gn? yr') representing the

production integrated over the euphotic zone.

In addition to primary producers, other memberstlg “community” also fix
inorganic carbon into organic carbon.

Net Community Carbon ProductigiNCP), represents the difference between the
rate of gross C production and metabolic,C8ease. Thus\CP represents the net
metabolic balance between photosynthesis and atigpir(by both autotrophic and
heterotrophic organisms) occurring in the wateusthit describes the net rate at
which CQ is transformed to particulate and dissolved orgardarbon (new and

regenerated carbon production) (Castaal, 2007; Emerson and Hedges, 2008).

Primary production can also be estimated in terfroxpgen; therefore:

Net Community Productioim terms of oxygenN), is the difference between the rate
of gross @ production G) and the rate of Oconsumption by respiratiofR) by all
metabolic processes (i.e. dark respiration, Mehleaction, photorespiration,
chlororespiration, alternative pathway and nitafion) (Reueret al, 2007a).
Furthermore,N is a proxy of export production from the surfacedeep ocean

(Cassaret al, 2007). In this regard, more work is still neededcharacterize the
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1.1 Marine productivity estimates from traditiomagthods

relationship betweemN and export production in specific regions of therld's

oceans.

Gross oxygen productiofs), is the rate at which Qs produced by the splitting of
water. This is also obtained by adding theb®ing respired to thd (Nybakken and
Bertness, 2005; Reuet al, 2007a).

Most studies have focused on the use of tracechdoacterize global carbon fluxes
and marine productivity. Some examples are: partiltixes, seasonal nitrate and
oxygen variations}“C assimilation in bottle incubations afD isotope dilution
technique (e.gLegendreet al, 1983; Kana, 1990; Bendat al, 1999; Luz and
Barkan, 2002), the use of chlorophyll distributibam in situ measurements or sea
surface ocean colour by remote sensing (digler-Kargeret al, 2004; Marrariet
al., 2006) and modelling studies (eXanset al, 1990; Heimann, 1995; Nakata and
Doi, 2006).

The method most commonly used to estimate primaodyction is based on
incubation experiments usingC as a tracer. In this method, the rate of primary
production PP) is measured by incubating samples in bottlesla¢id to a floating
mooring. The samples are labelled wif6-DIC (Dissolved Inorganic Carbon) and
exposed to different levels of light irradiatione(i at different depths in the water
column) for a specific time (i.e. on the order @f-124 h).After the incubation time,
the amount of“C that has been taken up into the particulate fiahtisr measured
(Emerson and Hedges, 2008). This method has beamnsto have significant
problems associated with: bottle effects (i.e.ueflice of the lack of mixing of
growing bacteria and phytoplankton and the exclusiblarge grazers that affect the
biomass of the phytoplankton), loss of labelté@ as CQ and DOC (Dissolved
Organic Carbon), and assimilation of unlabelled, Qi@gendreet al, 1983; Bender
et al, 1999). In this method it is assumed that @ was only metabolized by
phytoplankton and that the zooplankton is not &®bugh to affect the results by
grazing. Also, as photosynthetic organisms are batbtrophic during the day and
heterotrophic during day and night, the interpretabf results is complex (Emerson
and Hedges, 2008). Thus, results using this metimagy underestimate gross

production, in comparison to estimates derived fr@» production, due to
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1.1 Marine productivity estimates from traditiomagthods

photorespiration, respiratory losses and excretiwin dissolved organic'“C
(Shulenberger and Reid, 1981; Bendeal, 1999; Robinsomrt al, 2009)

Measurements of dissolved By bottle incubations in light and dark conditidres
been an alternative method for the estimation ofimeaprimary productivity
(Gaarder and Gran, 1927). Although this methodes bf tracer loss, problems have
been experienced with it, such as the lack of measent of the light-dependent
respiration (Kana, 1990)n 1987, Bendeet al. proposed a method to measure gross
primary production@PP) using'®0 as a tracer in natural plankton communities. For
this, seawater samples are spiked witf®® and incubated, which allows the
amount of thé®0-labelled @ produced from thé®O-labelled HO to be determined
(Bender et al, 1999). However, it relies on the measurement h&f total Q
production by metabolic processes, including the tkat is not related to the
assimilation of organic carbon (Robinsat al, 2009); therefore, it tends to
overestimate gross production of carbon (Juranek @unay, 2005). To solve this,
Kana (1990) proposed a technique basedf@risotope dilution to measure changes
in isotope enrichment and oxygen concentration witte. It has the advantage of
requiring smaller quantities of isotope and santplee analyzed in a more reliable
way by a quadrupole mass spectrometer, comparetietatraditional *®O-tracer
technique. However, bot'C and*®0 incubation methods experience analytical
uncertainties due to the bottle effect and facaématdd in situ sampling scheme
which is not able to resolve changes in marine pcodity over low spatial

resolution.

The method based on satellite imagery to estil®® is based on the indirect
estimation of global oceanic primary production tgmbining chlorophyll data
(derived from space observations of sea surfacamo®lour) with sea surface
temperature and photosynthetic available radiafitie. main satellite sensors during
the past two decades have been CZCS (Costal ZoleirCacanner) and SeaWiFS
(Sea-viewing Wide-Field-of-view Sensor). The praility estimates from satellite
observations are useful to obtain an overvieWNBfP at a global scale due to the
afforded high spatial coverage. The derived algorg for primary productivity from

satellite data have been successful for annualbramed observations; however,
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1.2 Aims and thesis structure

those are not accurate enough to estimate productioseasonal time scales
(Campbellet al, 2002).

Some of the main disadvantages to estimate marnioduptivity from space are
cloud coverage, limiting the observations in soraegof the world’s oceans, and
the identification of the surface ocean colour aoWer the first few centimetres. The
latter leads to an underestimation of marine prodi in the entire euphotic zone;
however, the use of mathematical models has magessible to extrapolate the
surface observations into a vertical distributiBalCh et al, 1992; Behrenfelet al,
2005). On the other hand, the coarse spatial résol¢~1 knf/pixel) reached from
satellite observations is a limiting factor for tidentification of mesoscale processes
important for the understanding of biogeochemigales. Furthermore, comparison
with in situ measurements is needed in order to validate thelligaderived
productivity data.

The methods used so far have analytical limitatieash as restricted observations
from space due to ice and cloud coverage or sgars@ling and bottle effects in the
seawater incubation methods (Bendéeral, 1999). Improvedn situ measurements
of marine biological productivity over high spatiahd temporal resolution are
needed to identify changes associated with smallraeso-scale processes such as
the effect over the phytoplankton communities dughe increasing production rates

of sea-ice melt water.

1.2  Aims and thesis structure.

In this thesis, | present estimates of net commmbduction N) from Fpi, based on
shipboard measurements of/Ar ratios made in some areas of the Southern Ocean
(i.,e. Bellingshausen Sea and Drake Passage) diwagoceanographic research
cruises. | also present gross oxygen producti@nfiom the isotopic abundance of

dissolved oxygen in discrete samples of surface sk
The method to estimate marine productivity from thexed layer-Q budget is

relatively recent and it is still under evaluatidh.relies on continuous shipboard

measurements and therefore offers higher spatwltemporal resolution of mixed
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1.2 Aims and thesis structure

layer net community production than the estimatemftraditional methods such as
bottle incubations.

In order to improve the method used in here forimeaproductivity estimates from
O, measurements more data are needed for validatpr=omparing new results
with those of previous studies using the same noettral those derived from other
productivity methods such as vitro incubations. While various previous studies
have applied the £budget method in different parts of the world’sacs, few have
used it in the Southern Ocean (Hendricks et aD42®euer et al., 2007a) previous
to the present work.

In Chapter 2, | present a thorough description of the methodsesl here including
calibration procedures and uncertainties. The ntethged in field and laboratory
work was not greatly modified from previous appticas made by other authors (i.e.
Hendricks et al,. 2004; Reueret al., 2007a) except by the type of degassing
membrane used as an inlet for the shipboard measuate by mass spectrometry
(Kaiseret al, 2005).

Both N andG characterize rates of productivity in term of #sxintegrated in the
mixed layer over weekly timescales (typically betwelO and 30 days) (Bendet
al., 1994b; Kaiseet al, 2005). The latter timescale represents the typesadence
time of oxygen in the mixed layer given by the tithe gas takes to equilibrate with
the atmosphere in a specific mixed layer thickness.

TheN andG estimates from the fbudget rely on several assumptions leading to the
main uncertainties of this method, which are maohhg to the selected gas transfer
coefficient parameterization and measurements efislotopic abundance of,O
However, an adequate criterion to define mixed nagepth (MLD) is of great
importance tdN andG estimates. Typically, MLD is defined on the basigrofiles

of temperature or potential density; however, heliable is the estimation of mixed-
layer marine productivity from oxygen measuremeintsa depth defined by
conservative water properties? What is the mosthiel MLD criterion to use for the

marine productivity estimates from the Budget method?
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1.2 Aims and thesis structure

In Chapter 3, | propose a criterion to better define mixed tagepth from the
vertical distribution of dissolved oxygen (MLD,P This criterion improves upon
previous criteria based on temperature or potedéakity in representing the sea-air

gas fluxes in the coastal areas of the Southera®ce

In Chapter 4, | present the first high-resolution estimatesNfand G in the
Bellingshausen Sea (BS) area west of the AntaRx¢icinsula using the xbudget
method. As a step forward, | apply the MLD criteridbased on vertical O
distribution. Additionally in Chapter 4, | quantithe vertical contribution of ©to

the mixed layer due only to two physical processestical diffusion (i.e. diapycnal
flux, F,) and vertical entrainment of by convection K.) after deepening of the
oxygen-mixed layerThis step was done to improve the assumption ¢éady state
mixed layer to better approximakgj, to N. Finally F, andF,, together withG and
Fuio, are included in a simple,Onass balance to quantify the contribution of these

physical processes fo estimates in the Bellingshausen Sea.

In Chapter 5, N and G estimates are shown for three transects in Drassdge
(DP). Here, in the absence of vertical oxygen pesfithe mixed layer depth is
obtained from climatological data defined using Weetical distribution of potential
density. The latter, was the best approximationMioD-O,, this comparison is
presented in Chapter 3. The DP is a highly dynasa&anographic region; thus, in
Chapter 5 | show the reliability of the,®udget method in identifying fast changes
in marine biological production of the DP and theer-seasonal variability of marine

biological production of the DP associated withfitstal zones.

Finally, in Chapter 6 | draw the general conclusions of the earlier tapwith

recommendations for future applications.

The application of the £budget method for estimating marine productivitgyides
a timely contribution to our understanding of therent state of marine biological
production in the SO in response to the warminghef surface ocean and to the
increase of dissolved GOThe results of this work complement other cordumni
O./Ar measurements previously made by others the ©R&ssage, and this is the

first  time it has been used in  the Bellingshausen ea. S
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1.3 Marine biological production in the Southerre@ac

The importance of estimating marine productivitytile Southern Ocean in greater
detail and the basis of the method applied herextained in sections below.

1.3  Marine biological production in the Southern Ocean.

The Southern Ocean plays a major role in the cénsgstem. It is recognized as the
most sensitive oceanic body to climate change (Bétial, 2007) due to its size,
nutrient concentrations and close link to the deepan, with a consequent major

influence on the global carbon cycle (&tendrickset al, 2004; Verdyet al, 2007).

The SO is the largest high-nutrient low-chlorophiINLC) region of the global
ocean, with high surface concentration of macroents (i.e. NQ, PQ, and SiQ)
largely unused. In this region, natural phytoplankblooms occur mainly in the
vicinity of the Antarctic coastline and Southerne@n islands (Blairet al, 2007).
Thus, high values of chlorophyll can be found aldhg coast of the Antarctic

Continent in contrast to the open waters of thetl@oua Ocean (Figure 1.1).
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Figure 1.1 — Average sea-surface chlorophyll cottaéinpn (mg m®) for 1998 to
2002 estimated from satellite measurements of seirfgean colour from SeaWiFsS,
NASA/ Goddard Space Flight Center and ORBIMAGE (@rakrom Sarmiento and
Gruber, 2003 Chapter 4, pag. 229).

Recently, Kahriet al, (2007) used satellite data to identify oceaxidies, generated
at the Southern Antarctic Circumpolar Current Fraagsociated with increased
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1.3 Marine biological production in the Southerre@ac

phytoplankton biomass. After observations of thatigp distribution of surface
ocean colour from satellite images, the authoradoagreement between chlorophyll
a concentration and the distribution of eddies. Eddire common physical features
in the SO that enhance the distribution of nutgertheir presence therefore
contributes to the increase of chlorophaliCyclonic eddies (spinning clockwise in
the Southern Hemisphere) contain normally elevatddrophylla in the core, while
anticyclonic eddies (spinning counter clockwiseyéndow chlorophylla in the core

but often elevated chlorophydlon their periphery.

Phytoplankton production in the SO is known to te® i(Martinet al, 1990a), light,
grazing and silicate (Sip limited. Iron concentrations in the SO are refgly low
(~0.14 nM in the surface water column) comparedh wie rest of the world’s oceans
(e.g. Sohrinet al, 2000; Coaleet al, 2004; Kahruet al, 2007; Meskhidzeet al,
2007). This has been demonstrated by various imditian experiments (e.g.
Southern Ocean Iron Release Experiment, SOIREE;th8ou Ocean Iron
Experiments, SOFeX and CROZet natural iron bloond &xport experiment,
CROZEX, to mention some) (Boyet al, 2000; Coalest al, 2004; Pollardet al,
2007). As a result, rates of photosynthesis (pymaroduction) and biological
carbon export in Antarctic waters are relativelylo

Temporal variability of air-sea fluxes of carboroxide and oxygen in the upper
Southern Ocean have been evaluated with biogeochemodels in order to
understand their causes (c.g@. Quéréet al, 2007; Lenton and Matear, 2007; Verdy
et al, 2007). It has been suggested that variabilitthi circulation and biological
processes of the SO impacts local air-sea exchahgarbon dioxide (Watson and
Naveira, 2006; Lovenduslat al, 2007). Deep waters in the SO are rich in DIC and
depleted in oxygen. Export production (biologicaltmon export) transfers nutrients
to the deep ocean, influencing the nutrient comeéinhs in intermediate waters in
the global oceans; however, export production tuced due to strong grazing
pressure and limited SyQand light (Coaleet al, 2004; Meskhidzeet al, 2007,
Reueret al, 2007a). When circulation brings these waters thi® upper mixed

layer, the soluble gases are exchanged at theaimserface (Verdyet al, 2007).

25



1.4 Hydrographic features of the Southern Ocean

These characteristics have the potential to affgabal atmospheric COlevels.
Therefore, to constrain the uncertainties of thgmitade of the SO as a G@ink,
evaluate its variability in and control upon atmiospc CQ uptake, high-precision
estimates of rates of primary production and resioin are needed. Furthermore, the
high spatial and temporal resolution Machieved from @Ar ratios and theG
estimates from triple oxygen isotopes will conttédto the understanding of marine
phytoplankton distribution and the SO carbon cycle.

1.4  Hydrographic features of the Southern Ocean.

The dominant hydrographic feature of the SO is ¢lstward-flowing Antarctic
Circumpolar Current (ACC) driven by the westerlyndifield. The westerlies are
found approximately between 45° and 65° S; thesedsvikeep the Antarctic
continent isolated from warming and have a strangaict on the SO hydrography,
sea-ice distribution and biological production. TAEC has the largest mass
transport of all ocean currents. Considering itdheynmost limit as the Subtropical
Front (Figure 1.3), the surface area of the SOesagnts approximately 22 % of the
world’s ocean surface (Tomckzak and Godfrey, 1994).

Antarctic waters are the global southern composentrce of the deepest, densest
waters of the global overturning circulation in therld’s oceans. The ACC flows
freely around the Antarctic continent with no plegdiboundaries in the east, west
and north. Thus, the SO acts as a global link amadhgnajor ocean basins (i.e.
Pacific, Atlantic and Indian Oceans) (Oegial, 1995) allowing a global overturning
circulation to occur (Figure 1.2). Previously, aywelose link has been observed
between Antarctic temperatures and atmospherig @tson and Naveira, 2006)
which could be due to the natural unlimited cirtiokla of the ACC around the

Antarctic continent.

In cold polar regions, changes in salinity affecean water density more than
changes in temperature. As sea-ice forms, salieesl to the surrounding water,
increasing its density and causing the water th. shs the dense, cold and saline
water sinks in down-slope gravity currents adjadenthe Antarctic continent, it is

mixed through convection with warmer and fresheswnpolar deep water.
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1.4 Hydrographic features of the Southern Ocean

SLW  Surface Layer Water NADW Morth Atlantic Deep Water
SAMW Subantarctic Mode Water UPIW  Upper Intermediate Water, 26.8 <, = 27.2

RSW  Red Sea Water LOIW  Lower Intermediate Water, 27.2 < o, £ 27.5
AABW Antarctic Bottom Water 10DW  Indian Ocean Deep Water
NPDW Maorth Pacific Deep Water BIW Banda Intermediate Water

ACCS  Antarctic Circempolar Current System NIIW Northwest Indian Intermediate Water
CDW  Circumpolar Deep Water

Figure 1.2 — Three-dimensional representation albal overturning circulation with
the representation of the main ocean basins (theeices are Pacific, Indian and
Atlantic Oceans) connected by the Southern Oceglnder in the middle). The
main water masses involved are indicated in therdéig colours of the arrows
resemble the approximate density ranges of therwassses: blue = dense bottom
water; green = deep water; red = intermediate maatd purple = less dense surface
water (Schmitz Jr., 1996).

This pattern is the origin of the Antarctic Bottowater (AABW), which flows
northwards into each of the three major basinshef subpolar Southern Ocean
(Figure 1.2, blue arrow in the Atlantic Ocean basirhe AABW is mixed with less
dense waters while crossing the SO; a fractioetisrned towards the surface, while
another escapes northward into the Atlantic, Raddind Indian Ocean basins,
forming the bottom waters there. The flow into ®euthern Atlantic Ocean moves
eastwards below the tip of southern Africa to emiber Indian Ocean via the ACC,
which is also the vehicle that carries cold deepgevgainto the Pacific Ocean
(Chester, 2000; Watson and Naveira, 2006).

The North Atlantic Deep Water (NADW) is produced ¢ynvective sinking in the

northern North Atlantic and moves towards the solitlis less dense, warmer and
more saline than the AABW.
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1.4 Hydrographic features of the Southern Ocean

The Antarctic Intermediate Water (AAIW) is formey the convergence and mixing
of Antarctic surface waters. The AAIW penetrategmward to form the thermocline

waters of much of the world’s oceans. In the Sautl@cean, it is freshened by net
precipitation and sea-ice melt and is transportedhward by a net Ekman drift

under the influence of the westerly winds and warongper-ocean waters to the
north.

The dynamics of the Antarctic waters are domindtgdeostrophy due to the small
variations in density with depth; as a result, ¢hisr generally an evenly distributed
pressure gradient over the water column (Tomcknak@odfrey, 1994).

1.4.1 Oceanic regimes of the Southern Ocean.
The topography of the Southern Ocean has a mughrlanpact on currents than in
other oceans. Most of the ACC transport is conegedirin frontal jets; their number,
strength, and latitudinal locations are influenbgdathymetry (Kahret al, 2007).
The Southern Ocean is characterized by meridiomalignts that extend to the ocean
floor. The properties of the surface waters areetloee clearly different from the
warmer and saltier waters of the northern subtadpotrculations. Three different
oceanic regimes, limited by circumpolar fronts, gemerally observed in the ACC.
The frontal positions define the boundaries ofdheents, and their presence marks
rapid changes in surface and subsurface temperatutesalinity in short distances
(i.e. on the order of tenths of kilometres). Froorth to south, the main Southern
Ocean fronts in the ACC are: Subtropical Front (5Tubantarctic Front (SAF),
Polar Front (PF), Southern ACC Front (SACCF) andtBern boundary of the ACC
(SB) (e.g.Orsiet al, 1995; McNeilet al, 2007) (Figure 1.3).

The position of the SO fronts defines the limittbé frontal zones. From north to
south, the most important frontal zones are:

1) The Subantarctic Zone (SAZ) which is limitedtihe north by the STF and to the
south by the SAF and characterized by strong cgavee,

2) The Polar Frontal Zone (PFZ) is located betw&enSAF and PF to the south and

is the core of the ACC. The PFZ is regarded asrwvargence zone due to strong
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1.4 Hydrographic features of the Southern Ocean

subduction. The main properties of the PFZ arengtrtateral mixing and low
biological production,

3) The Antarctic Zone (AZ) lies south of the PF amdbounded to the south by the
SACCEF. This area is characterized by upwelling éctic divergence) due to the
compensation of the equatorward Ekman transpontsi @ al, 1995; Hendricket
al., 2004; McNeilet al, 2007).

(4) The Southern Antarctic Circumpolar Current Z¢8ACCZ) is located south of
the AZ and is bounded to the south by the SB.

(5) Finally, the Antarctic Continental Zone (ACZ2 limited to the north by the SB
and to the south by the Antarctic continent, artesents a separate water mass of
uniform temperature and low salinity (Tomckzak aaddfrey, 1994; Orskt al,
1995) (Figure 1.3).
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Figure 1.3 — Circumpolar representation of the Beurt Ocean fronts according to
their average historical location (Omsi al, 1995). Subtropical Front (STF) (outer
dashed line, represented in the figure as “ST'igkthblack circumpolar lines with

arrows indicating the direction of the flow: Subkamctic Front (SAF), Polar Front
(PF) and Southern Antarctic Circumpolar CurrentrE(GACCEF, represented in the
figure only as “ACC”). The Southern boundary of tA€EC is represented by the
inner dashed line indicated as “ACC boundary”.
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1.5 Dissolved oxygen as a proxy for marine proditgtiestimates

The upward transport of deep water masses (i.e. WADCDW and UCDW) are
the core part of the Southern Ocean meridionaltau@ng circulation (Figure 1.4)
and it plays an important role in the formation adidtribution of water at
intermediate and surface depths within the ACC gombe distribution of biological
communities within the ACC zones is therefore gijtgriinked to changes in local
physical processes. A better understanding of thiillition of marine biological
production in the SO will allow us to evaluate tplications of changes in the

global carbon cycle.

buoyancy buoyancy 5
loss gain PF SAF 5TF

Latitude

Figure 1.4 — Two-dimensional schematic represantatof the Meridional

Overturning Circulation in the Southern Ocean ($peal, 2000). The key water
masses are shown: North Atlantic Deep Water (NADWpper and Low
Circumpolar Deep Waters (UCDW and LCDW, respecyiyehlong the Antarctic
continent the formation of the Antarctic Bottom Wat(AABW) by sinking is

observed. Antarctic Intermediate Water (AAIW) armuthern Annular Mode Water
(SAMW) are represented at mid depth (<1000 m) atitutle (between 30 to 50 °S).

In Chapter 5, | present more details about the iphyand water properties of the SO
fronts and zones associated with the marine biockbgproduction in the Drake

Passage.

1.5 Dissolved oxygen as a proxy for marine productigsgimates.

Dissolved Q and CQ are reactive gases that play a role in marine ipalys
biological and chemical processes. In oceanic lmolgemical cycles, the two gases
are essentially coupled by photosynthesis and nagm. Also, they are consumed

and produced in the combustion process by the hgimwii fossil fuels or biomass.
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1.5 Dissolved oxygen as a proxy for marine proditgtiestimates

In order to resolve the marine productivity estiesatising alternative tracers of £O
there is growing interest in the quantificationtioé production and consumption of
dissolved Q. Therefore, measurements of dissolvegl &0t as a proxy to better
understand rates of carbon fixation and.@Banges in the surface ocean and the

atmosphere (Luz and Barkan, 2005).

Dissolved CQ and Q behave differently during the exchange betweenstiréace
ocean and the atmosphere due to differences instiability properties and
reactivity levels of each gas. The Bunsen coefiic{§) is an index used to evaluate
the solubility of gases in water and is definedh&svolume of gas dissolved in a unit
of volume of solution (seawater) at a specific temapure T) when total pressure
and fugacity are 1 atm (Wanninkhof, 1992). Thei©less soluble in seawater than
CO,. In terms of at 24 °C and salinity of 35, the solubility of ® 23.7 cri 1™ and

the solubility of CQ is 666 cmi ™ (Weiss, 1970; Broecker and Peng, 1982). Despite
the higher solubility of CQ its equilibration rate and the rate of air-seahexge in
seawater are slower compared t9 tQis is due to the buffer capacity of seawater by
the carbonate chemistry. Thus, estimates of mdnimlegical productivity based on
CO, measurements and its isotopic composition in theosphere and ocean have

produced uncertain results (Bené¢ral, 1994a).

Simultaneous measurements of botha@d CQ in air provide a better estimate of
CO; fluxes and help to diminish the uncertaintieshe fir-sea C@exchange. In
1992, Keeling and Shertz showed that the cOncentration of air constrains the
seasonal rate of net production in the upper wed&rmn on a hemispheric scale.
Furthermore, the long-term rate of decrease in gimeric Q concentration can help
to elucidate the rate of oceanic £dptake (Keeling and Shertz, 1992).

From the quantification of dissolved,(t is therefore possible to estimate the rate of
marine biological production. The air-to-sea oxygjer (Fy in mmol m? d ™) can be
estimated from the quantification of the total cemication of oxygend(O5) in pmol
kg™) in surface waters using the appropriate gas exgghaoefficientK in m d™).
However, oxygen concentration in the upper watduma is affected by both

biological (i.e. production by photosynthesis amshsumption by respiration) and
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1.5 Dissolved oxygen as a proxy for marine proditgtiestimates

physical processes (i.e. vertical and horizontalimg, temperature and barometric
pressure changes, wind velocity, exchange of bspltleerefore in order to estimate
the oxygen produced by biological communities, sit necessary to identify its

sources.

In 1927, the approach for determining primary pitlty using dissolved oxygen
was first proposed by Gaarder and Gran. The auttewsloped a technique based on
thein vitro variation of oxygen concentration, determined bynkAer titration, under
different experimental conditions (Gaarder and GA£227). This technique provided
sensitive results for a limited analytical desigre.(several hours of incubation,
enough phytoplanktonic communities to be incubaded adequate illumination

levels).

However, in order to reduce the uncertainties friw@ technique of Gaarder and
Gran, various other techniques were proposed f@lgrographic, microgasometric
and manometric techniques); all of these vary @ittstrumentation and principles,
with differences in the achieved precision and emoes (Mountford, 1969). In
1987, Craig and Hayward proposed a method basedeaisurements of the ratio of
oxygen to argon (&Ar) to distinguish between the biological and phgb
components of dissolved,@ the mixed layer. Dissolved Ar is an inert amale of
O in the oceanic mixed layer; however it is onlyeated by physical mechanisms
due to temperature and salinity-dependent solyb#iffects (i.e. diffusive and
bubble-mediated gas exchange, pressure, tempemabdresalinity changes, lateral

mixing and vertical diffusion) (Craig and Haywald®87; Emersort al, 1999).

With the measurements obr ratios, and subsequent biological €ipersaturation
(40,/Ar), it is possible to estimate the rate of ngtc@mmunity production in terms
of oxygen N in mmol m? d% and the gas exchange coefficieR). (This is
complemented by the gross oxygen producti@ni{ mmol m? d %) from the®’O
anomaly t’Ain per meg) given by the isotopic abundance ofaliesl G in the

mixed layer.
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1.6 Gas transfer coefficierk)(

The following sections describe the calculatiorthed gas transfer coefficierk)(for
the productivity estimates. Below are also desdrithee estimates dfy from c(O.)
and how measurements of/8r ratios and triple oxygen isotopes were perfatrre

order to estimatdl andG.

1.6  Gas transfer coefficienk)
The rates of net community oxygeN)(and gross oxygen productio@)( both in
terms of gas fluxes, are representative for theethiayer. Thus, thke calculation for

this research is crucial.

The net flux of a gas between the air and the seface depends on the driving
force, which for this process is the concentratbthe gas (given by its molecular
diffusion through the interface) and a transferficcient or velocity k) in terms of
length over time (m @) (Emerson and Hedges, 2008). According to Liss Slater
(1974),k is proportional to the molecular diffusion coeiiict (D) of the gas and the
thickness of the water layer)(at the air-sea interface at which the molecular
diffusion takes placek(= D/z). Most of the transfer of the gas occurs in the few
centimetres of the water layer; this process isefloee limited mainly to the film
thickness (Liss and Slater, 1974).

Since the work of Liss and Slater, several paranzetttons fork as a function of
wind speedy) have been proposed. It has been challenging wdoik tok is mainly
driven by the near-surface turbulence or sea seirfacghness, a parameter still
difficult to measure in natural systems since deépendent not only am but also in
the state of the waves like their height and wawgle, as the main forcing
parameters (Drennagt al, 2005). Various empirical relations betwaeandk have
been proposed in order to better estimate the vafluke latter in natural systems.
The three relationships used most commonly — LigsMerlivat, 1986 (hereinafter
referred to as LM86), Wanninkhof, 1992 (W92) andiingale, 2000 (N0O0O) — all
propose a relationship betweeandu.

The LM86 parameterization was obtained from lalmgatvind tunnel experiments
and normalized with field measurements on a lakegu$§k as a tracer. The

relationship betweek andu was defined by three surface regimes charactgriain
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1.6 Gas transfer coefficierk)(

particular wind speed range and associated wale §imooth surface, rough surface
and breaking waves regimes (Liss and Merlivat, 128& et al, 2004).

The study made by Liss and Merlivat is based owrktiory and small-scale field
experiments; thus in 1992, Wanninkhof made publicquadratic fit for the
calculation ofk based on a field dual tracer experiment. The autiak into account
the disequilibrium between the natural and bomliotbon inventory'(C) and the
proposed relationship is useful for short-term dyewinds at a fine scale and for

areas free of perturbations (i.e. floating ice) (Wakhof, 1992).

In 2000, Nightingale proposed a parameterizatiankfdeduced fronin situ non-
toxic gaseous tracer measurementss; @f°He) released at sea in a small area. A
second-order polynomial described the relationbleipveerk andu from the change

in the ratio of the two tracers over time. Thisgraeterization was suitable for short-
term wind formulation (3 to 20 days) (Nightingaeal, 2000).

Since substantial investigation has been done ifesea CQ exchange, thek
parameterizations are typically normalized by thehrSidt number for C® in
freshwater (600) and in seawater (660) (both &320and by the wind speed at 10 m
above sea levelu{g). The Schmidt numbelS@ is the ratio between the kinematic

viscosity () and the diffusion coefficien)) (Emerson and Hedges, 2008).

In 2007, a parameterization f@rwas proposed by Sweeney al. (S07) based on

radiocarbon measurements with a larger database thiea one used for W92. It
included dissolved inorganic carbon, a generalutatcon model and an inverse
model to include the global ocean circulation. B parameterization led to the
following quadratic fit:

k =0.27(3)(Sd660)°° (1.1)
This parameterization assumes that the flux ingovan region has a time story very

similar to the overlying atmospheric perturbation.
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Several advantages and disadvantages must be emtsidr SO7 parameterization.
Probably the main disadvantage for air-sea boundasy exchange is that it was
constructed without taking into account the topm3f the water column due to
limitations in the transport models to reproduce thigh temporal and spatial
variability of this top layer. However, the advagea are that it was based on a large
dataset of ocean measurements including some egiotne Southern Ocean. The
wind field used to formulate the SO7 is based amglterm variability at global and

local scale from the historical record of winds neyet al, 2007).

The next figure was taken from Sweerayal (2007). Here the author compares the
differentk-u relationships previously discussed. An underegtonaof k for CO; in
seawater is shown from the LM86 and NOO fits, comgao the values given by
W92 and SO7.

' * ' Wanninkhof (1992, 0.37<u®>) < 4
== Nightingale et al. (2000) N r 4
| iss & Merdivat (1986) =
' == This study (0.27<u’>) N .
Global Average: Broecker et al. (1985) Y 4
Global Average: Nightingale et al. (2000) - /
@ Global Average: This Study ; F 4

Figure 1.5 — Gas transfer coefficient for £ seawater kg0 in cm hY) as a
function of wind speedufo in m s?%) from different parameterizations (see label

within the figure). “This study” refers to Sweeney al, 2007, the source of this
figure).

The S07 parameterization is therefore a major ingmment over the previous short-
term and small-scale parameterizations. Derivingelable estimate ok for the
Southern Ocean is a challenge due to consistemgly Wind speeds. Despite the

disadvantages of the S07 parameterization, in wWusk it was the preferred
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1.7 Sea-air flux of oxygerF()

parameterization to estimakevalues. The error produced by the calculatiork of
from the W92 is 30 %. From SO7 this error is redugp to 15 %.

Following the estimate ok, a weighted gas transfer coefficiett, (n m d?) is
calculated in this work. Thik, is calculated following Reueat al. (2007a) and it is
considering the historical record of wind speeds/jmus to the sampling time and a
fixed mixed layer depth.

1.7  Sea-air flux of oxygenH).

The total net rate of sea-to-aip @xchangeHy in mmol m 2d™Y is calculated from
the Q supersaturationd0, in %) and the gas transfer coefficient (Sweeaewl,
2007) weighted to the historical record of wind et k,, in m d™) (Reueret al,
2007a).

Fg = kW XAOZ XCeq(OZ) (12)

wheredO; is calculated following:

— C(OZ) -1
2
Ceq(oz)

where c(O,) (umol kg™) is the total surface concentration of oxygen. Téem

(1.3)

Ce(O2) is the concentration of L£at equilibrium with the atmosphere at finesitu
temperature and salinity calculated according toci@aand Gordon (1992) and
Benson and Krause (1984).

1.8 Estimates of biological Oflux (Fuic) @as a proxy of net community oxygen
production.

The normalization of @with Ar is used to differentiate between the bgial and

physical oxygen and is based on their similar dgbtylpattern in natural waters. The

responses of these two gases to changes in temmgerahd pressure, bubble-

mediated gas exchange and the equilibration kimdbetween bubbles and the

solution is similar (Craig and Hayward, 1987; Kaigt al, 2005). The Bunsen

coefficient of solubility at a temperature of 24 fiCseawater (35 of salinity) is 23.7

cm?® I for O, and 26 criil™ for Ar (Broecker and Peng, 1982).

Figure 1.6 depicts a relationship between the saparation of N (4AN,) and Q

(40,) compared to Ar4Ar). Vertical and positive portions of the horizahaxes in
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1.8 Estimates of biological @lux (Fpic)

both figures represent supersaturation of eachwitsrespect to their concentration
at equilibrium with the atmosphere. The latterhis zero on each plot, as given by
the concentration at 25 °C and 35 of salinity ataspheric pressure (oxygen, Garcia
and Gordon, 1992 with re-analysis by Benson andus@a 1984b; nitrogen and
argon,Hamme and Emerson, 2004).

Both figures present the changes in the saturatoicentration due to the change on
individual variables: pressure, temperature, dglinbubble injection and mixing.
The 40, and4Ar vary similarly as a response to changes in #méables mentioned
above. Bubble injection and mixing are the mostsime processes to the
supersaturation of water with both gases (Figusel&ft panel). In contrast, nitrogen
responds less linearly to argon, particularly whejection of air from bubbles

increases the supersaturation levels (Figure iyé; panel).

In the atmosphere, the@r ratio in air is approximately 22.42 and is appmately

9 % greater than the equilibriumy/@r in seawater. The latter corresponds to 20.47
at 10 °C and salinity of 35 using the solubilityuatjons of Weiss (1970) (Reuet

al., 2007a).

—— pressure change 4+ A0 (0/0) —— pressure change 47 ANz (%)
—— temperature change 2 — temperature change 1 -
—— salinity change T —— salinity change

— bubble injection 34 —bubble injection 34
—— mixing 1 —— mixing
Ap>0
AT >0
AS >0

2 3 4

R JAT (%)
4
Y
v, i
o)

Ap<0 -3
AT <0

AS<0 4

Figure 1.6 — Response ob @nd N supersaturations40Q, — left panel; AN, —right

panel, respectively) in relation to Ar supersaiorat(4Ar) due to changes in
pressure (red), temperature (black), salinity (pinbubble injection (blue) and
mixing (green). Supersaturations represent the %veb(positive) or below
(negative) the value at equilibrium with the atmuese Courtesy of J. Kaisgr
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1.8 Estimates of biological @lux (Fpic)

The biological @ supersaturationd0,/Ar) is an estimate of the Qproduction by
photosynthesis and is given by the percent deviaifdhe measured AAr from the
concentration of the gases at equilibrium with dtvosphere (Craig and Hayward,
1987) as follows:

OzlAr

40,/Ar =22 AT _
(Oz/Ar) eq

(1.4)

where Q/Ar represents the measured concentration ratseawater and (£Ar)eq
represents the saturation concentration ratig(@.) / ceAr); both in umol kgh)
determined by the solubility equations foy Benson and Krause, 1984; Garcia and
Gordon, 1992; Garcia and Gordon, 1993) and fortFandime and Emerson, 2004) as

functions of temperature, pressure and salinity.

In the absence of physical processes in a steadly stixed layer, thelO,/Ar can
constrain the balance between photosynthetipi@duction and respiration. When
AO,/Ar = 0, it represents the equilibrium between éhtygo processes; whildO,/Ar

< 0 represents a state wherg @@nsumption is greater than production during the
sampling time, and vice versa with valufS,/Ar > 0 integrated in the mixed layer
(Hendrickset al, 2004; Reueet al, 2007a).

From thedO,/Ar it is calculated the rate of biologicab @roduction, here referred as
to biological Q flux (Fuic in mmol m? d*) integrated in the mixed layer and is
calculated as:

Foio = Ky X 40,/Ar XCeq(05) (1.5)

Fpio can be approximated o if steady state in the mixed layer is assumedtheace
is a negligible vertical flux of oxygen through thase of the mixed layer, as well as

horizontal and vertical mixing (Reuet al, 2007a).
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1.9 MIMS analysis fom situ O./Ar measurements

As mixed layer Ar is only affected by physical sation mechanisms, Ar
supersaturation ZAr) can be derived from the known dissolved oxygen

supersaturation40,) and thedO,/Ar values (Kaiseet al, 2005) according to:

_ (40, - 20,/Ar)
(1+40,/Ar)

(1.6)

The 4Ar would therefore provide an estimate of the iaflae of solely physical

processes in the mixed layer.

The method used in this thesis to measure shipkboasdu O,/Ar ratios in natural
waters by Membrane Inlet Mass Spectrometry (MIMS)iescribed in the following

section.

1.9 Membrane Inlet Mass Spectrometry (MIMS) for situ measurements of
O./Ar ratios.

In 1999, Emersort al proposed an approach for determining dissolvesgg#0,

Ar and N)) and their ratios using mass spectrometry (MS)ckwvbbtained accuracies

better thart0.1 to 0.3 % (Emersoet al, 1999).

Typically, the measurements of dissolved gases d&y @hromatography with a
thermal conductivity detector (GC-TCD) provide @&gsion from 0.3 to 1 % for N\
O, and Ar extracted from water (Craig and Hayward7)9The normalization of ©
and N measurements using a biologically inert gas elas the sensitivity of the
absolute concentration estimations and gas ratbisnaed from MS provide a
precision on the order of 0.05% for/Nr or O,/Ar (Emersonet al, 1991; Kanaet
al., 1994). However, the method proposed by Emersas, anly for the analysis of

discrete water samples followed by gas phase egaiilon.

In order to improve the spatial resolution of thasgmneasurements it has been
develolped a technique known as Membrane Inlet Mgsectrometry (MIMS) for
the continuous measurement of dissolved gasedheidratios in natural waters
(Kanaet al, 1994; Kaiseet al, 2005; Tortell, 2005a).
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1.9 MIMS analysis fom situ O./Ar measurements

In the MIMS method, a continuous flow of water ipesed to a semi-permeable
membrane where the dissolved gases are selectlifelged through it. The flow of
gases is then passed into the vacuum inlet of a spectrometer for their separation
and detection on the basis of their charge to matss (m/2. The amount of the gas
flow into the MS depends on its vapour pressur@bsidy and diffusivity in the
membrane material (Johnsenhal, 2000).

The next schematic (taken from Johnsnal, 2000) is a representation of the
typical components of the MIMS method, from therseucontaining the analyte of

interest in the solvent, passing by the degassiagpionane to the vacuum system of
the MS for the detection of the analyte. In thddi@ing schematic is shown two

alternative types of membrane inlet systems thtierdon the use (or not) of a

pneumatic transport and jet separator to introdaueg enrich the analyte into the
mass spectrometer after it was permeated by thebnaem.

a

Pneumatic Transport---#-g # ¢ Separator . 8| ’;Spectrometcr
Sampled _MET_h_T_El_“f_:‘J — i

| Stream 40 ] - (vacuum)

i to Waste 0 ] 0 el R *
- — 0 i | Membrane| :
. o o LI L PR

—— Flow e O P

Chemical System | © @ | [picction - :
o Analyte molecule Analysis | TS ‘;amplcd
OSolvent molecule Stream
— e To Waste

Figure 1.7 — Schematic of the components of the BlliMethod showing two types
of interface by using (a) or not (b) a pneumatid gt separator to introduce the
analyte to the MS for detection once it has bedraeted from the solvent by the
membrane (taken from Johnseinal, 2000).

With the MIMS method measurements of both major sade dissolved gases and
their ratios are done almost instantaneously arniigh-precision from a single water
sample. The use of the degassing membrane asarg@tiep step of the water sample
eliminates the need for the traditional headspapelibration for discrete samples
(Tortell, 2005a). Because the flow of the waterotlygh the membrane is
proportionally smaller than the flow of the dissadvgases, the latter are enriched
after the degassing process (Ketelaal, 2002). The results obtained by MIMS
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1.9 MIMS analysis fom situ O./Ar measurements

provide levels of detection as low as nmibbf dissolved gases in water; this allows
the identification of fine-scale structures in thstribution of gases in natural waters.
MIMS has been shown to be a powerful tool for reale high-frequency gas
measurements in several applications for environahesamples as in: sediment
porewaters (Cartaxana and Lloyd, 1999; Hartnett S@itzinger, 2003), air (Ketola
et al, 1997), urban wastewater monitoring and marinedtheérmal vents (Kibelka
et al, 2004).

1.9.1 Membrane interface for dissolved gas measuremerdsdanographic
applications.

The MIMS method has become a well-established ndefloo measurements of
dissolved gases in the ocean. It has been suctdssfueasure DMS (dimethyl
sulphide), the major gases in seawates, @, CO, and Ar) and their ratios (i.e.
OJ/Ar and NY/Ar) (e.g. Kaiseret al, 2005; Tortell, 2005a; Tortell, 2005b), as well as
for stable-isotope tracer addition experiments .(&rg et al, 2001). For
oceanographic applications, the high frequency oreasents from MIMS allow the
identification of low scale temporal and spatialri&hility in the dissolved gas
distribution, particularly in the highly variableoper water mixed layer or in coastal

waters.

The measurement of Ar ratios with MIMS has been used in order to aghi
estimates of marine productivity in the mixed lageg. Kanaet al, 1994; Kaiseet

al., 2005; Tortell, 2005a). In the present work, théchnique is applied for
continuousin situ estimates ofN on board oceanographic ships in the Southern

Ocean.

The membrane is the most important element in th®134method. In order to
improve the continuous measurements of differerst gecies in oceanographic
applications, several materials, designs and $iaee been tested (Kaeaal, 1994;
Kaiseret al, 2005; Tortell, 2005a).

The efficiency of the membrane for the extractidrdissolved gases relies on the
analytical sensitivity for the diffusion of gases@ss the material of the membrane.

Therefore, the diffusion of gas is proportionaltiie ratio of the surface area of the
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1.9 MIMS analysis fom situ O./Ar measurements

membrane to its wall thickness, and the flow ratetlee sample through the
membrane (Tortell, 2005a; Sarragal, 2006b).

In 1994, Kanaet al tested a semi-permeable membrane interface @& &iicone
tubing Silastic, Dupont® with a length of 5 cm and an internal diametelO#3
mm and a wall thickness of 0.15 mm. The total sanfiphv rate was 0.75 ml mih
(Kana et al, 1994). This experimental design showed a higblstiaminar flow
across the membrane with good signal stability gredision. However, drifts in the
data over time were observed due to the dependeieeen the signal intensity and
the speed of the pump used to feed the water samipéeflow rate was a limiting
factor due to its dependence with the signal statibn time. The thickness of the
membrane walls and its length were found to be femjors to obtain a good
analytical sensitivity. The membrane material udgd Kana et al. was very
permeable for D vapour and C® Thus, in order to remove these interferences
before the sample gas enters the ionization stépeiMS, a liquid nitrogen trap was

recommended after the degassing process.

In 2005, Tortell developed a membrane with dimeditigbne membrane plate
(Silastic Sheeting, Dupon)®&vith a diameter of 3 cm and thickness of 0.025.mm
The aim of the author was to compare the efficieacy performance of the
membrane by variation of water flow rates (from 10601200 ml min%). Tortell
concluded that during the degassing process, #imlist of the flow rate becomes
more important for poorly soluble gases, such gsAX and Q. To achieve a good
performance of degasification process in the mendra constant flow rate of the
water flow should be maintained; this is particiyamportant for gases with low
solubility properties. Variations in the samplewlaate through the membrane
during the analysis can cause fluctuations in tlhsolute gas concentration
determinations. The instability in the water floawte also can cause significant
fractionation for isotopic determinations (Saretaal, 2006b). About 80 % of these
fluctuations can be eliminated using the normalraof the gases of interest (i.e; O
and N) with argon (Tortell, 2005a).
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1.9 MIMS analysis fom situ O./Ar measurements

For the research presented in this thesis, a memhidaveloped by Kaisest al.

(2005) built of Teflon AF® (Random TechnologiedDupont®) was used. The
dimensions of the membrane are an internal dianétér6 mm and a length of 10
cm and it was connected to a quadrupole mass spsstier (QMS). During Kaiser’s
experimental design, the sample flow rate of thenbrane was about 12 ml min

The membrane was kept at constant temperaturedar to reduce variations of the
water flow due to temperature and pressure effdcim the presence of water

vapour.

An important advantage of the membrane builfeflon AP over other materials is
the lack of interferences that remain trapped dfterdegassing process. Theflon
AF® is a polymer less permeable to water but highlyneable to other gases over a
wide range of temperatures (up to 300 “@¥flon AF has also high compressibility
and low thermal conductivity, which accounts fog@od stability even during fast
temperature changes in the water flow. In a comspardf the precision gained after
repetitive measurements of ion current ratio fosegafrom Isotope Ratio Mass
Spectrometry (IRMS) compared to MIMS, the first wled a precision of 0.1 % for
OJ/Ar, while the last showed a precision of 0.05 % fhort-term stability
measurements every 10 to 30 s (Kaesteal, 2005).

In order to improve the continuous shipboard mesments of @Ar by MIMS,
Cassaret al (2009) proposed a modification of the MIMS methog using an
equilibrator cartridge of the water sample befongegng the degassing membrane
and the mass spectrometer (Castaal, 2009). The authors called it “Equilibrator
Inlet Mass Spectrometry” (EIMS). The equilibratistep allows the dissolved gases
to reach equilibrium and instead of using an adtexrpreparation of air-equilibrated
water as standard, it collects periodically samplkeatmospheric air transferred into
the system. However, the EIMS method has a resgonsesignificantly longer than
the one reached by MIMS and is not ideal for higatsl heterogeneity as in high-
productivity coastal ecosystems (i.e. west Antar&®eninsula) or as in dynamic
regions (i.e. Drake Passage). Although the MIMSuires more physical space,
preparation of equilibrated waters as standardnaoe daily attention compared to
EIMS, the MIMS is recommended over the EIMS for laggtions in the Southern

Ocean due to its faster response time.
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1.9.2 Advantages and disadvantages of the MIMS method.
Several advantages are attributed to the use of 34IKs mentioned before, the
quantification of dissolved gases by MIMS is inl#ae, with the lack of time-
consuming previous steps for collection, extractaomd concentration of the gas
before its analysis in the MS. With the lack ofrepgaration step, the efficiency of
the method increases in both time and precision.

The MIMS method is suitable for fieldwork for a wigpectrum of applications. For
oceanographic on board high-resolution measuren@rdsssolved gases, the basic
requirements for the MIMS method are a stable watenp, vacuum inlet and
membrane interface coupled to a QMS for the detedaif gas species connected to a
computer controller. In Chapter 2 is presenteddétiled description of the main
components and specifications of the MIMS methodsesl on board in the cruises
subject of this research.

Compared to QMS, the gas measurements by IRMS gwohigher precision
achieved by dual-inlet systems. However, this amsalys restricted to discrete
samples in laboratories due to the high level ahmécal requirements for its
installation and inaccessibility to mobilize itanbceanographic campaigns.

On the other hand, QMS are easy to handle with dost maintenance providing
good signal stability for residual gas analysisaDmass spectrometer detectors (i.e.
electron multiplier and Faraday cup) can be useafder to monitor simultaneously
both major and minor gases on board oceanograpips.sThis procedure allows
modifications directly during the field work at s@éanaet al, 1994; Tortell, 2005a).

Other important advantages offered by MIMS are: thst per sample is low,
solvents are not used and MIMS can be used forierg continuous monitoring of
environmental, biochemical and chemical proceskeso(a et al, 2002). Besides,
MIMS offers a fast time response (i.e. on the ofeseconds to few minutes), being
an advantage for applications in spatially hetemegels oceanic regions subject to
fast environmental changes (Casstal, 2009). The estimation of the gas ratios by
MIMS, offers a better precision than the absolue goncentrations. The precision

gained by measuring the gas absolute concentratitnthe MIMS method is one
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order of magnitude higher (0.5 %) than the one hredcestimating the gas ratios
(0.05 %).

The difference in the precisions from absolute gad ratios is due to the effect of
changes in pressure. The variability of the atmesplpressure has a greater effect
for single gas measurements. By calculating the aittwo gases the variability of
the atmospheric pressure in the environment is rdgined in the way that the
changes in pressure affect both gases similarlyus,Thfor high accuracy
measurements a good pressure control during sthngdegparation must be
considered (Emersaet al, 1991; Kanaet al, 1994).

The process of delivering the flow of water frone tburface ocean to the degassing
membrane in oceanographic ships can have implitatmver the dissolved gas
content of the water. The collection pump in thiake systems can cause a warming
of the water flow. Furthermore, an outgassing @& lgas to the walls of the intake
pipes is likely to happen if the material is notpenmeable enough. These effects
must be evaluated and taken into account for MINBlieations in oceanographic
campaigns; however, the ratio between the dissayaseés would remain unchanged
despite the changes in their absolute concentsatidhis applies for gases like;,N
O, and Ar with similar solubility behaviour to charsgm temperature, pressure and
bubble-mediated gas exchange (Kaeseal, 2005).

The MIMS method has also some limitations. Measerdsiof gas supersaturated
water due to an excess of entrainment of bubblessiraply due to the high

production of gas in the water (i.e. by photosysthén eutrophic waters), can lead
to inefficient performance due to perturbationshi@ uniform gas flow needed across
the membrane for an efficient degassing process.niémbranes based on silicone

capillary are especially susceptible to this preces

The application of MIMS in high productive watetise( oceanic gyres or coastal
waters) can also be sensitive due to the high loagarticulate material in the water
flow. As a result, clogging of the membrane witlsdoon the degassing efficiency
over time can occur. To avoid the loss of efficiemt the membrane in eutrophic

waters, a pre-step to filter the water before teen the membrane is recommended.
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The main interference for gas measurements by tihéSvinethod is the presence of
water vapour in the vacuum line that later on fluded through the membrane. The
presence of water vapour can account for up to 5Mmf%he total gas load,
significantly decreasing the ionization efficieno§ other gases in the ionization
beam. Also, water vapour can account for some badkgl contamination of £and
CO; in the ion source which becomes significant foamwements of water with low
O, content (Tortell, 2005a).

Finally, an important limitation on the use of MIM& dissolved gases in seawater
Is during the calibration of the MS. The standamtan of the measurements by
MIMS preferentially must be done by using absobitndards of the dissolved gases
of interest. However, there is a lack of absolté@dards based on gravimetrically or
volumetrically prepared techniques. Traditionakyr-equilibrated water at known

temperature and salinity is used, providing an s&ibée standard to be used during
the analysis. However, over the basis of seveng tize stability of the standard can
vary due to changes in temperature and bactealthr therefore, it is important to

monitor the standard in a well controlled systerar{et al, 1994).

The limitations discussed above must be taken astmunt in order to reach long
term stability for high precision measurements @sdlved gases. The on-board
MIMS method poses the challenge of reaching a etathter inflow in the

membrane using a stable pumping system, temperetumteol of the water sample,

as well as assuring efficient control of interferes such as water vapour.

46



1.10 Gross @production from’O anomaly

1.10 Estimates of gross oxygen production from the isiatacomposition of
dissolved oxygen.

To complement the observations Mffrom 4O,/Ar, the determination of th&’O
anomaly t'4) is performed from the quantification of the ismitbabundance of the
three oxygen isotopes in dissolved. @he *’4 is used to estimate mixed-layer
marine gross production in terms of oxyge® if mmol m? d%) (Sarmaet al,
2006a). This approach poses the main advantagetatquiring bottle incubations
as in the'®0 assimilation method. In the following sections aresented a detailed
description of the measurement of the triple ismt@bundance of dissolved,®
seawater samples (section 1.10.1), the fundamentidinition of ’Aand
standardization of isotopic measurements (sectlob®@.2 and 1.10.3). The range of
74 values in natural aquatic systems, together with definition ofG from *'4

estimates, is presented in section 1.10.4.

1.10.1 Measurements of the dissolved oxygen isotopic aduocel by Isotope
Ratio Mass Spectrometry (IRMS).

In nature, elements can be present in differenh$oknown as Stable isotopés
depending on the number of neutrons in their neclewth different natural
abundance. Oxygen has three stable isotopes wils mambers 16, 17 and 18. The
most stable and abundant oxygen isotop€Qs(99.758 %) with minor abundance
from *’O (0.038 %) and®O (0.204 %).

After nitrogen, oxygen is the second most abundgst in the Earth’s atmosphere
and as dissolved air in water bodies with an abooelaf 20.946 % of the total air
mixture (Chester, 2000; Luz and Barkan, 2005). filative isotopic abundance, or
enrichment of a sample to a reference materiahfgr given isotope in the natural
environment, is defined by th&notation as the ratio of the abundance of a lighte
isotope over the heavier isotope in a sample (#h) n@spect to the same ratio in a

standard or reference (ref) expressed in per 1{3de

47



1.10 Gross @production from’O anomaly

For oxygen isotopes the relative abundance of sbtopes referenced to a known
standard can be expressed according to the foltpeduation; whertO/*°0 denotes

the relative abundance ¥ or*®0 relative t0*°0.
0'0=R,(0/%0) /R (0/¥0)-1 (1.7)

where,i is equal to 17 or 18 (i.}’O and5®0). The fractionation of the isotopic
abundance of’O/*®0 relative t0'%0/*°0 for a sample with respect to a reference
material, after a chemical or physical proceseigdnvironment, can be expressed in
terms of the absolute ratid® The preferred reference material is Vienna Stahda
Mean Ocean Water (VSMOW).

According to the isotopic relative abundance notatthe absolute ratio can be

expressed as:

5'0=('Rey/'Rer) -1 (1.8)

For convenience, the factor *13 omitted, but thed'O results are reported in per
mille. In the biological process of,@roduction and consumption, the fractionation
of oxygen isotopes follows a ‘mass-dependent’ i@tship (MDF) between’0/*°0
and*®0/*°0 abundances. The MDF process for oxygen followscthssical theory of
the “oxygen three isotope distributions” where thetopes are controlled by the
respective masses of the reactants. This theoryestablished by Urey in 1947 and
followed by Bigeleisen and Mayer in the same ydigdleisen and Mayer, 1947;
Urey, 1947). The work of these authors contribuiteda significant way to the
calculations of the equilibrium constants for igmaexchange reactions directly from
the small difference in free energy of the isotapjcsubstituted molecules.

For MDF natural processes, the relathi® enrichment would be approximately one
half of the'®0 enrichment relative t8O (Luz et al, 1999; Luz and Barkan, 2005).
The main source of molecular oxygen fractionated imass dependent way to the
atmosphere is from biological production by photdbesis in terrestrial and aquatic

plants. The isotopic composition of atmospherici©then controlled by biological
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mechanisms (photosynthetic production and uptakeebpiration), the hydrological
cycle and stratospheric photochemistry (lewal, 2002).

The notation based on relative abundances can ée ias express the absolute
isotope ratio of @for productsiRp) and for substrate&X) involved in a momentary
process (i.e. photosynthesis, respiration). Thatiogiship between these terms is

given by the isotope fractionation factw@as:

a'0=—L (1.9)
Rs

Where,iRIO and 'Re, are the relative abundances of the sample withertsto a
reference for the products (p) and substrates (a)sipecific process (e.4R{/ iRp) =
[c(0)/c(*®0)]s / [c(O)/c(0)],). The superscript corresponds to the masses 17 or
18. Therefore, the factar can be used to describe the overall fractiongi@tess

of several isotope exchange reactions.

If, a’'0=""R, / *'Rs and a0 = ®R, / *®R;, the relationship between fractionation

factors involved in a specific process is given by:
at’'o =" Ax(a*®o) (1.10)

The correlation between fractionation factors tfeee is given by thé’A with a
slope (or isotope exponem) The definition of'’4 is given in detail in the section

below.

1.10.2 Definition of O anomaly t'4).
Early investigations in laboratory experiments,nfduhat the process in which ozone
is formed from molecular oxygen, conforms to a ‘siaglependent’ isotopic
fractionation (MIF) (Thiemens and Heidenreich [11983; Miller, 2002). In the
stratosphere, this process is characterized byphmtochemical reaction to form
ozone (@) from molecular @ induced by UV solar radiation at wavelengths telo
315 nm.
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This reaction fractionates oxygen isotopes in asaiadependent way with about
equal’’0 and*®0 enrichments relative t50, clearly different to the ratio for the
mass dependent processes (€lgemens and Heidenreich 1ll, 1983; Thiemens,
2001) driving an anomalously depleted atmosphesin@'’O abundance compared
to &'°0.

The term MIF is used to refer to any deviationta O enrichment from about half
the ®0 enrichment, or to the MDF processes. As was digl by Kaiseet al
(2004) although thé’O and '°O fractionation factors are clearly different, and
therefore do depend on the isotope involved inrdaetion, this definition must be
identified preferably as ‘oxygen isotope anomalyadnon-mass-dependent’ isotope

fractionation (Thiemens and Heidenreich 111, 1983).

As for the MIF process, the fractionation of oxygarthe stratosphere is such that
0’0 of O, decreases by a factor of 40703 relative t0d°0, rather than a factor
between 0.5 and 0.53 for MDF processes. Thus, ensthatospheric formation of
oxygen a faster transfer 0 than'®0 occurs into C@and establishes a reference

value throughout the lower and middle stratospliesienmerzahkt al, 2002).

Ultraviolet photolysis of @ in the stratosphere generates an oxygen atom in an
electronically excited state (equation 1.13), )( which can undergo isotope
exchange with C®(equation 1.14); this can be expressed in thewalg sequence

of reactions:

0, +hv - 20 (1.11)
0+0, - Oy (1.12)
O, +hv - O(¢D) +0, (1.13)
o(D)+CO, - COs* (1.14)
COs* - CO, +O(3P) (1.15)
0+0 - O, (1.16)
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1.10 Gross @production from’O anomaly

As shown in the previous series of reactions, @tfateric isotopic fractionation of
O; is based on the exchange of the oxygen atom betwesdecular @ and CQ,
Heavier isotopes are transferred to Cificreasing the abundance &fO compared
to 5%0. On the other hand, t’O of O, decreases by more than 0.5 timesdti®

decrease.

The formation rate of anomalous @ determined by the amount of @1d CQ in
the stratosphere and by the rate ofgbotolysis. The fractionation process in the
isotope transfer must have a temperature dependerk@ep a constant relationship
between'’O and*®0 in the stratospheric G@Lammerzahlet al, 2002). The main
source of stratospheric oxygen for the MIF is tzer® and atomic oxygerid)
being the ultimate source for the stratosphedcea3ervoir. Thus, the Qeservoir in
the air becomes anomalously depleted as I@omes anomalously enriched (laiz
al., 1999).

Anomalous @ and CQ are transferred from the stratosphere to the spipere and
consequently to the surface ocean. Theremains in the atmospheric ®ince the
anomalous C@loses this characteristic at the Earth’s surfacésbtope exchange.
The CQ is hydrated, thus the isotope exchange is made ligiid water in leaves
and in the ocean. The anomaly in the atmospherial§€» becomes more important
considering the concentration of @mpared to the one of G210,000 ppmv and
386 ppmv, respectively) (Bluniest al, 2002). The C@ concentration given here
corresponds to the annual global average for 2@@6rding to CQ monitoring by
the Earth System Research Laboratory at the Glbtmaditoring Division, NOAA

(Dr. Pieter Tans, www.esrl.noaa.gov/gmd/ccgg/trends/

An oxygen molecule cycles through the stratosphereinally ~24 times before it is
consumed by respiration. This number is equal éor#iio of the turnover time or
residence time of £in air with respect to biology (~1200 years) te thme required
for the global atmosphere to cycle through thetasgzhere (~50 years) (Bendetr
al., 1994a; Luzt al, 1999; Blunieret al, 2002; Sarmat al, 2006a). Therefore, it is
enough time for th&’4 in atmospheric oxygen to be transferred to théasarocean

via air-sea gas exchange.
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1.10 Gross @production from’O anomaly

The way to calculaté’Z has improved over time as a result of more detaitadies
in specific processes in order to identify variaioand to improve the limits of
detection. To quantify th&’, it is necessary to measure the excess' @ using
atmospheric @ as reference, considering a givefiO of O, produced solely by

biological production and consumption (Letzal, 1999; Luz and Barkan, 2005).

In 2002, Miller referred to th€0, expressed byA*’O”, as an indirect measurement
of the O excess, or deficit, in a sample with respect miven mass-dependent
reference fractionation line on the three isotolo¢ Wwith slopel. This was a general
concept for a range df and sample)values and with dependence on the isotopic

composition to different reference materials.

The 40 in logarithmic expression according to Miller (&) is given by:

In1+ 4’ 0)=In(1+ 5*'0) - A In(1+ 5*20) (1.17)

Later on, the term™4" for the ‘O anomaly was chosen by Luz and Barkan (2005)
to represent the logarithmic expression of O (In(1+4'0)) as defined

previously, thus:

17 A=In@+870)- A In(1+ 6*0) (1.18)

The 'O anomaly according to Luz and Barkan is the littercept with the vertical
axis in the plot Ing"’O + 1) vs. Ing'®0 + 1), being an indirect measure of excess or

deficit of 1’0 in a sample with respect to the reference.

The magnitude of th¥4 values calculated with equation 1.18 is very spihils the
resulting value must be multiplied times’1&hich represents “per meg” units. After
a careful revision made by Kaiset al (2004) and Miller (2002) of previousA
definitions reported by several authors (CIliff ahkdiemens, 1997; Li and Meijer,
1998; Miller, 2002; Assonov and Brenninkmeijer, 30®cLindenet al, 2003) and
laboratory experiments the latter is the preferefinition chosen for the

quantification of oxygen isotope anomalies.
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1.10 Gross @production from’O anomaly

Miller and Kaiseret al pointed out the difference in the consideratidntice
logarithmic ‘O non-logarithmic expression. As a conclusidf is very closely
approximated to In(1 #*’0) for values'’A << 1, therefore any distinction between
174 and 4’0 only reaches the limit of detection (~6 per mfay)*’A > 3400 per
meg, which is an order of magnitude greater thaT 4 anomaly associated with
the processes of interest in the marine and atneogpisotopic fractionation of

oxygen (i.e. photosynthesis, respiration and ssgdteric chemistry).

Finally, Miller suggested that using the logaritbnmotation to plot the relative
abundance ot’O and*®0, avoids the dependence of thealue over the isotopic
composition of the reference material. In tH€O the three isotope exponeit
expresses the ratio of the partition of the tripkggen isotopes in a reaction; this,
represents the slope obtained from the trend lirieeoplot of the relative abundance
of In(1+J"'0) vs. In(14®0) generated by mass dependent fractionation, thith
ordinates representing tH& anomaly. The fractionation slopeis not equal to a
single value. It corresponds to the slope of tharatteristic kinetics of the isotope
fractionation process which it comes from, thusrgvsotopic fractionation process
in the environment will have a particulawvalue (Miller, 2002; Kaiseet al, 2004).

For the biological production and consumption of i@ the environment, a wide
range ofd"’O andd®0O values have been observed from laboratory obsensa As

a result of plotting one against the other, variexgseriments had suggested different
values for the reference slope depending on the main mass dependant isotopic

fractionation process to be used as referencénédr 4l estimation.

In MDF processes, thé values are within a range of 0.5 and 0.53 defirtimg
variety of slopes for the different kinetic isotofractionation lines (Kaiser et al.,
2004; Luz and Barkan, 2005). In 2003, Angaral. suggested a value #fequal to
0.516, associated with ordinary dark respiratigiidchrome oxidase pathway) as the
dominant form of oxygen consumption by biologicabqesses. The slope for
respiration via the alternative pathway is 0.514 &r photorespiration is ~0.506
(Angertet al, 2003).
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1.10 Gross @production from’O anomaly

Respiration is the main MDF process of atmosph@gi¢Blunier et al, 2002). The
lighter oxygen isotope!®O, is consumed preferentially, increasing betfO and
0’0 in a mass-dependent way. Since respiration doesanse 'A to change (Reuer
et al, 2007a) the fractionation line of the isotopic atbance during this process is
preferred as a reference to evaluate the devidtmm MDF (Luz et al, 1999;
Barkan and Luz, 2003; Luz and Barkan, 2005).

In order to understand in detail the role of thgpmation process in the alteration of
the air Q isotopic abundance, theDble effect must be defined. In the aquatic
systems, the fact that the, @ the ocean water is depleted dfO compared with
atmospheric @is known as théDole effect” (Dole and Jenks, 1944). This is mainly
attributed to the isotopic composition of, @roduced by marine and terrestrial
photosynthesis, and the discrimination agaif& during respiration. The
discrimination increase&®0 in the remaining oxygen by ~18 — 20 %o compared
with seawater @ (Benderet al, 1994b; Blunieret al, 2002; Miller, 2002). The
origin of the Dole effect remains uncertain; recestimates explain a value between
+20.8 and +23.5 %o 08°0 in excess in the air{rompared with the seawatep O
with respect of SMOW (Bendegt al, 1994b). To estimate the Dole effect, the
uncertainties due to underestimations of the leatiewenrichment (increase 10
due to evapotranspiration of the lighter isotopdeiaves of terrestrial plants) and
alternative respiration pathway (i.e. respiratignthe alternative oxidase pathway)
must be considered (Bendsral, 1994b; Angeret al, 2003).

In 2005, Luz and Barkan suggested 0.534%0006 as an optimal and universal value
to characterize the kinetic respiratory slopeThis value represents the main O
consumers (i.e. bacteria and other microplankt@nganisms) in aquatic systems,
characterizing both dark and light respiratory (Memeaction and photorespiration)
fractionations. The experiments of Luz and Barkhowsed that the value of is
independent of the temperature in the range of éeatpres relevant for most living
organisms (17 to 37 °C) and that the triple isotopetionations under light and dark

conditions are identical within the experimentaber
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1.10 Gross @production from’O anomaly

In the present work, the preferred value fas 0.5179 following Luz and Barkan
(2005); this is to assure a high precision deteationm of 1’4 in per meg from the

0’0 andd*®0 in seawater samples.

1.10.3 Standardization for &Ar and oxygen isotopes measurements in
natural waters.
In contrast tol, the magnitude of’4 depends not only on the biological and
photochemical processes, but also on the arbisalgcted reference material (e.g.
atmospheric @ or VSMOW) and in the value of the reference slap@uz and
Barkan, 2005).

In natural waters, atmospheric, & the preferred standard as reference for the
estimation of Q/Ar ratios and triple oxygen isotopes. The selectd this standard

against the VSMOW is due to:

1- Its isotopic composition is close to the previousserved composition in
dissolved @ in most natural @ samples; while VSMOW is about 20 %o
depleted int®0 with respect to most air samples.

2- The method of preparation of oxygen from VSMOW mzguse some
isotopic fractionation with a variable and unknovetationship between the
three oxygen isotopes in VSMOW to atmospheric O

3- Atmospheric oxygen is easily obtained without argcfionation due to the
preparation process (Luz et al., 1999; Barkan arg R003; Luz and Barkan,
2005).

1.10.4 Range of values fdr4 in natural aquatic systems.
The characteristic isotopic signature of the bialagass dependent and independent
stratospheric processes, as given by i in dissolved G, is useful for the
determination of the rate of photosynthesis ang@iraon in aquatic systems. For
this, it is necessary to quantify the magnitudéhefdeviation of @that would have
been produced during the MDF process in the absehatratospheric chemistry
(Benderet al, 1994a; Luz and Barkan, 2000; Blunatral, 2002).
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1.10 Gross @production from’O anomaly

The range of values dfA for dissolved oxygen in the mixed layer of aquatic
systems is between 0 to +249 per meg. The maximaloewof'’A for seawater and
O, produced by photosynthesi€4nay) is +249+ 15 per meg, measured against air
O, as reference and considering the respiratory sloge 0.5179 (Luz and Barkan,
2000; Hendrickset al, 2004; Luz and Barkan, 2005; Saretaal, 2006a; Reueet
al., 2007a). Marine photosynthesis produces that has the same isotopic
composition as seawated{0 = —-22.96 %o). Photosynthesis converts oxygen £ H
to O, with a slight Q fractionation (about0.3 %o); however, such small values will
not affect considerably thé’4, leaving the resulting isotopic composition of
photosynthetic @very close to that of the water used in this pssc@uyet al,
1993; Luz and Barkan, 2000; Miller, 2002; Helmetral, 2005); thus, it is assumed
that there is essentially no isotopic fractionationphotosynthesis. Experiments
carried out by Luz and Barkan in 2005, confirmeat tthe'’A of photosynthetic ©

is identical to that of water within the experimarérror.

Biological steady state between photosynthesis ragdiration can be achieved if
0°0 of O, produced by photosynthesis equaf¥ of O, consumed by respiration.
Due to the @ from the stratospheric fractionation is enriched 4°0, the
stratospheric exchange reaction will tend to edld®0 (Hendricks et al., 2004;
Blunier et al., 2002; Luz and Barkan, 2005). Howewtehas been already discussed

that respiration does not caudd to change.

By definition, the'’4 of atmospheric ©(*"4a;) is 0 per meg. The value of dissolved
O, in seawater at STP conditions and equilibrium Isitity (*’4e) has led to
controversy since various authors have found agarfigyalues at room temperature.
For meant 1 standard error, tHéAeqvalues reported by other authors have been: 18
* 2 per meg (Juranek and Quay, 2005; Saetral, 2006b); & 2 per meg (Reueat

al., 2007a); for mear 1 standard deviation: B2 per meg (Luz and Barkan, 2000).
Recently, Luz and Barkan (2009) suggested a lifiedor 17Aeq considering the
seawatein situ temperaturedin °C): 14eq = 0.6x 8 + 1.8; where'Zy is given in

per meg (Luz and Barkan, 2009).
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1.10 Gross @production from’O anomaly

The difference betweeH4., with respect to the reference valtid,;, is due to the

processes occurring when @ dissolved in the water (Luz and Barkan, 2000).

In the next schematic (Figure 1.8), the relatiopshetweend’O and 50 in
VSMOW is used to show the interactions between gayithetic and atmospheric
oxygen in aquatic systems and how this is balanmedir-sea exchange. It is
assumed that the production of oxygen from marimatgsynthesis is the dominant
source of this gas and constitutes the primary Igupp atmospheric oxygen.
Biological reactions dominate the turnover of i@ the mixed layer and play a key
role in the isotopic composition of dissolved oxyg@uz et al, 1999; Luz and
Barkan, 2000; Blunieet al, 2002; Miller, 2002). As more Owith a biological
isotopic signature is produced by photosynthesithen mixed layer, the anomaly
introduced from the atmospherie @& removed, until reaching the maximum value

for YA (' Amax = +249 per meg).

The effect of gas exchange is always to pushtd@ards equilibrium with the
atmosphere. Air-sea gas exchange introducgdrd@n the tropospheric reservoir
which contains thé’O anomaly signature’’0 depleted with respect t6*%0 in
comparison to the Qoroduced by photosynthesis and from the water coddg. By
bringing more atmospheric,@nto the mixed layer, th€4 will tend to decrease until
reaching the equilibrium valué7(ﬂea) depending on the temperature of the seawater
(Luz and Barkan, 2000; Luz and Barkan, 2009). Irglabal perspective, the
estimation of'’4 is a proxy to analyze at temporal and spatial macales, the
changes of global photosynthesis, which can betegldo the levels of the
concentration of C@in the ocean.
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Figure 1.8 — Schematic illustration of the relasibip betweerd*’O and 30 of air
O, vs. for VSMOW (%o) (Barkan and Luz, 2005). The \esuof'’4 for dissolved
oxygen {"Aqs in the figure and’4 in the text; right axis in per meg) follow thedin
with slope 0.518A{) and depend on the rate of oxygen produced byogknthesis
and the oxygen entrained from the atmosphere. thef atmospheric air is 0 per
meg. As photosynthesis adds @ull-line arrows) thed®O decreases with a rise in
174 towards +249 per meg. As gas exchange deliverssgtheric @ (dotted-line
arrow) the'’4 will decrease towards the value in equilibriuhidgy). Respiration
forces Q to decrease (dashed-line arrow) with an increas#’0 of the dissolved
water and'’4 remains unchanged following the same line wittpsld (Luz and
Barkan, 2009).

In 2000, Luz and Barkan showed that the relatite o photosynthesis (as given by
G) can be calculated froM{4nay "4eq and the magnitude of the measuféd in

dissolved oxygen, considering a steady-state meget, according to:

) 17 4 17 A
G =Ky, XCqeq(O2) X m (2.19)

G equals the total ©Oproduction from photosynthesis in the mixed layalso
produced over the residence time of i@ the mixed layer. Finally, the ratio of
overG is equivalent to thef‘ratio” (Eppley and Peterson, 1979) in terms of @tyg
(f(O2)) where lower values indicate that most of the gety being produced by
photosynthesis in the mixed layer was consumedédspiration within the same

range of depth (Hendriclet al, 2004).
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Chapter 2

Methods

2.1 Field work

In this chapter, | present the method followed wiineate marine biological
productivity from dissolved oxygen measurements.rii@u two oceanographic
research cruises, dissolved oxygen concentratio(@3;)] were measured by an
oxygen/temperature optode (Model 383Banderaa Instruments AS, Bergen,
Norway) in the ship’s scientific underway seawaepply (USW). From the same
source of water, @Ar ratios were measured continuously by Membraret IMass

Spectrometry (MIMS).

The continuous measurements were calibrated byetiissamples taken from rosette
samples and from the USW. Discrete samples weceused for the quantification
of ’0/*°0 and*®0/*®0 by Isotope Ratio Mass Spectrometry (IRMS) inuhiversity

laboratory.

The method used here has been thoroughly descpitedbusly in various works
(Craig and Hayward, 1987; Lwet al, 1999; Luz and Barkan, 2000; Hendrieksal,
2004; Kaiseret al, 2005; Reueret al, 2007a). With the aim of improving the
efficiency and to test the method used here iredbfiit regions of the world’s oceans,
various authors have been making improvementsiftareint applications (Tortell,
2005a; Sarmat al, 2006b; Cassaat al, 2007; Sarmat al, 2008; Luz and Barkan,
2009; Juranek and Quay, 2010) since it was fistete

Here, | describe in detail the shipboard set upl dse continuous measurements in

polar waters during extensive oceanographic cruises

2.1.1  Oceanographic cruises.
The following table lists (Table 2.1) the two ocegraphic cruises that are the
subject of this thesis. Both were done during thetral summer of 2007 in the

Pacific sector of the Southern Ocean.

59



2.1 Field work

Auxiliary physical variables for each cruise welsoacollected and analyzed. Details
of the shipboard sampling system, laboratory wdeta analysis and calibration are

explained in the following sections of this chapter

Table 2.1 — List of oceanographic campaigns samjpéedmarine productivity
estimates.

Principal .
Cruise Project investigator Research ship | Area of study
(affiliation) (acronym) and dates
ADELIE Drake Passage
(Antarctic Drifter | Karen Heywood and Wedd ellg
Experiment: (University of

JR158 sea; February

Links to_kobaths | East Anglia) 2007

and_EEosystems)

RRS James Clark

Ross
ACES-FOCAS
) (JCR)
(Antarctic Drake Passage
. Deborah
Climate and the : and
Shoosmith .
Earth §/stem - " Bellingshausen
. (British )
JR165 | Forcings from the , sea;
Antarctic
Oceans, uds, Survey) February to
Atmosphere and y April, 2007
Sea-ice)

2.1.2 Rosette sampling.

During the cruise JR158, a stainless steel fraBBEG2 24way rosette pylon)
equipped with 8 10-l Niskin bottlesséneral oceanid010) and a CTDSea-Bird
9/11 plug was deployed at 20 stations (i.e. 20 CTD casibe CTD had two
temperature, pressure and conductivity sensors.rd$ette was also equipped with
other sensors (i.e. temperature, oxygen, fluoromeadd an ADCP (Acoustic
Doppler Conductivity Profiler). Details of the daiation by manufacturer and
general configuration can be found in the corredpan cruise report
(http://www.bodc.ac.uk/data/information_and_invei@s/cruise_inventory/report/jr
158.pdf).
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2.1 Field work

Cruise JR165 was subsequent to JR158 and the salec@nhfiguration was used
for both cruises. For cruise JR165 the rosette prapared with 12 10-I Niskin
bottles for the collection of water samples; dstail sensors used and configuration
are found in the corresponding cruise report (JRAGse report; D. Shoosmitin

preparatior).

2.1.3 Underway Surface Seawater Sampling System (USW-SS)
A schematic design of the USW sampling system (USSYfor Q/Ar andc(Oy) is
shown in Figure 2.1. The USW-SS is divided intoethmain components that
correspond to outlets of underway seawater forerbfit sampling purposes.
Referencing in parenthesis to the numbers in figufeee USW outflow for discrete
sample collection (1), £Ar sampling outlet (2) and(O,) sampling outlet (3).

Two types of discrete samples were collected frahed 1: 1) for quantification of
c(O,) by Winkler titration (section 2.3) and 2) for quidication of G/Ar and triple
O isotopes by IRMS (section 2.6).

The system was connected mainly by PVC tubifigg6r®) of different diameters
from the USW outlet tap. The tubing was covered,masch as possible, with
insulating foam to avoid warming of the water flow its transit from the tap to the

degassing membrane.

With PVC tubing of the same characteristics, osttand 3 were attached to the
corresponding analytical equipment (see below).r8foee, as outlet 1 was a free
flow it was also used to regulate the water flowe da instabilities in the ship’s

seawater intake.

From outlet 3 of the sampling system, the USW wiascted into a 500 ml dark

plastic open bucket (4) where @anderaaoptode 3835 (5) was introduced. The
optode is an optical sensor based on dynamic fheerece quenching; therefore,
while operating it must not be exposed to direghtli Care was taken to avoid
bubbles from turbulent flow. Unlike electrochemicalygen measurements, optodes
do not consume oxygen; hence, the method is nat flensitive and can be used
both in water and air. The oxygen response of dadapis exponential (i.e. highest

sensitivity at low concentrations). The manufaatstated resolution is <fimol I
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2.1 Field work

with an accuracy better thanpdnol I™* or 5 %, whichever is greater. The e-folding
response time of an optode te €hanges is < 25 s. The maximum sampling rate
stated by the manufacturer is 10 Hz, however inpifesent study a data point was
recorded every 10 s (0.1 Hz). A sufficient flow dhgh the open buckets
(components 4 in Figure 2.1) must be maintainedrioter to ensure a constant
replacement of water during the acquisition. A tetdadescription of the optode

sensor, data acquisition and calibration are shiavgection 2.5 below.

From outlet 2, the USW flow was directed throughatolosed 5Qum filter (6) used

to remove bigger particles that may clog the memdrdhe outflow from the 5@m
filter was =600 ml/min and directed to an open bucket (7) ideorto remove
macroscopic bubbles and avoid pressure surges.widter in the bucket was
continuously pumped using a gear pumiiciopump (9), through a 4-port 2-
position valve Yalco) (8) to a membrane chamber (15). This interfacgesisted of a
Teflon AF® membrane Random Technologigsnounted on the inside of a PVC
membrane chamber (hereinafter referred asnertibrane bd¥. The inner diameter

of the degassing membrane is 0@ and the length is 10 cm. The gear pump was
used to maintain a constant water flow from thetirthrough the membrane by

regulating the frequency of the rotor.

The membrane box and PVC tubing were submergedwatar bath controlled at
constant temperature (0 °C) (14). This latter wa®ider to eliminate the AAr
variations in the water flow due to changes in terafure, water vapour pressure

effects and also to avoid the degasification ofewhefore entering the membrane.

The membrane was held under vacuum and connecteal qoadrupole mass
spectrometer (QMSPfeiffer Vacuum Prisma(16), using a safety valve to protect
the QMS from membrane failure and variations inspoee inside the system. The

MS was equipped with two detectors: channeltronfaratiay cup.

The outflow from the membrane box was restricted meedle valve (17) to provide
back pressure in the flow and to avoid bubble fdimmainside the membrane box
that can cause signal instabilities recorded byMi& This step was necessary in
order to eliminate bubbles trapped in the systeniox meter (18) was located in
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2.1 Field work

the outflow tubing (19) in order to measure the ewaiutflow rate. The flow rate

during the JR158 was 75 ml/min and during the erdR165 was about 30 ml/min.

UsW
-— —» 5
,l 14
1l I
1
> 8

Y
|

1- Qutflow for discrete sampling — l

—
16
2- Quiflow for MS [

i —
—rd —‘
3- QOutflow for Optode l T 10 T 15 17

4- Equilibration open bucket for optode L 19 l
5- Optode

6~ 50 wm filter ] \

7- Equilibration open bucket N N

e

Rl

—p ,/ﬂ
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B

8- 4 ports valve
9- Gear pump
10- Water

11- Jacketed beaker for standard water

12- Water bath control temperature
13 - Atmospheric air input
14-Water bath control temperature 5

15- Membrane box
16- Mass spectrometer
17- Needle vatve

18- Flowmeter

19- Water outflow

Figure 2.1 — Schematic diagram showing the main pmmants of the on-board
continuous and discrete Underway Surface Seawaieplsig system (USW-SS) for
O, and Q/Ar quantification. The connections between the ponents are tubing of
Y. " of PVC (Tygor®).

The resolution of the continuous data for the MIM&s 6 s, equivalent to one cycle
of measurements. The ion intensities and derivgabs of interest, including AAr,

were recorded and stored on a daily basis. The letenfist of signals recorded by
MIMS during both cruises is shown in table 2.2. Bafolding response time for the

MIMS was found to be on average 2 min.

The average spatial sampling resolution (at a shgpeed of 10 kn) for the
acquisition of MIMS data corresponded to 300 mthie case of the optode data was
about 100 m.

As part of the USW-SS, air-equilibrated seawaters waepared as standard
(hereinafter referred to agduilibrated watef) to verify the performance of the MS
during the period of analysis. Seawater previotikgred through a 0.2am cellulose
acetate filter, was kept under constant bubblindp wiarine air and stirring in a 1.5 |
jacketed glass beaker (11). The air was drawn avifllaphragm pump through a line
(13) located at the top of the main mast of the.shi



2.1 Field work

Table 2.2 — lon intensities and composite signélimterest recorded by MIMS for
the continuous on board analysis of USW.

Compound/ m/z
Element (intensity

H,O 18

N, 28

N 29

O, 32

Ar 40

CO, 44

“co, 45

co, 46

Derived signals

Oz/Ar

O2/N;

N2/Ar

14N15N /14N

13COZ/12C02

Air

CO,/Air

H,O/Air

The water temperature in the beaker was contrallighl a second water bath (12).
The Valco valve mentioned above (8) was used to select nligrtha flow of water

to be delivered to the membrane box, which ardldve from the USW (sample) or
from the equilibrated seawater beaker (standardg. tbtal volume of the jacketed
beaker was enough to pump approximately 15 mirgaflierated water through the
membrane box. A stable signal was achieved withimir2 from the pump switching
(equivalent to the MIMS response time). Regulaenveils of equilibrated waters
were run during the data collection. One equilidbdatvater run was done per 24 h of
cruise as long as the MS and USW were working. Miwtails of the MIMS data

collection and calibration are presented in sec2idn

The next Figure is a photpgraph showing the mampmments of the shipboard
USW-SS with the MIMS method. The picture corresmotm the system on board
the B/O Hespéridegduring the ESASSI oceanographic cruise in Jan2898; a
subsequent campaign of the cruises that are sudfjéus thesis.
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distribution
tubing

Figure 2.2 — Main components of the MIMS method dbipboard dissolved gas
ratio measurements. From left to right: computenettiord the data, quadrupole mass
spectrometer (QMS), water baths with controlledgerature (WB1 and WB2) for
water flow tubing and membrane box; jacketed be&keequilibrated water (std);
gear pump to deliver the flow of water through slystem (pump); tap of source of
intake water (intake) and yellow PVC tubing are mini@in distribution lines of water
(Water distribution tubing). ESASSI cruiBéO HespéridesJanuary 2008.

2.1.4  Surface water flow perturbations.
The entrance of bubbles is the main cause of sigisthbilities during sampling.
Therefore, the quality of the recorded measuremeleisends strongly on the
physical design of the ship’s intake and pumpingtesy. In section 2.8, the effect of
the USW intake system on tleéO,) and Q/Ar ratio measurements on the JCR are

discussed.

The perturbations causing noise in the continuogisass recorded, both from the

MIMS and optode, were due to two main reasons:

1) Perturbations in the continuous water inflow dueemdrainment of bubbles in
the intake system by:

- Rough seas causing a turbulent inflow of seawaklss, event is common
during the presence of high wind conditions,

- Intake design, enhancing a turbulent flow of watsrde the pipes,

- Probe height variations, manually performed accmydito navigation
conditions (surrounding ice, turbulent surface watdumn, etc.),

- The turnover of the intake sieves to trap coarséiges. The intake of the
JCR was equipped with two sieves: pre-sieve of 5mesh and a post-sieve
of 2 mm mesh. The purpose of these sieves is t@vengoarse particles
before the water is delivered by the pump throulgh tincontaminated

system. This action was performed on average oneg .a
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- As a result of the sieves turnover, perturbationthe water flow can cause a
turbulent flow.

- Unexpected events like pieces of ice trapped inritade,

- Variations in the flow rate due to intake’s pumplfonactioning,

- Switching on and off the intake flow.

The entrance of bubbles in the intake system dubdgrevious events can not be
controlled easily, or at all, during continuousadatquisition on an oceanographic
campaign. These events are identified and recarddzbard to be taken into account
during data analysis, by discrimination of “goodida‘bad” periods of data. For this

purpose, a diary containing the observed eventskejaisat all times.

2) Local perturbations in the USW-SS

Each set of continuous data from the optode and 3o presented independent
perturbations due to particular problems in the hamal equipment or to
malfunction in some of the components of the USW-SS

The optode component was more stable than the MIWE&.instabilities recorded in
the optode continuous data were mainly due to érugbations mentioned above in

the intake system.

For the MIMS data collection, the main local pepations were:

- noise or spikes in the continuous signal due to brane behaviour during
degasification (i.e. clogging, noise generated rdutthe degasification step
mainly due to alterations in the laminar flow),

- air injection into the membrane instead of watdloi due to leaks in the
system,

These instabilities in the signal were also recdnaethe diary and removed during
the data analysis.

2.2 Auxiliary variables.

Auxiliary variables were also acquired during tmaiges and used for the analysis,
those are: sea surface temperature (SST), seaxeswédinity §, navigation data
(longitude and latitude), wind speed) @nd direction, barometric pressuf® @nd
air temperatureT(). The data processing for each set of complemgmnariables

after acquisition was carried out by individualenfr the different research groups
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involved in the oceanographic campaigns. Detaitshlmfound in the corresponding
cruise reports (section 2.1.2 for reference). dalla analysis was done in MATLAB.
The acquisition time for each group of data wasaide. The optode data was

collected every 10 s while each data point in ti® Bl data was recorded every 6 s.

The time interval for the navigation, meteorolo$i&ST andS varied from 1 sto 1
min. To facilitate the data analysis, the completagnvariables, together with the
optode and MIMS continuous data, were merged imaa&ix with a common time

base and a grid with a resolution of 10 s.

Periods of time considered as “bad” for the optod®IMS data were replaced by
the suffix “NaN” (Not a Number). The list of varil@s included in the merged matrix
for each oceanographic campaign is shown in talle2etails of each variable and

a brief description for calibration are describedhe following sections.

Table 2.3 —~Working continuous variables.

Symbol Units Symbo|  Units
Optode MIMS
Dphase 7 degrees Cycle 1
Temperature Gopt °C Oxygen Q A
Oxygen c(0y) pmol kg® | Argon Ar A
Oxygen 40, % Internal pressure Pint mbar

supersaturation
O,J/Ar (Channeltron) | QAr 1
O./Ar (Faraday Cup)| @Ar 1

Navigation Air Air mbar
Latitude Lat degrees Water/Air H.O/Air |1
Longitude Lon degrees

SST sensor
Meteorological Sea surface Bt °C
temperature

True wind speed| u m st
True wind T degrees Thermosalinograph

direction (TSG)
Atmospheric P mbar Temperature Grsc °C
pressure
Air temperature | Ty °C Sea surface salinity | S 1
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2.2.1 Sea surface temperature (SST)
Three sets of continuous SST were obtained byrideoéeach cruise:
1) Optode continuous temperatur@,f), recorded from the USW along with the
c(O,) data,

2) Sea surface temperatué,d from the sensor located in the bow of the shithen

intake of the USW (called “oceanlogger”), and

3) Temperature from the thermosalinograph sengggX

The variable SST is used here as the generic territhé sea surface temperature;
this also corresponds to the final calibrated digsae below) used as auxiliary
variable for the productivity estimates.

To evaluate the signal stability from the thrededdnt temperature measurements,
offsets due to warming in the intake pipes and 4itelays were identified and

corrected.

a) Response time of signal stabilization after gasiof USW flow restoration.

In the case of the JCR, the response timé,pfo reach a stable signal, after an event
of flow restoration, was about 1 h. Figure 2.3,veh@n example of the typical
oceanlogger signals from the variables (i.e. wibsv, 4., conductivity,S— 32 and
Grsc) measured for a period of 7 hr after water flowtoeation. The stabilization
time for conductivity, water flow and salinity siglis was about 6 min (0.1 h), while
it is evident that fod,; and &sg, the stabilization time for the signal was about 1

after flow restoration at time 0.

The observed lag is probably due to the lack aflatgon of pumps in some sections
of the intake pipes, causing a slow thermal respoi® eliminate the effect of
different stabilization times on the signals, wmowed all data for the periods until

one hour after restoration of the intake water flow
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JR165 Oceanlogger data from jday 65.0014 (index 138250)
—e— USW flow

anr

Conductivity
Salinity - 32 psu

— b

|

:
- |
-5 0 0.10.20.30.405 1 1.5 2
Time (hrs) since jday 65.0014

Figure 2.3 — Typical oceanlogger signals for Julilay 65.0014 showing the delay
time after USW flow restoration: blue, USW flow;dred.; cyan, conductivity;
green, salinity — 32 and magenéhsc.

b) Temporal stability of continuous temperaturensig.

To evaluate the stability over time of the temp@matsensors, | compared the
temperature signals from the three sensors duthgnldays 57 to 98 (26 February

to 8 April 2007, respectively) on cruise JR165. Tiféerence between data sets was
calculated (i.efrsg — Gt Gt — Bopr and Grsg — Gny) in order to observe the stability

between the signals over time.

Considering the location of the three temperateresars, thel,; was expected to be

the lowest temperature recorded (sensor locatdteatow of the ship), followed by

similar temperatures fronfhy: and &rsg for being located in the deck level of the
ship. Despite the seawater temperature variat@mffset of temperature between
signals is expected.

As can be observed in the next figure, at the beggnof the period at around Julian
day 56.5, the relationship between the temperagigeals was: Grsg >6pt > Gt
Over a period of 42 days there is a constant iseréa thed,, with respect tob

(i.e. Bnt — By Of about 0.6 °C (from an average of —0.3 °C &°Q.).
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Figure 2.4 — Differences (symbols) and linear refa{dashed lines) between three
continuous sea surface water temperatures fronosemscorded over 42 days in
Drake Passage and Bellingshausen Sea (JR165 catli3€R: green circle$rsc —

Ghpr, red crossesgnt — Gpr and blue dotsfrsg — Gn. Missing data (i.e. from Julian
day 74 to 79) represent periods of time when thekansystem was switched off.

The same behaviour can be observed for thes( 4. signal, showing a constant
decrease of about 0.7 °C from the beginning toetiek of the period evaluated. On

the contrary, a constant offset of about 0.3 °G alaserved forérsc — ).

From previous observations, télg: sensor showed to be unstable over the time. The
changes in temperature from the intake sensoravithpparent memory effect could
be due to a fault or drift in electronics over tirdaring the JR165 cruise. This
difference was not registered in the cruise JRh&8 accurred previous to the cruise
JR165.

The &, signal showed to be more stable over the time vafipect tof, and &rsc
registered a higher warming effect in the surfagew due to its transport in the
intake pipes. Thus, the preferred signal to repretiee sea surface temperature
(SST) in both cruiseis Gy

The temperature given by optodes is based on neasuts of a thermistor. The

temperature equilibration in the optodes can haleng time response (30 s stated
by the manufacturer) due to the titanium housinthefwhole sensor that can act as
an insulator to temperature changes. If the tinsparese is constant over time and
the lack of effect due to pressure changes in¢hsa@ (this is true as measurements

are only done in surface waters) then a constafsetobf &, against the true
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temperature might be encountered. However, this tiesponse might be critical for

steep temperature gradients.

To corroborate the stability of,: over time, a comparison against the surface
temperature &p) as given by the high precision temperature se88#35 Gea-
Bird Electronics, Ing.was done. The SBE35 sensor was mounted in therG3é&ite
(&tp) and these values were used to calibggge Calibration and specifications of

the sensor for both cruises are provided in thes8Rtuise report.

C) Gyt calibration againstéerp from SBE35-CTD temperature sensor.

To correct theb,, due to a warming effect from the intake to the US®/ a
comparison betweef,,: and &p (as measured by the SBE35-CTD) was done. The
values for&p were recorded at the time the surface Niskin &otts fired.

Since &1p was available only for the CTD stations, the ammbus &, (which
included sections where no CTD stations were awal)avas corrected by removing

the average temperature offset betw@gnminus &p for the times in common.

The time at which the Niskin bottle of the surfatepth was fired (i.e. time at which
o was recordedis,) was matched up with the time corresponding to e
signal. From this reference timdyf) an average oféy for two minutes,
corresponding tdep: £ 1 min, was extracted to represent the temperdtare the
optode recorded when the SBE35 sensor recordedutface data in the CTD
(Figure 2.5).

In Figure 2.5, the error bars represent the meandard deviation for the two
minutes averages @, data (total average of 0.0087 °C). The low valiigbwithin
a period of two minutes from the optode temperatwas expected since it

corresponded to periods when the ship was on statio

The temperature measurements from the optode arid €€hsor were in good
agreement. A systematic mean offset betw&grand &crp for the JCR was 0.65 °C
(6pt — Bcto) (Figure 2.6). This offset was removed frap, to obtain a continuous

record of calibrated sea surface temperature (SST).
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Figure 2.5 — Meairth, for a period of two minutes at the firing timesafrface Niskin
bottles (times when SBE35 fékp was recorded). Error bars shewlo of the two
minutes&hp:.

Some of this offset might be due to the thermisibrthe optode with a poor
accuracy. However, most of it should be due tontheming effect of the sea surface

water by its flow trough the intake pipes to theW)SS system.

In theRRS James Clark Rodse USW-SS was installed in the chemistry lab tieda
at deck level. The intake of the USW is locatethatbow of the ship at a nominal
depth of 6 m. The approximate time delay from thiake of the uncontaminated
seawater supply to the main laboratory forward edutt 2 min, after travelling
through the pipes over a distance of 72.5 m from #ea surfacepérsonal

communicatiors. Wright, Deck engineer on duty for JRL6Ehus, the effect of the
2 min delay from the intake to the USW-SS might laixp most of the observed

warming effect in the surface seawater.
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Figure 2.6 — Difference over time between the ayeravo minutesd,,: minus the
correspondingkrp for SSTcalibration.

2.2.2  Sea surface salinityg(
Discrete seawater samples from the USW flow dice¢tethe TSG were collected
once or twice a day. The samples were analyzed aardbwith a salinometer
(Guildline Autosal8400B located in a controlled ambient temperature lab (
constant 22-23 °C). The samples during both cruige® processed according to
WOCE (World Ocean_Qrculation Experiment) standards and protocols. The salinity

results for discrete sampleS;i{) were used to calibrate the continuous TSG signal
(Srsa)-

For JR158 the signal was calibrated on board byiafhdMatthews (University of

East Anglia), details can be found in the corresipm cruise report. For this cruise,
A. Matthews reported a consistent and systematferdnce with the TSG salinity
values being an average of 0.026 below the discvatees obtained from the

salinometer.

For the cruise JR165, | performed the calibratibthe TSG data. After comparing
the results from the discrete samples analyzed oardbin the salinometer
(performed by various members of the cruise pardy)onsistent difference of
0.0337 was observed between discrete samples aBddata (Figure 2.7). The final

calibratedSwas obtained by removing this offset from the ra®GTsignal.
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Figure 2.7 — Difference over time between the cadus TSG salinitySrsg) minus
salinity from discrete samples¢) analyzed with the shipboard salinometer for
cruise JR165.

2.2.3  Atmospheric pressuré).
Atmospheric pressure measured by the barometdneofneteorological station on
board, was corrected by the height of the barometation above the sea surface.
This correction was performed by applying tBafometric law.
The atmospheric pressure at the barometric heRy (mbar) is a function of the

density of a gas, in this case ai;(in kg m>) and is given by:

pP= pali\r/lRTair (21)

m
where R is the ideal gas constant (8.3145™Jinol"), T is the absolute air
temperature in degrees K aMj, is the mean molecular mass of air (0.028966 kg

mol™?).

The termP can also be expressed in terms of the presstine ata surfacé>g) by:

h
P=Re H (2.2)

whereh (m) is the altitude of the barometer with respecthe mean sea surface
level. The exponential scale height)(is the change in height required to achieve a

pressure drop of a factor ofeldnd is expressed by:
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H = Rlar (2.3)

gM,

Thus Py can be derived from equation 2.2 (Brimblecombe&6)9TheT,, must be

also extracted from the records of continuous \&aftmm the meteorological station.

For both cruises, the pressure correction led tavamage increase of 1.5 % of the
measured barometric pressure. For the cruise JRhB8pressure correction was
done by A. Matthews (see corresponding cruise tepohile for cruise JR165 this

correction was performed on board by M. Brandore(Open University, UK).

2.2.4  Wind speed.|)
Correction of measured ship’s wind speed relatoveda surface.
Wind speed was recorded by an anemometer locatdteimain mast of the JCR.
This wind speed is assumed to be relative to tiersiotion; therefore a correction

to convert the speed relative to ground is needed.

The convention in the JCR data is that the underwayd direction {) is the
direction the wind is blowing from. The true windeattion relative to groundrg,e)

is obtained by adding to gyrocompass heading)(and then converted to the
direction the wind is blowing to. Underway wind spe and true directions are
broken into eastd) and north §) velocity components. The ship’s velocitysgip) is
derived from a fixed position; this speed and aragke converted to the ship’s east
and north velocitiestgnhip andvship, respectively). These are interpolated to the same
timestamps as the underway data. East and nortlparments of true wind are
derived by adding the east and north componentshgd’s velocity and wind
velocity. Finally, these are converted back to tnied speed and direction relative

to ground (iue), With the latter forced to lie in a range fronbo0360 degrees.

Since the anemometer of the JCR was located atmi@Bove sea leveh) (Yelland
et al, 2002), the ship’s wind speeds were then correttedd m above sea level for
thermal stability effects (Johnson, 1999) accorditay the following power

expression:
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u, z

Whereuyg is the wind speed at 10 m above sea lengls the wind speed at an
elevation z and n is the exponential correspontbrtge different sea wave age as an
indicator of the sea roughness (the younger theegyathe higher the sea roughness
and the higher the value faj. Theu; obtained from this equation has an error of 3
% for a range of elevations at which wind speed araginally measured of § z <

60 m. This correction was performed by A. Matthdaiscruise JR158 and by M.
Brandon for cruise JR165.

2.2.5 Weighted mean gas transfer coefficigqy) (

The calculation of the gas transfer coefficiekt,was following the quadratic fit
proposed by Sweeneyt al (2007) (see Chapter 1, section 1.6 for detallsg value
of k represents the transfer of gas as given by themiwind speed at the sampling
day. However, the Ocontained in the mixed layer is the result of phecesses that
occurred a few weeks prior to the sampling timethiermore, the biological O
concentration as estimated during the cruises septs the integrated,@roduction
according to the gas equilibration time in the rdixayer under the influence of the
wind speed. Thus, in order to take into account riegidence time of the O
associated with the history of the wind speed Wity over a specific mixed layer
thickness Z%,x), a weighted gas transfer coefficiemki) is calculated. For this, a

weighting technique proposed by Reaeal (2007) is used.

To account for the historical wind speed over acgpetime period previous to the
sampling day, we must rely on products that foretesglobal wind speed. Various
wind speeds from publicly available productso(,od Were evaluated for their
accuracy compared to the ship’s wind speeds i) at the same sampling time.
The wind speed products are standardized to 10 ighthand provide a global
forecast ofuyg for different time resolutions (i.e. 6 h, 24 h). rde60 days are
considered as the historical time frame to accdanthe wind speeds before the
sampling day. This time proved to be sufficienvemtilate the typical thickness of

mixed layers encountered in the areas of study.
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Three wind data products were evaluated: ECMWir@¢grean _E€ntre for_Medium
Range_\Weather_Brecast) 6 h resolution, NCEP gtibnal_Center for_Evironmental
Prediction) 10 m wind speed at 6 and 24 h resoluiiott QSCAT (QuikSCAT) wind

speed representing the mean of daily (24 h) obsensa

The results of this comparison are shown in Figu& Based on the root mean
squared of the difference between the compared wjreds {4u) in m s%), the
ECMWEF at 6 h resolution shows the best agreensédt = 2.5 m &) with U10_ship
compared with the other wind products. Therefoedadrom ECMWF was used for

the calculations of the weighed gas transfer coiefiit ) in this study.

shipwinds, s(u)= 14 m/s
ECMWF 6 h, s(Au)= 25 m/s
NCEP 6 h, s(Au)= 3.2 im/s
NCEP 24 h, s(Au)= 3.5 .mis
QSCAT 24 h,s(Au)= 32 'm/s

25+

u(10 m)/(m s™4
= N
[6)] o
T T

=
o
T

Julian Day in 2007

Figure 2.8 — Comparisons between ship’s wind sp@edsniy and wind speed from
products (1o prog: ECMWF, QSCAT and NCEP at different time resau8 for the
sampling day. The correspondirsfdu) represents the root mean squared of the
difference between wind speeds from products aiplssmeasurements in ni's
The figure includes the period of time for the JRTéuise.
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2.3  Dissolved oxygen by Winkler titration.

In order to calibrate the continuodg®,) acquired by the optode, the dissolvedil®
discrete samples collected from the USW,{(Q,)) was quantified by Winkler
titration. The Winkler titrations are traditionalfyreferred since they offer a reliable

and accurate shipboard work with high precisionltegabout 0.1 %).

Besides discrete sample collection from USW, samptem Niskin bottles at
selected depths (including surface) from the samgplosette were collected in order
to calibrate the CTD-©sensor.

2.3.1 Sampling procedure and quantificationc@D,) in seawater by
Winkler titration.
A volume of about 150 ml of seawater was collecte8OD glass flasks from the
USW-SS outlet for discrete samples collection atagproximate frequency of
sampling from 4 to 6 h, depending on the ship spkethe case of discrete samples
from the Niskin bottles, selected stations andlieptere sampled for the calibration

of the CTD-Q following the same procedure (section 2.4).

The cs{O,) were obtained by whole-bottle Winkler titratiom seawater (Carpenter,
1965), following World Ocean Circulation Experimefi®WOCE) procedure

(Culberson, 1991; Dickson, 1996). The endpoint idastified photometrically.

The calibration was performed with a standard smhubf potassium iodate (KKD

analytical standard; Fluk&jgma-Aldrich at 2.339 mmolt gravimetrically prepared
before the cruise. A thiosulphate @8g0;) solution at 0.2 mol diwas used as
titration reagent and was standardized by iodomegginst the KI@ standard

solution.

For selected stations, surface water from Niskittlé® was collected in order to
compare the @concentration from the USW to results from neafesie Niskin
bottles. This approach was performed to identify @aconcentration changes in the
pipes of the intake systems due to warming andassigg or biological activity
(Kaiseret al, 2005). The results from these comparisons aresiw section 2.8.
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2.3.2  Corrections to the measurements of dissolved oxpgewinkler
titration.

A total of 174 discrete samples were collectedrapudR158 and 469 during JR165,
over 46 days, for analysis by Winkler titrationoRr those, 84 samples for JR158
and 186 samples for JR165 (including duplicatesiewaken from the USW. The
remaining samples were for the calibration of tHeD&D, sensor, corresponding to
samples at different depths with some duplicatssiduted in the sampling stations.
The difference in the oxygen concentration for edoplicate gives the precision of
the sampling technique and titration procedure.ofding to the WOCE procedure
for Winkler titrations (Culberson, 1991; Dicksorf9b), the analytical precisior (
10) to ensure an adequate precision of the datar®gtanust be 0.fimol kg™. In
the case of the JR158 campaign the average starmtgadtion of a duplicate
analysis was 0.2fimol kg* (n = 28) on average. For JR165, this value was 0.29

pmol kg* (n = 76).

For the USW samples, the temperature given byAtireleraaoptode @) was used
as the temperature of the sample. For the disseatgles taken from Niskin bottles,

the temperature of the sample was the one recdrgiéde CTD temperature sensor

(gsurf)-

a) Titration blank
A reagent blank was determined in order to quaritiey presence of redox species
apart from oxygen in the reagents which can beleapgvalently to oxygen in the
analysis (Dickson, 1996).

Votank =Vi =V, (2.5)

Voiank In Ml is the volume difference between the volaigandV,; these represent
the $SO5° used to titrate the first and second aliquots 6D respectively. The
reagent blank with distilled water for JR158 camngpa@ccounted for 0.00£9.0003
ml (n = 4) and 0.000£0.0006 ml (= 6) for JR165.

However, other redox species besidesdan be present in the sample, causing
interferences in the final Oanalysis due to their similar behaviour during the

reaction. These species can be typically measaradlank prepared with an aliquot
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of seawater. Reagent blanks with seawater for thegnt study showed an average
value of 0.003%0.0002 ml 6 = 5) and 0.00280.0018 ml i = 12) for the JR158 and

JR165 campaigns, respectively.

For all the USW and Niskin seawater samples in $Rlrtcluding duplicates), an
average 050.02 umol kg* (n=469, corresponding to 283 from Niskin bottles and
186 from the underway system) highegO,) was observed using blanks with
distilled water versus the oxygen concentratiomgisieawater blanks. Although this
difference can be considerable, the seawater blhate been suggested not to be
constant (Culberson, 1991; Wong and Li, 2009).

According to Culberson (1991), the blanks with sawtend to vary with depth and
position, therefore in order to use them to corrdwt cs{O,), they should be
determined at each depth where oxygen samplesakemn,tbeing in the end an
unfeasible technique. To correct the €@ncentration measurements for the present

study, we used the distilled water blanks followihg WOCE procedure.

b)  Air buoyancy correction

The volume of the Winkler flask¥4p, in ml) at calibration temperaturé§ = 20 °C)
must be measured by mass difference of empty dhdldsk using distilled water
(Culberson, 1991).

V20 =m, fbuoy/ Ptw (2-6)

fouoy (dimensionless) represents tla@r buoyancy correction which can be
measured, according to Culberson (1991), as theemqief the mass of water in air
(my, expressed in kg) contained or delivered to thesitie of pure waterd,, = 1000
kg m®) at &, Considering that the weight of objects in airléss than that in
vacuum, the buoyancy correction must be appliedht weight of pure water

contained or delivered by volumetric glasswares tlurrection is given by:

f — (1_ p air ) / pweights (2 7)
buoy (1_pair) / Ptw
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where o, is the density of air at the temperature and presduring the weighing
process ¥1.2 kg m® at 20 °C) angoweights IS the density of the weights used for
balance calibration=8000 kg n¥ for stainless steel). For weighing temperatures
between 10 and 30 °C, the buoyancy factor can Ipeomjnated as 1.00105,

resulting in an error of less than 0.1 % due toaiheyancy correction.

c) Thermal glass expansion correction
In order to correct for thghermal glass expansion(or contraction) due to
differences of the seawater temperature at sampdind calibration,V,, was

corrected for each sample using the following eiguaiCulberson, 1991).
Viask = Vao[L+ 0ty (6s = o )] (2.8)

where,Vyask IS the final volume of the Winkler flasks (in ndj the temperature of
the sample, (in °C, which corresponds #@p: for USW andé for CTD samples)
during the pickling time. The factory, is the cubical coefficient of thermal
expansion for a particular glass. For borosilig#ess, this factor is approximately 1
x 10,

On average, the thermal expansion correction atceduor 0.019 % increase in the
final Vsask, €quivalent to a range of volumes from 0.005 @8R.ml. In terms of @
concentration, this correction accounted for —0t670.09 umol kg' to the final
concentration for a corresponding range of seawataperatures from -1.8 to 16.4

°C, respectively.

d) Concentration of the titrant (N&O.)

After an average of 21 Winkler samples measuredlef(taa “session”) the
concentration of the solution of sodium thiosulfé@és,S,0,) used as titrant was
measured by titration of 6 aliquots of a standaotuteon of KIO; of known
concentration. A confirmation of the p&O, concentration at the beginning of the
analysis of each session helped to identify anylpros in the analytical equipment.
The average N&,O, concentration over several sessions (see Tablbe2ofv) was

used for the final calculation for the, @oncentration on each discrete seawater
sample ¢s{0)).
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2.4 Calibration of CTD-@sensor

e) c¢(O,) in a seawater sample by Winkler titration
Thecs{O,) (umol kg?) for discrete samples collected from USW and ftbemCTD,

was calculated following:

Minio — Viiank) X ¢(Na,S,053) / 4mol-0.076pmol
(Vflask - 2)/ Pow

Csa(OZ) = (29)

where, Vi is the volume in ml of titrant (N&Os) needed to titrate the sample and
Dsw is the density of the seawater (kg dmat the temperature and salinity of the

sample &,andS, respectively).

The c(Na,S,03) is divided by 4 mol, considering that 1 mol of @acts with 4 mol
of NaS,03;, The factor 0.076umol corrects for the ©content of the pickling
reagents (1 ml MnGland 1 ml NaOH/Nal at about 25 °C) introduced ® sample
(Dickson, 1996).

The term Vrask — 2) in the denominator of the previous equatiepr@sents the
volume of seawater in the flask that was pickledhiclw is corrected by 2 ml
representing the volume of sample displaced by2thml of pickling reagents. In
order to obtain the mass of seawater, this terdivisled by the density of seawater
(osw in kg dnT®) calculated at the temperature and salinity ofséw@ple G, andSs,
respectively). Thed, andS;, values were extracted from the continuous SST&nd

calibrated signals respectively, at the correspandampling timet{,).

For convention, the variable;{O,) refers to the @ concentration from discrete
samples collected from the USW acghp(O,) for discrete samples collected from

the Niskin bottle only from the depth near the scef

2.4  Calibration of CTD-Q sensor.

For the cruise JR158, the calibration of the CTPg@nsor was performed hy
Screen(see cruise report) from Winkler titration of diste samples that J. Kaiser
and myself have analyzed on board during the sauigec
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2.4 Calibration of CTD-@sensor

In the case of the cruise JR165, besides the asalygliscrete samples, | did the
calibration of the CTD-@ For this cruise, the CTD was equipped with ®ea-bird
SBE43 oxygen sensors (referred to as “oxyl” ang26kereinafter).

In order to calibrate the oxygen sensors, a tdtéBastations (corresponding to 27 %
of the total 253 CTD casts) were sampled at sededépths for each profile. A total
of 283 discrete samples (including duplicates) waskected from Niskin bottles
into Winkler flasks and analyzed by whole-bottle®ler titration following the

same procedure for the USW samples (section 2.3).

Two NaS;03 solutions and five KI@ standards were used due to the need of its
replacement when one was finished. Also a new Geixygen-fixation chemicals
was used from the"8of March (Julian Day 67). The calibrations of th&S,05 and
KIO3; were done immediately after their replacementlzfdre the samples analysis.
To evaluate the stability of the p&O; solution, several other calibrations were

performed alternating the samples analysis.

In Table 2.4 the results from the different calitma sessions during the cruise are
shown. A total of sixteen independent calibratiovere performed each of them
corresponding to the different p&0O; and KIG; solutions used (columns 6 and 7).
Three final groups were used to calibrate the CElians. The last column of Table
2.4 shows the group of CTD stations affected byheadependent calibration. The
typical standard deviation of a duplicate analysishe samples from Niskin bottles
was 0.05umol kg™ (0.003 ml 1), based on 34 duplicate samples (12 % of all

sampled Niskin bottles).
The up-cast @ profiles were calibrated by linear regression wigad from the

comparison between the,Qoncentrations in discrete samples against the O

concentration as given by the CTD-&ensor.
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2.4 Calibration of CTD-@sensor

Table 2.4 — Results for the calibrationa0,) in seawater samples from USW and
Niskin bottles during cruise JR165. Shadows arel isedentify the three groups of
calibrations according to the p&0O; and KIG; solutions used during the cruise.

Blank
5 Session| (distilled | NaS0, | Ne30s | N&SOs | 6 oy | c1p
ate concentration| solution . .
# water) | vol. (ml) solution # | stations
(mi) (M) #
02/03/2007 2 0.6668 0.2003 1 2 1to 89
04/03/2007 4 0.0006 1 2
06/03/2007 5 0.0005 1 2
08/03/2007 6 0.0014 1 2
12/03/2007 9 0.0009 0.6679 0.1999 1 2
90 to
12/03/2007 9 0.0009 0.6631 0.2015 1 3 154
20/03/2007 11 0.0010 0.6636 0.2012 1 3
23/03/2007 13 0.6964 0.2019 1 4
24/03/2007 14 0.6971 0.2017 1 4
27/03/2007 15 0.6986 0.2014 1 4
155 to
29/03/2007 16 0.0009 0.7013 0.2004 2 4 253
31/03/2007 17 0.7025 0.2005 2 4
02/04/2007 18 0.0009 0.7018 0.2005 2 4
06/04/2007 20 0.7036 0.1999 2 4
08/04/2007 21 0.7001 0.2010 2 5
15/04/2007 22 0.7003 0.2007 2 5

First, the oxygen values given during the up-casbkyl and oxy2 sensors were
compared. In Figure 2.9 the differences betweerOtheoncentrations from Winkler
analysis is shown for the corresponding sample sitha values given by the CTD-
O, sensors. The oxygen concentration provided byCORB sensors is expressed in
ml I, and in the following results are presented irs¢henits. Since for the present
work the preferred units anemol kg’ it is important to express the conversion
between units. The concentration of oxygen in Thisl divided by the density of the
seawater g in kg nmi®) and multiplied times 44.656mol ml; the latter is obtained
from the ratio between the density of oxyggs.E 1.429 g 1%) over the molar mass

of O, (32 g), thus: 1 ml @I = 1umol O, kg™ x (go2/ molar mass of €) / pw.

As observed in Figure 2.9, the oxygen concentragioen by the sensor oxyl was
less consistent over the cruise time. A clear @seeof about 0.5 ml{ (21.8 umol
kg™") in all the readings was observed after station t8f is possibly due to

instabilities in the oxygen sensor 1.
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Figure 2.9 — Mean residuals between oxygen coratgoris from Winkler method in
seawater at selected depths minus the corresponding from the CTD oxygen
sensors; diamonds are the difference with data Bensor oxyl and squares are the
difference with data from sensor oxy?2.

Before calibration, a constant mean residual di§@. 0.09) ml I* (3.5+ 3.9 pmol
kg™') was observed between, @oncentration from Winkler titration minus the
concentration given by the oxy2 sensor. Based ermpthvious observation, only the
data given by the sensor oxy2 were calibrated.

Figure 2.10 shows the linear regressionrfit 0.997) for the sensor calibration after
comparison against the corresponding oxygen coratent from Winkler analysis
(c(Oy) from oxy2 = 0.996¢ c(O,) from Winkler — 0.050; for the concentration in mi
I”Y). This equation was applied to the CTDR-Gp cast profiles as given by oxy2
sensor for calibration.
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2.5 Calibration of(O,) from Aanderaaoxygen optode 3835

Linear regression fit for CTD-O, sensor calibration
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9 - y = 0.996x - 0.051
2 _
e R?=0.997
E 71
N
S 5
o
4 i
3 -
2 T T T T T T
3 4 5 6 7 8 9 10

€ (O,) Winkler (mi/l)

Figure 2.10 — Linear regression fit and equatiancdibration of CTD-Q sensor in
cruise JR165. Error bars of the duplicate analywesshown however those are
smaller than the marker size.

2.5  Calibration ofc(O,) from Aanderaaoxygen optode 3835.
At a fixed resolution of 10 s the output data meaduwith the Aanderaa
oxygen/temperature optode sensor (Model 3835) filttenUSW flow was recorded

on a daily basis. The useful output variables welate, time, temperature and

DPhase §.

The optode is an optical sensor that provides @nally calculated phase valug (
in degrees) to estimate the concentration of oxydens based on a dynamic
fluorescence quenching on which the molecule ofgexyhas influence over the
fluorescence of luminophore (platinum porphyrine)isensing foil. As a blue light
is emitted (505 nm), the luminophore is excitedptss onto a relaxation state
liberating photons; the expression of this state red fluorescence light. However,
the energy can also be transferred to a molec@eaxygen) and the emission of the
red fluorescence light is restricted (or quench@&tie restricted intensity of the red
light is proportional to the number of moleculestrieting it, in this case, equivalent
to the amount of molecules of oxygen in the seaw#@rtzingeret al, 2005).

From the fluorescence quenching, the optode fett gontinuous measurements of a

raw (i.e. uncalibrated) phase,). Thus, @.w represents the difference between the
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2.5 Calibration of(O,) from Aanderaaoxygen optode 3835

phase obtained due to the excitation of the luntioo@ with the blue light¢,e or
BPhase) minus the phase obtained from the redaigit relaxation . or RPhase).
The internally calculated phasep (n degrees) is obtained from d° 3egree

polynomial (equation below) afaw.

p=a+bg,, + C(4aw2 + d(ﬂraw3 (2.10)

Coefficientsa, b, c andd from the polynomial above are values stored inapide
after its calibration. Coefficients andb are determined previously in the laboratory
from a two point calibration of water with zero @en against water saturated with
air; coefficientsc andd are set to zero. Thus, tlgevalue is a linear function aftay

leaving the above polynomial onto &degree equation.

The internal software of the optode calculates & ncentration of oxygen
(ca(O2)), however the quenching of fluorescence is naiugh to estimate the
actual amount of dissolved oxygen. Instead, thedsprovides measurements of the
fluorescence lifetime of the excitation light expged as a phase (dimensionless)

values (or raw phase).

The c.a(O2) given by the optode is based gnand a set of coefficientC{ to Cy,
stored by the manufacturer) with a specific inteécaibration function given by a

4™ degree polynomial:

Craw( 02 ) = Co + Cyp+ Cog? + Co@f® + Cuf* (2.11)

The coefficientsCy to C4, are temperature dependent coefficients uglpg(in °C)

and are calculated as:

— 2 3
Cx - CxO + Cxlgopt + szaopt + Cx360p'[ (2- 12)

The subindicex represents the numbers O to 4 for the correspgnebefficients @

to Cs. Gypiis obtained from the internal thermostat measurésnand is calculated
internally using a similar polynomial with specifaoefficients as well. Since the
optode sensor’s foil is only permeable to gas astdvater, the optode can not sense

the effect of salt dissolved in seawater, hencedpide always measures as if
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2.5 Calibration of(O,) from Aanderaaoxygen optode 3835

immersed in fresh water. Post compensation due almity effects must be

performed for the finat(O,) calculation.

2.5.1 Calibration ofgfrom cs{O,) values.
The calibration of the(O,) from the optode readings is calculated by usingewa
phase calibratedgs) from the ¢ data. The steps to complete this calibration are

shown in the next figure. According to Figure 2.11:

Step 1- Look up at the corresponding tintg)(the discrete calibration samples were
taken (i.e. for Winkler titration from the USW),&lbPhase for each samplgy and
temperature &, from the continuous data set given by the op{gzsnd &),

Step 2— Look up the salinitySy) and temperature calibrate@4) from theS and
SST record at the correspondiig

Step 3— A DPhase solved#,) is derived from the following polynomial as a
function of thecs{O,) for each discrete sample (measured by Winkleatiitn) and

their corresponding@la, &aandSsa

* — 2 3 4
Csa(02)* = Ryp + Rii®ol + Rio®ol” *+ RusBol” *+ Ria®ol (2.13)

The termcs{O,)* corresponds to the&s{O,) corrected by the concentration of
oxygen at equilibrium with the atmosphecg{0O,)) from & in seawaterS,) and in
freshwater (Benson and Krause, 1984; Garcia anddborl992) and by the density
of the seawater and freshwatgx,(and o, respectively). This correction, improves
the deviation of the gas saturation concentratiparticularly at low and high

temperatures and salinities (Garcia and Gordon2)199

In equation 2.13 the coefficien®oto Py, represent R in the polynomial:

I:)u* = Ah +Bn‘9$a+cngsa2+Dngsa3 (2-14)
The subscript “n” represents the coefficients @ tor A, B, C andD; thus a total of

20 coefficients stored for each particular optogewsed for the phase calibration,
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2.5 Calibration of(O,) from Aanderaaoxygen optode 3835

Step 1:
G.and @, atts,

\ 4

Step 2:

Ssa and ecal attsa

\ 4

Step 3:

@ol = F(Csd O2), Beat, B2 Ssd)

\ 4

Step 4:

%a VS. %(ﬂ
Ro=M@atb

Step 5:
Ra=@o—b/m
c(O2)* = f(@a, SST)

A 4

Step 6:
c(O2) = f(c(02)*, Ceask O2), Ceqin(O2))

A 4

Step 7:
40, = f(CGQSV\(OZ)i C(OZ))

Figure 2.11 — Flow diagram for the calibration loé tontinuous optode data for
c(Oy) in USW.

Step 4- A secondary calibration function is calculateaid a least square fit @,

VS. @, In the JR165 cruise, from the 186 samples cateétom the underway for
the optode calibration, 36 samples were removedsidered as outliers due to
possible entrainment of bubbles in the sample maity trapped in the pipes of the

intake or introduced by the operator during the @arg procedure. In the Figure
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2.5 Calibration of(O,) from Aanderaaoxygen optode 3835

2.12 is shown the relationship betwegnversusg, for the USW samples analysed

for the JR165 cruise is shown.

Step 5— The continuous oxygen concentration from the tinabus USW
measurements is calculated by replacing the redogda the linear equation from
@ol VS. @a(@o = 0.925¢@, + 1.187). The Figure 2.12 shows this regressidy fam
cruise JR165.

Thus, a calibrated phase{) is obtained and is used in equation 2.13 thaiois

expressed as:

— 2 3 4
C(OZ)* - I:)uo + Pul%al + I:)uz%al + Pug%al + Pu4¢f:al (2-15)

For the calculation of the coefficientg-Rfollowing equation 2.14), the continuous
calibrated sea surface temperature (SST) is usadaith of &, The termc(Oy)*

corresponds to the concentration of dissolved oxygéh no salinity effect.

Step 6— To obtain the final continuous dissolved oxygemcentration in the sea
surface, thec(O,)* is corrected by the salinity effect. For thiketcontinuous ©
concentration at saturation is calculated atith&tu conditions in the surface mixed
layer and for freshwatecd;sW(O2) and ceqO2), respectively) using SST and Py
(Benson and Krause, 1984; Garcia and Gordon, 1998).correction by the water

vapour of seawater was performed accordinGteen and Carrit, 1967

Step 7- Finally, the @ supersaturation40, in %) with respect to the oxygen
concentration at saturation for the continuous net¢® calculated following equation
1.4 in chapter 1. For cruise JR165, the mean difiee between thdO, for the

continuous optode data and Winkler measurementg@@s 0.6) %.

90



2.5 Calibration of(O,) from Aanderaaoxygen optode 3835
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Figure 2.12 — DPhase for each underway seawateplsaf@, as given by the
optode versus the corresponding DPhase solvgg) (used for calibration of
dissolved oxygen from an optode in cruise JR16% different markers indicate the
22 subsessions of Winkler analysis during the etu3ata indicated by crosses are
all the values before elimination of outliers.

To evaluate the precision of the optode calibrasind the possibility of a drift on the
sensor, the difference between the results fromklintitration €s4{O,)) and the
corresponding oxygen concentration from the cowtirsusignal at the timds, was

calculated for both cruises.

In cruise JR158, from 84 samples collected fromUBs&V for Winkler titration, only
46 comparisons were done. For the remaining 38 lesntipere was no available data
from the continuous(O;) record at the corresponding sampling time to cnap
with; 17 out of 46 were considered as outliers iaving a considerably higher
difference in concentration&Z pmol kg™ indicating a possible contamination with
air in the sample during collection or a drift frahe optode sensor. For the final 29
comparisons, the mean difference betweagd,) — c(O,) atts) corresponds to

(—0.1+ 0.5)pmol kg * with an overall precision for the optode calibvatdf 1.6 %.
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2.5 Calibration of(O,) from Aanderaaoxygen optode 3835

In cruise JR165, 36 outliers were removed aftercalération of¢g (Figure 2.12).
For the remaining 150 samples only 67 had dupkcadeeraging the results from
the duplicate samples the mean @f(Q,) - c(0,) attsy) is (0.03+ 0.57)pumol kg™
(n = 57) (Figure 2.13); 4 outliers were removed due high oxygen content in the
cs{02) (> 2 umol kg™ indicating a possible contamination with air fretsample
during collection. For 22 samples there was no d@iata the c(O,) record due to
noise in the continuous record). The mean resiftwahe calibration was (0.6 0.1)

%. The precision for this calibration corresponted %.

Since no clear drift from the optode signal waseobsd in the Figure 2.13, and
during the evaluation of data from the cruise JR15@& stability of the optode sensor
over the time can be assured and a single stegafitoration for each cruise of the

corresponding continuous data was done.
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Figure 2.13- Difference betweerc{{O,) — ¢(O,) atts,) for cruise JR165.
2.5.2  Air-to-sea oxygen fluxKg) from 40..
The 40, together with a weighted gas transfer coefficignt section 1.6; chapterl)

are used to estimate the flux of oxygen throughatineea interfacefg) following

equation 1.2 (section 1.7; chapter 1).
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2.6 QJ/Ar ratios and triple oxygen isotopes by IRMS

2.6  OJ/Ar ratios and triple oxygen isotopes by IRMS.

2.6.1 Sampling procedure.
Discrete samples for £Ar were collected from the free running seawatatted in
the USW-SS (Figure 2.1, outlet 1) for the calilmatof the MIMS data. The same
sample was also used to measure the isotopic aboad# the dissolved oxygen.
Only 7 samples between the two cruises were alected from Niskin bottles
(mainly from the surface sample) for thg/& and isotope quantification.

Seawater samples were collected into 350 ml glatkeb (referred to as “evacuated
bottles” hereinafter) with compression o-ring vav&lass expansignpreviously
rinsed, dried and air evacuated to less than*<hbar. As part of the evacuated
bottle preparation, a volume of 1Q0 of saturated HgGlsolution was added to
avoid biological activity during storage until foer analysis (Kirkwood, 1992; Quay
et al, 1993; Emersoret al, 1995; Kaiseret al, 2005). The preparation of the
evacuated bottles was done in the stable isotoperdtory at UEA before the
oceanographic campaigns. The o-rings of the higlwwa stopcocks were lubricated
with high-vacuum inert grease prior to vacuum eatiom. The volume of the bottles
was calibrated by the difference between the wsigiitthe full bottle with water
minus the weight of the empty bottle.

About 250 ml of the seawater sample was drawneaith evacuated bottle through
the valve side arm with care to not introduce After closing the valve, the arm was
filled with water to create a water-seal, retaimeglace by covering the end of the

arm with flexible plastic caps.

The discrete samples in evacuated bottles wereatetl approximately every 6 h
during each cruise, as long as the USW was on. bitiges were stored at room

temperature until further analysis after being pagpto UEA.

As discussed in section 2.3.1, simultaneous sampkre taken to compare,O
concentrations in USW and surface Niskin bottlesa avay to evaluate the effect of
the intake system over the seawater in the USW.sHEmee approach was used for

evacuated bottle samples anglAD ratios. Results are discussed in section 2.8.
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2.6 QJ/Ar ratios and triple oxygen isotopes by IRMS

2.6.2  Quantification of G/Ar ratio and triple oxygen isotope¥®, }’O and
180)_

The samples in evacuated bottles from the JCReswigre all analyzed in Michael
Bender’'s laboratory at Princeton University (PUheTextraction line (see Figure
2.14) was the same as the one used by Reteal (2007a) with minimal
modifications. The sample analysis was performathduwune and July 2007; two to
three months after the samples were collected.amnagysis was done according to
the sampling chronological order (i.e. first JR¥a8nples, then JR165 samples).

In 2002, Luzet al. reported that keeping the bottles with the watek/| the storage

time between collection and analysis could be sg#wapnths without deteriorating

(Luz et al, 2002). Reueet al. (2007a), made a more complete evaluation of this. |
order to evaluate the effect of the gas permeatimhsample contamination by using
Viton o-rings (the same as the ones used in thidy}t the authors concluded that
based on a sample volume (250 m) of Subantargii tyaters (i.e. at 10 °C and 34.5
of salinity) the Q/Ar measurements have an associated error of Otdr %amples

stored and analyzed 6 months later. An error & @slwas found for samples stored
for a year. In the case of the isotopic compositboxygen, the authors concluded
there is no fractionation effect associated with dhring during storage. Thus, from
these results the samples subject of this reseaight not have suffered from this

effect either.

After headspace equilibration of the samples, redaturing the period of transport
and storage, ~99 % of the water phase in the etedimttles was drawn out of the
bottle under vacuum. The bottle was then connettteth automated extraction line
in order to quantitatively separate the gasestef@st (Q and Ar) from N, CO, and
H,O, and leave the samples ready for mass specticragtlysis. The system was
developed and described first by Lat al., (1999) followed by modifications by
various authors (i.Blunier et al, 2002; Barkan and Luz, 2003; Hendrioksal,
2004; Reueet al, 2007a).

The main steps in the extraction line are showtnénFigure 2.14 followed by their

corresponding description.
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0y ) &) (4) &)

S oo Y O

Iso-propanol Trap I GC Trap II
chiller bath drv ice bath Crvocooler

Figure 2.14 — Schematic representation of theaetibn line used to remove;N
CO, and HO from the headspace of seawater samples as piiepdi@ the IRMS
analysis.

In order to freeze most of the,® contained in the bottle (as liquid and vapour
phase), the evacuated bottles containing the sahgadspace were immersed in a
chiller bath with iso-propanol at —=70 °C (1) foroalb 30 min. The chiller bath was
connected to the extraction line which was keptenndacuum at all times (~1b
mbar). The system at PU allowed the automated aidraby groups of five samples
and one aliquot of compressed dry air (Cair). Thttet was admitted to the
extraction line to be analyzed in the same wayhasheadspace from the seawater

samples. The Cair aliquot was used as the refersarople.

The valves of each bottle were opened in ordexpaied the gas mixture into a glass
spiral-trap (2) immersed in a dewar with iso-pragarooled with dry ice to reach
—78 °C; this step was in order to remove the remgiwater vapour after the first
chilling step. After this process, the dry gas migtwas condensed on coarse (2 mm
diameter) type 5A mol sieve (3, Trap 1) held auldynitrogen temperature (-196 °C
or 77 K).

The sample was then passed through a chromatogregioimn (4), (mol sieve 5 A,

4 m, 1/8”outer diameter, 60/80 mesh) held at 40 °C. Heljpade 5.0 was used as a
carrier gas at a constant flow of 13 ml fhithe latter was cleaned of contaminants
by passing it through a mol sieve trap cooled buitl nitrogen before entering the

chromatographic column (Barkan and Luz, 2003; Retuat, 2007a).
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The preparatory chromatography removesahd CQ retaining only @ and Ar on a
second mol sieve trap (5, Trap Il) of 5 A and 45f86sh. The carrier gas was
pumped away while keeping the trap at 77 K withuiligN,. Finally, the Q and Ar
mixture was transferred to stainless steel tubgsc@dled to < 20 K with a He

cryocooler.

Each run of the extraction line was enough for ®eawater samples plus the dry
Cair aliquot as reference standard per set of ssnplhe time required for the
preparation through the extraction line was 46 sainiple (~4.5 h per set of six
samples). The cryocooler containing the purified &d Ar mixtures was then
connected to an IRMS. Before the analysis of thepsas, the cryocooler was
warmed to 300 K for 4 h as equilibration time tanmmize adsorption effects in the

walls of the stainless-steel tubes.

The same procedure was applied to air-equilibratemter samples (Eqwat
hereinafter) prepared in the laboratory. Since emicates of the seawater samples
were collected, the results from the Eqwat samplese used to verify the
reproducibility and performance of the extractiomeland mass spectrometer. The
equilibrated water samples were prepared as follew& | beaker of distilled water
was spiked with 1 ml of saturated Hg@blution and left under continuous stirring
for at least 24 h to reach equilibrium with the asphere. Sets of subsamples were

drawn into previously prepared evacuated bottldsrathe seawater samples.

The @ and Ar gas mixture from seawater samples, CairEoaat were analyzed
for O.J/Ar and 3’0 and 8°0 values (relative’0/°0 and *®0/*°0 isotope ratio
differences) by a dual inlet mass spectrometeesy$thermoFinnigan MAT 252).
Simultaneous measurements of the ion beans32, 33 and 34 were made to
determine the?’O andd*®0 values of the ©using a multi-collector. Afterwards, the
O,/Ar ratios were measured by a series of single oreasents for the ion beam
intensities of*°0, and“*°Ar on a single collector (peak jumping); all measuents
were made relative to a gas mixture working refeegisee below). Also, Nm/z28)
was measured to either indicate incomplete gasaema by the preparatory GC or
air contamination during the process. The idergtfan of N, was used to correct for

interference with the £sotope measurements (Barkan and Luz, 2003).
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2.6 QJ/Ar ratios and triple oxygen isotopes by IRMS

The working reference was a pressurized mixturArofd.23 %) and @ similar to
the ratio of these two gases in air (20.942 Yaad 0.934 % Avr).

Each mass spectrometric measurement consistedeef skeparate runs during which
the ratio of sample to working reference was deiteech24 times (cycles) to achieve
high precision in the»values. Therefore, the reportédralues are averages of the

results from the three runs.

Aliquots of the sample and working reference gasewsalanced by measuring the
voltage of mass 32 in the bellows before each efthitee runs; this procedure is
useful to decrease the analytical error due tospresimbalance between the sample
and standard side in the MS. The efficiency of #Hanple preparation in the
extraction line and analysis in the mass spectremet given by the analyzed
aliquots of dry compressed air. For 22 aliquot<afr measured during the entire
period of time of analysis (for all samples froml3R and JR165), theolstandard
deviation of the mean wa€).006 %o ¢''0), £0.010 %o ©*°0), +0.1 % (Q/Ar) and
+7.7 per meg*(4).

Each block of 24 measurements (each done 3 timek)-t2 h. This permitted the
analysis of six samples (five seawater samplesam@dCair aliquot) per day. The
average *& output voltage for then/z32 ion beam for the standard (ST) side and
the sample (SA) side in IRMS for the zero readirsggwater samples, equilibrated
water samples and compressed air aliquots is 30132 V and 3.006+0.202 V,
respectively. The mean of the absolute imbalantedsn both bellows was 0.0005
V using a range of manually fixed voltage. Seeieac2.9 for further details of the

data corrections and bellows imbalance results.

2.6.3 Corrections to the measurements ofAD ratios.
a) Normalization ofd-values against atmospheric air for ¢{@r).
The measurements ob@r ratios in the evacuated bottles by IRMS weraelfrom
the ion current converted to voltade) for both massesr(/z32 and 40), and

represented as standa¥aotation following:
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2.6 QJ/Ar ratios and triple oxygen isotopes by IRMS

Uao/U
Ssayref(Oo/AT) = (U32/U40)sa _4 (2.16)
(Uz2/U4q0 )ref

where,Us, andUyo represent the voltage of the ion beam intensibesn/z 32 and
40, respectively. The subindice “sa” indicates thwresponding ratio for Cair
aliquots and seawater samples, while “ref” is tagorfor the working reference.

Thus, this is referring t@aref O2/Ar) and &airre( O2/Ar), respectively.

The QJ/Ar ratios for air-equilibrated water (@\r)eqway and working reference
((O./Ar)e) were also measured to verify the performancehefrhass spectrometer
and efficiency of the method. The preferred refeestor Q/Ar ratios is atmospheric
air. The composition of atmospheric air is well Wwmy thus, atmospheric air is
considered as a globally constant reference foattaysis of triple oxygen isotopes
(Barkan and Luz, 2003). Therefore, the dry Caiquais analyzed at the same time
as the set of samples is the reference for theaeawamples results. The relative
OJ/Ar ratio difference of the samples with respecaitowas computed from the mass

spectrometer measurements as follows:

6sa/ref( 02/ AI’) B 5Cair/ref( 02/ Ar)

0. {(O,/Ar) =
sa/Can( ? ) 1+ 5Cair/ref(02/Ar)

(2.17)

A total of 40 measurements of Cair were evenlyrithgted during sample analysis
(34 days). 18 out of 40 were useless due to sepeodlems with equipment and
power cuts during the analysis, during these psrialdo some seawater samples
were lost. The median value fégaine(O2/Ar) values for the remaining 22 samples
was —-8.&1.1 %.. This value was used in the equation abova esnstant value to

correct for all the discrete samples.

As was discussed by Hendricks al. (2004), due to the quantification 810, and
“%Ar as peak jump on a single collector in the masscsometer, no measure of
internal precision accounted for the/& measurements. As discussed before, the
Equwat samples are used to verify the reprodutylaind performance of the method

and sample analysis due to the lack of sample catpk.
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2.6 QJ/Ar ratios and triple oxygen isotopes by IRMS

b) Correction by solubility.

In order to calculate the fAr ratio for the discrete seawater samples,/AQs,),
including samples from USW and from Niskin bottle$)e Cair reference in th&
value of the gas ratio for each sample was rembyeabplying the equation below.
The QJ/Ar ratio in air was taken as 22.42 (with a peraeget abundance of,Qor
atmospheric air as 20.942 % and for Ar, 0.934 %uéGkauf, 1951).

(O2/AN 55" = [1+ deaycailO2/AN] X (Oo/AN cair  (2.18)

The term (Q/Ar)ss, implies a partial result for the »@r ratios. Due to the
distribution of gases between the headspace anerwatthe sampling bottles at
room temperatured = 21 °C) during the equilibration, a solubilityrcection was
applied considering the volume ratio of water tadspace and the solubility of each
gas at the temperature of analysis (Luz and BarR&92; Luz et al, 2002),

following:

(O,/AN o =Qx (0x/AN)ga (2.19)

The factorQ is determined from the volume ratio of water tadgpace &= Vsw/Vy,
where Vs, and Vy are the volumes of the seawater and headspace prasach

sample, respectively) corrected by the solubilitpeand Ar at 21 °C, using:

_1+ a(0,) ¢

Q 1+a(Ar)e

(2.20)

The terma is the Ostwald solubility coefficient for each gagich accounts for the
volume of dissolved gas per volume of water atrtteasurement conditions (21 °C
and salinity of 33 for seawater samples). The slitybcorrection for the QAr
ratios in the seawater samples accounted far0625% H=108) of the ratio for the

corrected final value ((£Ar)sy).

A total of 11 air-equilibrated samples were meaguiegether with the seawater
samples showing an average of 2048040 in the @Ar with a precision of 0.195

% equivalent to the overall precision of the method
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2.7 Calibration of continuous Ar ratios from MIMS

The ratio values obtained here are in good agreemih Hamme and Emerson
(2004). After a repetitive analysis of 14 air-eduited water samples, the authors
found an average AAr ratio of 20.399+ 0.010; however the precision observed by
the authorsA 0.048 %) (Hamme and Emerson, 2004) was about dstivetter than
the precision found in this study. This is duehte differences in the method applied

to measure these values.

2.7  Calibration of continuous £Ar ratios from MIMS.

The continuous underway-@r ratios were calibrated by linear regressioniasta
the QJ/Ar ratios from the discrete seawater samples/&f)sy. After interpolation of
the working MIMS variables (Table 2.3) and creatminthe 10 s resolution grid,
elimination of water flow perturbations and measuweats from the jacketed beaker
from the continuous data, the USW-MIMS/@ values were calibrated using the
results from the discrete samples; 1 min-averageth® QJ/Ar ratio from the
continuous data were extracted at the collectiore tof the discrete samples in the
evacuated bottleste(pro). A least squares fit was obteined betweew/AQs, and

O,/Ar at timeteypot

Samples from the Niskin bottles were excluded ef@/Ar calibration. A total of 90
discrete samples in evacuated bottles were coflefttam the USW and surface
Niskin bottles for the cruises JR158 and JR165;sdrhples corresponded to the
JR158 cruise but 4 samples were removed due tocoatamination during the
sampling procedure. The remaining 76 samples quoureted to the JR165 cruise; 6
samples out of the 76 were collected from Niskirttles, therefore were not

considered for the calibration equation fit.

An independent linear fit was performed for eaahs®; however, some criteria were
considered within each cruise to construct secontilaear fit equations, grouping
the discrete samples based on: the usage of awartdegassing membrane, rate of
water flow through the degassing membrane and gearp speed. For JR158, 6
discrete samples were used for the calibration gg®dJulian days 43.5 to 47.8).
During that time a longer degassing membrane wasd,uthe coefficient of

determination 1¢) for this fit corresponded to 0.97. The/&r ratios given by the
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2.7 Calibration of continuous Ar ratios from MIMS

MIMS data were on average 1#B47 higher than the fAr values from the

discrete samples.

After Julian day 47.8 the membrane box mentionedeiction 2.1.3 was used. For
this calibration, 4 discrete samples were usedotwstruct the linear fitr¢ = 0.99)

(plot not shown). A better agreement between tiselt® from the membrane box
and the ones from the discrete sample analysiohserved. The MIMS data using a
membrane box were 0.20.03 higher than the #Ar values from the discrete

samples.

During cruise JR165 only the membrane box was uaddtal of 70 samples from
USW samples were selected to be used for the camis signal calibration,
however only for 54 samples an/@r at te,hot Was available from the continuous

record.

The overall calibration for the continuous/@x data for cruise JR165 was split into
seven groups (i.e. seven linear equation fits),re/leach corresponded to a different
gear pump speed translated to a different watev fised to feed the membrane
(Figure 2.15). The average coefficient of deterraoma for the seven linear fits
accounted for 0.96. The mean residual after caldwacorresponded to (0.@ 0.4)
%.
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Figure 2.15 — Seven linear regression fits fordhlébration of Q/Ar from MIMS
data recorded during cruise JR165.
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2.8 Comparison between discrete CTD and USW sample

2.7.1  Biological O; flux (Fuio) from AO,/Ar estimates.

The biological contribution to the Gsaturation can be estimated by comparing the
measured @Ar ratio with the ratio at saturation with the atsphere ((@Ar)eq
(Craig and Hayward, 1987). Thus, the calculation thie biological Q
supersaturation40,/Ar) (equation 1.5 of chapter 1; section 1.7) igegi by the ratio
between the measured/@r ratio in the surface seawater and/@).q The latter is
the saturation concentration ratie.{O,) / Ce(Ar)) determined from the solubility
equations for @ (Benson and Krause, 1984; Garcia and Gordon,;1Q8gcia and
Gordon, 1993) and for Ar (Hamme and Emerson, 20&gl)a function of the
correspondingn situtemperature, salinity and pressure (SSdnd B, respectively).
The biological @ supersaturation was also calculated for the disceamples

(4s{ O2Ar)).

From thedO,/Ar, c.{O,) and the appropriate weighted gas transfer coefffiaky)
(Sweeneyet al, 2007; Reueet al, 2007a) it is possible to estimate the rate of
biological G production, here referred as to biologicalfldx (Fpie in mmol m? d),
integrated over the mixed layefy, is calculated following the equation 1.5 in
section 1.8 (chapter 1).

2.8  Comparison between discrete CTD and USW sampled@eandA(O,/Ar):

an evaluation of the effect of the intake pipes
As discussed in section 2.2.1, the time delay efwiater flowing through the intake
pipes by 2 min, was the main cause of the warming @b °C in the surface water.
The warming effect can potentially affect the, ©ontent in surface waters,
adsorption in the walls of the intake pipes or bgakification or by consumption of
O (respiration) by biological activity (if any).
In order to identify any potential effect in thesslblved Q concentration due to the
pipes of the intake system, a comparison of resufits(O,) and Q/Ar between
discrete samples collected parallel from the serfideskin and from the USW was

done.

From this comparison, is also possible to identifg entrance of bubbles into the
system, leading to an apparent excess of disso®@edn the seawater when

compared to the £concentration in the sample from the surface Miski
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2.8 Comparison between discrete CTD and USW sample

2.8.1 Comparison betweef O, and4c1p(0O,) in discrete samples.
For JR158, a total of 16 out of 20 CTD stationsev&multaneously sampled from
the surface Niskin and USW to compare theircOntent. The comparison was made
in terms of the @ supersaturation for both sourceglc{p(O,) and A0,

respectively).

The absolute of the mean differenced®, (4yit(02) = |4s{O2) — 4co(O2)|) was
0.30.2 %. Considering e.{0O-) equivalent to 351.aumol kg' at 0 °C and salinity
of 33.5 in the surface ocean (1013 mbar) (Benswhkrause, 1984; Garcia and
Gordon, 1992) theki(O,) during cruise JR158 was equivalent to+D.J pmol kg*

in terms ofc(Oy). This comparison suggests a highercOntent in the water from the
USW than in the one from the surface Niskin (indefantly if they are super or

undersaturated with respect to thev@lue at saturation) (Figure 2.16).

o A4i(0,) ; JR165 s A4ix(0,) ; JR158
0, _

4% & Ayin(O/AY) ; JR158 & JR165
< 3% 35, o 227
Q© ¢ 65
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Figure 2.16 — Difference betweel{O,) minusActo(02) (it (O2) in %) for: JR158
(squares) and JR165 (diamonds). Error bars stiowfrom the meamdO, for USW
duplicate samples. Only three samples from the @ligkin bottle during cruise
JR158 had duplicate analysis, while none duringctiwese JR165. Empty triangles
represent the difference betwe#gO,/Ar) minus Acrp(O2/Ar) for JR158 and JR165
(4qis(O/Ar) in %); error bars showlo between pairs of samples comparisons.
Upper and lower limits of the meatlo is represented for JR165 (full horizontal
lines) and for all thedO,/Ar comparisons (dashed horizontal lines).
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2.8 Comparison between discrete CTD and USW sample

The analytical precision of the Winkler titratiodaring JR158 was 0.26mol kg ™;
thus, the difference in Oconcentration between samples is off the rangéhef
precision and some effect might have happened énintake pipes to increase
slightly the Q concentration. Unfortunately, the comparisons @oé enough in
number to go further on this explanation. More d@ataa reliable comparison is
needed. Considering the relatively small differenteoncentration between both
water sources, no further correction due to thiu@mfce of the pipes of the intake

system was done for the data of cruise JR158.

For JR165, a total of 34 comparisons betwdgf0,) and Actp(02) were made. A
mean 4qi(02) of 0.740.8 % was identified. Theyi(0O2) corresponded to 2+2.8
umol kg' suggesting, as in the JR158 cruise, higher amofif®, in the USW
samples than in the CTD samples (Figure 2.16). Bivihe comparisons showed a
difference higher than the mean&11.4 %) (stations 35, 65, 67, 174 and 227)
resulting in less @in the CTD sample than in the USW by as much 38024 %
(8.0£1.4 umol kg™).

To evaluate the situation for each station, the @étthe optode was investigated at
the time of collection of discrete samples. Fortista 67, the signal forc(O,)
provided by the optode at the time of samples ctila was very noisy, indicating

bubbles created by turbulence into the intake syshee to heavy seas.

The design of the intake system is a key fact@uitcessfully obtain continuous gas
measurements from surface water. At the JCR, tlsggeconsists of a pipe with
three positions: 1) up, 0.5 m above the keel, 2),m line with the keel, and 3)
down, where the pipe extends 0.3 m below the Kéwd.internal pipe diameter of the
intake is 125 mm. The surface seawater is delivémexdigh the intake by two pumps
alternating their pumping period every 12 hr; epamp has an average flow rate of
7400 | K. As explained in section 2.1.4, two sieves arel (peior to the pumping
system) to avoid the entrance of large particleS (rm) that could clog or damage
the system. During heavy seas, presence of ice fod/or at ship speeds >12 kn the
intake pump is turned off or remains in mid positio the best case. The down
position of the intake showed to be the best fontiooous measurements of
dissolved gases from the USW, improving the datityusignificantly by avoiding
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2.8 Comparison between discrete CTD and USW sample

the entrance of a large amount of bubbles intopipes. During the occupation of
station 67, the JCR deck engineer changed thedrtakpward position to avoid the
pipe to brake due to possible crash with waves. aAsesult in our oxygen

measurements, an apparent higki€d, was identified when comparing with its
similar from the Niskin surface bottle, by as m@sh2.1 % (7.3imol kg?). For the

remaining four comparisons for stations 35, 65, aiid 227 during JR165, no noise
generated by entrainment of bubbles was detectetieénoptode signal. For this

group of stations, th&{O,) was on average 2.3+0.4 % (8.0+juhol kg') higher
than thedcrp(0y).

The change in ©solubility in seawater (33.5) at atmospheric puesg1013 mbar)
is about 2.37 % due to a change by 1 °C of temperah the water (Benson and
Krause, 1984; Garcia and Gordon, 1992). For thesipus comparisons it is
important to take into account the following asstions: 1) all the USW were under
the same warming effect of 0.65 °C, 2) the changbe gas solubility is slower than
the change in the water temperature and 3) asthpdrature of the water increases
the G concentration will decrease; thus, the differdriasaturation between USW
and CTD samples must be due to other reasons tharraing effect by the intake
pipes. Unfortunately, the comparisons were not ghom number to explain the

observed differences.

Consideration should be made to the low temperatuiseawater which can have an
important effect to the solubility response of b comparison to the change of
temperature. The latter might happen at a fasterttean the former; however, the
change in oxygen solubility is not linear. The ratehange in the oxygen content is
slower as the temperature of the water increasesoAstant salinity (33.5) and at
atmospheric pressure (1013 mbar) the dissolved eaxygpncentration on average
decreases 8.8mol kg per 1 °C of change in the water; this is truedamnge of
cold waters (-1 to 3 °C). On the other hand, asner is warmer (4 to 10 °C) the
O, content decreases by ol kg under the same conditions of salinity and
pressure (Figure 2.17). Thus, the warming effdeniified in the intake pipes is
expected to cause a decrease in oxygen concentrdtibe surface water rather than
the observed decrease in comparison to water fnenNiskin bottles.
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2.8 Comparison between discrete CTD and USW sample

If the effect of the intake pipes over the surfager is not clear (or possible to
explain from the few comparisons made above) tda@x@n apparent “production”
of oxygen in the surface, we could think of a degas effect on the water sample
into the Niskin bottle. This could be possible iifecof the following conditions, or a
combination between them, is true: 1) the closigiesn of the Niskin bottle was not
working properly, 2) the water sample was not ih& bne to be collected from the
Niskin bottle, thus contamination by air could amror 3) a delay of several minutes
between the sample collection from the USW and iNislottle, leaving the water

into the Niskin bottle for a long time.

For condition 1, during both oceanographic campaigmme Niskin bottles did not
close properly during firing; however they wererit#ed on time to avoid sampling

water from them.

For condition 2, the samples fop @nalysis during both cruises were the first ooes t
be collected from the Niskin bottles immediateljeafthe rosette was brought back
to the deck. Therefore, neither of the factors d 2nvould account for the observed
Csd O2) > ccTo(02).
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Figure 2.17 — Non-linearity of the concentrationdi$solved Q (ce((Oz)) over a
range of temperatures between -1 to 30 °C for gea@onstant salinity of 33.5) at
atmospheric pressure (1013 mbar). The calculat@insolubility were based on
Benson and Krause (1984) and Garcia and Gordor2(a88 1993) equations.
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2.8 Comparison between discrete CTD and USW sample

For condition 3, this is also unlikely to happereda the degassing of the seawater
contained in the Niskin bottle can be a slow preaéthe latter is working correctly.
In any case, an evaluation of the difference idectibn times for both USW and

Niskin bottle is made next.

To evaluate the time difference between sampleecitins the USW sample
collection time was registered during the cruiskhdugh the real collection time of
the sample from the Niskin bottle was not registetle firing time of the surface
Niskin bottle was used instead. For all the 34 camgpns, an average difference
between collection times (sampling time delay)he USW sample and the surface
Niskin bottle firing is 2.#2.4 min (Figure 2.18).

For 31 samples, the USW sample was collected béfieréliskin bottle, intending to
collect the USW sample at around the same time wheriskin bottle was fired.
The time delay between sample collection is ancatthhn of the probability to
collect the same water mass. As can be observetthdostations of interest, it took
about 2 min between the USW sample collection &edsurface Niskin bottle was
fired, therefore we can conclude that the same nmmatess was sampled and the

differences in the @saturation is not due to a delay between sampléecton.
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Figure 2.18 — Sampling time delay (min) betwe®qO,) and 4cp(02). Negative
values indicate the time in min the USW discretm@a was collected before the
firing time of the surface Niskin bottle.
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2.8 Comparison between discrete CTD and USW sample

Thus, in view of no clear explanation for tbgO,) > cctp(O,), stations 35, 65, 174
and 227 were not considered for the calibratioppses. If removed the offsets from
the differences in the stations discussed aboeeraimainingdgi(0O.) for the rest of
the stations showed a mean value of:0.4 % (1.41.4 umol kg*, n=28) of G
higher in the USW sample than in the surface NisKihis result is in close

agreement with the observations during the criiEs8 (0.30.2 %).

After this evaluation, the comparison betwerfO,) andccrp(O.) leaves no clear
explanation for the apparent “autotrophy” in thiake pipes or “heterotrophy” in the
Niskin bottles. Furthermore, the intake systemhmdCR does not cause a significant

degassing of the surface seawater, either by a wgreffect or gas adsorption.

From the few comparisons made and considering tiadytical precision for the
Winkler titrations during the cruise JR165 (0280l kg?), approximately 0.14 %
(0.5 umol kg?) of the total @ concentration can be attributed mostly to anadytic

error by the introduction of bubbles during the US&¥hpling into the Winkler flask.

Recent efforts by other authors have been madedier do evaluate the effect of the
intake pipes over the surface water for dissolvasl gfudies (Juranedt al, 2010).
However most of the few evaluations made so favlvesa loss of oxygen (up to 2
%) in the intake pipes and no previous study of thature has been done for the
JCR. For this study, the unclear comparisons wemeved from the calibration of

continuous data.

2.8.2 Comparison betweef{O./Ar) and Actp(O2/Ar) in discrete samples.
A total of 5 comparisons (stations 2, 65, 84, 98 288) between thdO,/Ar discrete
results from USW 4{O-/Ar)) and surface Niskin bottles4¢rp(O/Ar)) for both
JR158 and JR165 cruises, were performed (averdfgredice 1.3+ 3.5 %; n=4,

station 2 not included).

However, in order to have more observations4bg)(O./Ar) were compared to the
corresponding4dO,/Ar from the continuous MIMS data at the Niskin thexd
sampling time (firing timetsing). A few more comparisons were possible (8 in jotal

with stations 18, 23, 29 and 35 added to the listamparisons. A meadO,/Ar
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2.8 Comparison between discrete CTD and USW sample

difference Qair(O/Ar) = A(O/Ar) at tiing — Acto(O2/Ar)) of 1.1 + 1.0 % was
observed (Figure 2.16). In agreement todf@@,) comparisons, the 4Ar saturation
was on average higher in the USW than in the CTrhpées.

The 40,/Ar comparisons are not intended to identify a dsgesy process in the
intake pipes due to both Ar and @re expected to degas at the same rate if both
remain under the same saturation levels with reégpeibe atmosphere. On the other
hand, these comparisons would only allow to confiamreject) our explanation of

the presence of bubbles causing artefacts in tHg3$Y data.

Stations 35, 65, 84, 98 and 238 were also complmed(O,) discrete samples.
Station 65 did not show highl(Oo/Ar) as in A4i(02) (0.59 % and 2.44 %,
respectively), despite it was collected nearly 1@ tvefore the Niskin bottle was
fired (Figure 2.19). Therefore, the introduction lafibbles while sampling the
discrete USW for(O,) analysis is supported.

In an analysis for the delay on time between discsample collection, the average
time was 4.6 min for the USW samples collected teefoe surface Niskin was fired.
The ship was still on station during that periodtiofe, therefore the observed
A(Oo/Ar) at tiring > Acto(O2/Ar) apparently is not due to the introduction obbles
during ship movement (Figure 2.19).
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Figure 2.19 — Sampling time delay (min) betwedyO,/Ar) and Acrp(O/Ar).
Negative values indicate the time in minutes theg USW discrete sample was
collected before the firing time of the surfacekiisbottle.
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2.9 Corrections to the triple,@sotopes for ' calculations

Station 35 showed for both comparisons ina@d Q/Ar saturations, high values in
the USW samples (1.8 % and 2.8 %, respectivelyitatichg that, as provided solely
by the Q data, during this station a possible entranceubbles in the intake system
during the sampling time was likely to happen.Ha tase of stations 18, 65, 84, 98
and 238 no clear explanation can be drawn regattiednigherdO,/Ar observed in
the continuous USW (08 0.7 % on average). Tht(O./Ar) is in the range of the
meanzt 1g; however, more comparisons are needed in ordelraw conclusive

observations.

In summary, the USW discrete samples showed inagee0.4 % to 0.8 % higher
saturation for @ and Q/Ar analysis respectively, than in the discrete @as from
the surface Niskin. These differences are in batbes higher than the precision
reached by the Winkler titrations (0.1 %) and dgrine Q/Ar measurements (0.1 —
0.2 %). Some of this difference could be due tdydital error by the introduction of
bubbles during the sampling procedure. However,ldiaenumber of comparisons
for both @ and Q/Ar determinations might have not been enough tuate the
contribution of the intake pipes of the JCR or gtiedl errors. For the calibration
procedure in both cruises, the non-explicable caoispas were removed and no

further corrections to the and GQ/Ar data were done.

2.9  Corrections to the triple QOsotopes for’4 calculations.
From the measurements 6f0/*°0 and '®0/*°0 in the headspace of seawater
samples, the isotopic abundance can be express&datation (in parts per mille,

%o) following:

0'0=R,(0/%0) /R (0/¥0)-1 (2.21)

where,i is equal to 17 or 18 (i.&’O andd'®0). The relative abundance ¥0/*°0
and *®0/*°0 for the seawater samples (sa) was measured agansame working
reference (ref) used forfAr ratios. However, as in the case of t{©,/Ar) ratios,
the preferred working reference is atmospheric #ius, a normalization against

atmospheric air is needed.
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The *’A calculation, as explained in Chapter 1 (equatidr8,1section 1.10.2) was

performed according to the following equation:

7 A=In@+6Y0)- A In@1+ 520) (2.22)

The coefficientl represents the reference mass-dependent fractinrebpe for the
Kinetic respiratory process (consumption by resiona of O, produced by
photosynthesis) in aquatic systems correspondifightb79 (Luz and Barkan, 2005).
The measurement @kvalues can vary due to interactions between tkesgacies in
the sample, such as g¢@nd N. Interactions in the IRMS ion source might occur;
therefore separation of gases such as Ar fronafd important before the isotopic
measurements are performed (Barkan and Luz, 2008yever, some interactions
might still occur and corrections to the findalues are needed before the filial
calculation. The following corrections were perf@unin the subsequent order: 1)
pressure imbalance in the sample and standard ketlews of the MS, 2) N
interaction, 3) Ar interaction and finally, 4) tim@rmalization to atmospheric air as

reference.

For 3’0 andd™0, the solubility correction was not performed mshie Q/Ar ratios
(section 2.6.3). This correction only accounts &bout 0.2 per meg, being a

negligible value for the overall quantification Khiser,personal communicatigon

2.9.1 Pressure imbalance correction.
For MAT-Finnigan MS with dual inlet system, the design for the apat ratio
determination consists of the balance of presshetéseen the sample and standard
side bellows in order to reach equal voltage. Tt& dwitches between the two inlets
in each run, sending gas from one inlet to thezaidon source and gas from the
other inlet to waste. Balance between the expanesfothe sample and standard

bellow must be reached according to the aliquopeeted to be used.

Since the reference gas has a different composttian the gas from samples,
differences in the ionization efficiencies of th&ot gas mixtures could cause
different voltage measured values due to imbalandde bellows. Therefore, the

measured isotope ratio depends on the adjustmenheofsample and standard
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voltages before the MS analysis. The adjustmepeiformed in the most abundant
m/z of interest, which is in this case, 32. The adjesit is done automatically;

however, measurements are sensitive to any imbalanc

The pressure imbalance for the analysis of the 8RAd JR165 samples was
corroborated at the end of the sample analysesot&l of 5 zero enrichment
measurements were done by a manual voltage variafia0.05 V to them/z 32
fixed value (2.99 V) in the sample side bellow.d4al of five steps on the voltage
variation (i.e. every 0.025 V) were performed irder to generate a pressure
imbalance between the sample and reference sitevsebf the IRMS. On average,
the difference between the output voltages from gample side minus the fixed
reference side was 0.007+0.048 V. The medigto) of the change id’O was
0.005:0.017 %o and ford"®0 —0.0030.008 %. (Figure 2.20). This change was
negligible and no further corrections were done tludellows imbalance for the

results of the seawater samples.
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Pressure imbalance (V)

Figure 2.20 — Variations in the pressure imbalgr€©e05 to 0.05 V; in steps of 0.025
V) of the sample and reference side bellow #WfO (blue line) andd®0
measurements (red line) (%o).

2.9.2 Corrections by Minteractions.
Since N is the main constituent of the atmospheric airdiasussed previously, it
was removed by gas chromatography from the headsjacorder to avoid

interactions with the gases of interest @Dd Ar).
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2.9 Corrections to the triple,@sotopes for ' calculations

Traces of N due to an inefficient separation through the clatmgraphic column
during the sample preparation, or contaminationtltd sample, can lead to
interactions in the ion source affecting the fi ovalues. To correct for the
presence of pltraces, the MO, ratio was calculated for each sample and multiplie

by a previously estimated,$lope ford"’O andd*®0O respectively.

The N slope was calculated after all the sample analyseseries of gas mixtures
with different N content (variations of Ncontent in the working reference), were
injected in the sample side bellow of the MS. Téwadpic abundance &f0 and*®0
after N/O, variations was measured for each mixture. Theseltsewere plotted
against thedN./O,) (%0) values fromm/z 28 and 32, calculated by the following
equation:

(Uzg/Uszp)sa
O(N,/O,)=——<8 —2<758 _1 2.23
(N2/02) (Uzg/U3z2) et (2:23)

whereU,g represent the voltage of the ion beam intensitesn/z 28 in the sample
side (sa) and standard side (ref). Next figure F@g2.21) shows the JNNslopes
obtained from the linear relationship betwedHO and %0 versus AN,/O,),
obtained by increasing up to 3 times thgddéncentration in the working reference
(sample side) measured against the original coratér (standard side). Each

reading was performed in triplicate.
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Figure 2.21 — M slope ford"’O and 8'°0 using four different concentrations of
working reference measured in triplicate.
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2.9 Corrections to the triple,@sotopes for ' calculations

The N, slope ford’0 (N2"79) corresponds to —1.5 10°%; while for 320 (N;*89) is
~1.8x 10°. The factors (in %o) for the Ncorrection in the¥’O and3®0 (N,_d'0),

were calculated according toX 17, 18):

N2_5io:[M_1)x N, 4° (2.24)
U2g/ Usz2)ref

All discrete seawater samples, air-equilibratedewatamples and compressed air
aliquots were corrected by this factor. It is assdrthat the ratios from the reference
do not change over time due to changes in ionizafticiencies.

On average, the Ncorrection for the seawater samples accounte@.6#05 %o for
the 8’0 values, while for thé'®0 values corresponds to 0.0089 %o.

2.9.3 Corrections by Ar interactions.
As was described before, Ar was not separated themmain gas mixture in order to
quantify the @ and Ar abundance. Howeve¥'O andd®0 depend on variations in
the Ar/G ratio (Barkan and Luz, 2003).

In terms of the oxygen isotopes determination, allsir interference in the ion
source of the IRMS can occur. Corrections over dwalues (previously corrected
by N, interferences) were performed. An Ar slope wasuated (following the

same procedure as for the dlope described above), by using the Av&ios.

S(Ar/Oo) = U40/U32)sa 4 (2.25)
(U40/U32)ref

Next figure (Figure 2.22) shows the Ar slope olgdirirom the linear relationship
betweend 'O andd®0 versus{Ar/O,), obtained by increasing up to 3 times the Ar
concentration in the working reference (sample)sideasured against the original

concentration (standard side). Each reading wdenpeed in triplicate.

The Ar slope ford’O (Ar*t’9) corresponds to —3.4 10° while for 6°0 (Ar %89 is
-9.6x 10°. The factors (in %o) for the Ar correction in ta€O andd®0 (Ar_d'0),

were calculated according toX 17, 18):
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Ar

i :( (U4O/U32)sa
(U 40/U32)ref

.

XArd'o

(2.26)

Both N, and Ar correction factors €NJO'O and Ar §'0) due to interferences were

removed from the measure’O andd®0. The overall correction due to, lnd Ar

accounted for 0.0085 %o and 0.0098 %. of th&® andd'®0 values, respectively.

3(Ar/O2)
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Figure 2.22 — Ar slope fa#*’O andd'®0 using four different concentrations of
working reference measured in triplicate.

294

Normalization ofd-values against atmospheric air.

As was done for the £Ar analysis, thed’O and 50 were normalized to

atmospheric air as reference since the isotopicddnces for atmospheric air are
well known and are 23.88 %o and 12.08 %o, 8510 andd’O respectively, both with
respect to VSMOW (Barkan and Luz, 2003; Luz anckBay 2005).

The dry Cairaliquots analyzed at the same time as the setroplsa were used as

the reference for the seawater sample results. Xfwess thedvalues for the

seawater samples with respect to atmosphericherfdllowing equation was used
for both 6’0 and 30 (A&arer O) after correction for Nand Ar interferences € 17,

18):
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i i
5sa/ref O- 5cair/ref )

5sa/caiio = i
1+ Jcair/refl o)

(2.27)

The median of the Caid-values referenced to the working reference was.®1
%o for ainrer 'O and 0.77+0.01 %o fodkainei2O. Both values were also corrected for

N, and Ar interferences.

The final dvalues, after correction by the last equation, evased for the'’4
calculation. In the case of tH& for Cair corresponded to 0#4B.59 per meg (16.9

% standard error).

2.9.5 Air-equilibrated water measurements.
In order to check the reproducibility and performarf the extraction line and the
MS analysis, a total of 11 air-equilibrated watamples were measured together
with the seawater samples. The meawalues (after correction for Nand Ar
interferences and normalization against atmospterjcare 0.33+0.01 %o fod-'O
and 0.61+0.017 %o fod'°0.

In terms ofdvalues the standard error of the mean values imm@aasurements for
the air-equilibrated water were 0.5 %o fdD,/Ar, 0.003 %o for 'O, 0.005 %o for

0'°0 and 2.7 per meg fdf4, all referenced to atmospheric air.

The error is higher for thé'®0 and 5’0 values thart’4, this has been discussed
before by Hendrickgt al, 2004 and Reuest al, 2007, and it is mainly due to the
mass dependant fractionation that occurs duringpEaprocessing and analysis in
the mass spectrometer. The mehwi for the '’Ain the air-equilibrated water was

20+9 per meg (uncertainty of 45 %).

2.9.6  Zero enrichment measurements.
A total of 55 zero enrichment measurements werdopeed during the sample
analysis. This consisted of the analysis of thekvngy reference against the working
reference itself. This analysis is merely an intaca of the MS performance
(precision). Two sets of zeros analysis were peréat at the beginning of each set of

samples. The average results #fO and 5%0 values (corrected for ANand Ar
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interferences) with respect to the same workingeresfce corresponded to
—0.0030.009 %o and -0.0G#D.010 %o, respectively. After the corresponding
normalization to atmospheric air, t2’O and 5®0 corresponded to 0.20.01 %o

and 1.3760.017 %o, respectively.

The estimated’A from the corrected-values for the reference is 23608 per meg.
A high variability of the measurements of the refere was observed (standard error
29 %) indicating instability over time. However,r fthis reason the samples were

referenced instead to atmospheric air.

The overall precision from the isotopic abundanfcgissolved oxygen in seawater
from JR158 and JR165 cruises corresponded to: 0fér%./Ar, 0.003 %o for
0’0, 0.005 %o ford®0 and 2.7 per meg fdf4, all corresponding to the air-

equilibrated water analysis.

2.9.7 Gross Q production G) estimates from’A.
The gross @ production G, in mmol m? d%) integrated in the mixed layer is
estimated from thé’O anomaly of dissolved ©O(*’4) measured from discrete
seawater water sample¥/ma, "Zeq ky and ceO,) according to equation 1.19

(section 1.10.4 in chapter 1).

The values fOI17Aeqin this study were calculated according to the sgexwn situ
temperatureqin °C) (Luz and Barkan, 2009). TH&,values are from 1.4 to 6 per
meg considering the range of temperatures in tea af study (i.e. —0.8C in the

Bellingshausen Sea to°T for the northern part of the Drake Passage).
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2.10 Derived Ar supersaturatiozlf\r) and concentratiorc(Ar)).

Since Ar is only affected by physical processes,dstimation of Ar supersaturation
will provide an indication of the physical mechans present at the sampling time
(i.e. bubble injection, mixed layer warming, atmiospc pressure variation or

vertical and horizontal fluxes).

The Ar supersaturationdAr) was derived from thedO,/Ar and 40, previously

measured, by substituting in the following equation

[ = 402 — AO02/Ar

(2.28)
1+ AOo/Ar

For discrete samplegld{Ar)) the correspondingls{O./Ar) and 4:{O,) were used.
Common sampling times for Gestimation by Winkler method and,/@r discrete

analysis were used.

The continuous Ar concentratior(Ar), and cs{Ar) for discrete samples in the

mixed layer was derived from the definition 4fAr:

gar=—SAD 4 (2.29)
Csa (Ar)
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Chapters

Determination of mixed layer depth from dissolved
oxygen in the Bellingshausen Sea, Southern Ocean

3.1 Abstract.

In order to improve the definition of mixed layeepdh (MLD) for dissolved gas
studies, a threshold criterion for summer MLD based dissolved oxygen
concentrations (MLD-¢) suitable for the coastal areas of the Southema®¢S0O),
is proposed here.

Defining MLD in the SO solely based on temperatanel density is challenging,
particularly in the coastal region. The sea-ice agits, pronounced haloclines,
horizontal mixing and upwelling can create steeggadients between the
thermocline or pycnocline and the vertical disttibn of oxygen are typical features
in the coastal SO. The MLD-Qeflects best the influence of biological and pbgis
processes in the upper water column of the co88as a result of historical surface
forcing from the atmosphere and the sea-ice metirogess.

After objective analysis by computing algorithmsddaurther visual inspection) of
251 oxygen profiles distributed in the Bellingsheusea, a limit for summer MLD
was chosen as the depth at which the absoluteeliite in the concentration ot 3
higher by 0.5 %, referenced to the @bncentration at the near-surface reference
depth (11 dbar). To validate the MLD,@riterion, typical MLD threshold criteria
based on potential temperatuedE 0.2 and 0.5 °C) and densitfdp = 0.03 and
0.125 kg m®) were applied to the same CTD profiles and contpari¢h the MLD-
O, values. Comparisons to published MLD climatolog{d®onterey and Levitus,
1997; Karaet al, 2003 and de Boyer Montégeit al, 2004) and non-climatological
data sets (World Ocean Atlas, 2005) were also pedd. MLD-Q, closely follows
MLD based on thé\gy = 0.03 kg m° criteria. In the absence of oxygen profiles (or
CTD stations at all), it is recommended to usetbg= 0.03 kg m? criterion or the
published monthly climatology by de Boyer Montégtital., 2004 defined after the

samegg criterion.
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3.2 Introduction.

The mixed layer depth (MLD) delimits the surfaceteva under atmospheric
influence (exchange of momentum, heat, moisture gases) (Donget al, 2008)
from the thermocline and deeper waters. As a génereept, the mixed layer (ML)
is the portion of the upper water column where Water properties and solute
concentrations are vertically and horizontally hgemeous (Brainerd and Gregg,
1995; Lukas and Lindstrom, 1999). The interacti@iween the ML and waters
below determines the ventilation of the ocean iateand influences the large-scale
circulation (Le Quéret al, 2003; Cisewsket al, 2008).

A proper representation of MLD in the Southern @cé80) is needed since it is
considered a significant region for the global ecatmosphere carbon balance,
which has a large impact on oceanic Afptake (Sarmiento and Le Quére, 1996;
Sarmientoet al, 1998). In particular, Antarctic shelf waters asta strong sink for
CO, due to high biological productivity and ventilatiof deep waters (Arriget al,
2008).

Due to the lack of physical barriers of the eastiMdmwing Antarctic Circumpolar
Current, a strong link exists between the atmosphad the surface Southern Ocean.
Therefore, biogeochemical and physical processeBisnregion experience similar
seasonal cycles (Rintoul and Trull, 2001); duehig,tthe SO is an ideal oceanic
region to investigate how physical forcing influesdhe marine ecosystem (Smath
al., 2008a). Several efforts to define MLD in the S&vé been made during the last
two decades. For this, the previously proposedertaitare based on physical
properties (i.e. potential temperature or dengi@9rdon and Huber, 1990; Rintoul
and Trull, 2001; Verdet al, 2007; Cisewsket al, 2008; Dongget al, 2008).

In high latitudes and coastal areas, the shelf yioagiry and sea-ice dynamics
(advance, duration, extent and retreat) are impbrfactors affecting the ML
(Ducklow et al, 2006; Williamset al, 2008). In these regions, little temperature
stratification occurs, and the vertical distributiof density is dominated by changes
in salinity (de Boyer Montéguet al, 2004; Donget al, 2008) caused by the ice-
melting signal.

Due to differential stratification processes, hontal gradients and mixing between

temperature and salinity in the coastal SO, othatewcolumn structures can also

120



3.2 Introduction

develop, (e.g. temperature inversions, barrier rayand density-compensated
profiles) (Rintoul and Trull, 2001; de Boyer Montggt al, 2004). Therefore, it is
challenging to find an adequate criterion for ML&fidition in the coastal SO.

MLD is a dynamic property that depends on changesurface fluxes on daily,
seasonal or interannual time scales (de Boyer Mot al, 2004; Cisewsket al,
2008). Several authors have investigated MLD vdigbassociated with the
seasonality of sea ice (Verrgtal, 2008; Williamset al, 2008; Smithet al, 2008a),
the amount of solar radiation to regulate phytogiam biomass (Garibottet al,
2005) and the vertical distribution of chlorophgll

Vertical convection, turbulent mixing and overtungiof surface waters are driven
by heat loss from the ocean, buoyancy changes artisiress (Brainerd and Gregg,
1995; Karaet al, 2003; de Boyer Montégudt al, 2004; Cisewskiet al, 2008).
These processes homogenize temperature, salindpceantrations of tracers
(including gases) and the distribution of planktés.a consequence, the supply of
nutrients (Cisewsket al, 2005) and light availability regulate the devetamt of
phytoplankton blooms, the length of the growing seea and overall primary
productivity of the upper water column (Bowd al, 1995; Rintoul and Trull, 2001;
Henseet al, 2003; Le Quérét al, 2003; Verneet al, 2008).

During late spring in the sea-ice zone (SIZ) of West Antarctic Peninsula (WAP),
the melting ice-shelves produce a surface laydéreshwater. This layer is generally
supersaturated or at equilibrium with respect tocGncentrations and rich in iron
(Hopkinsonet al, 2007). In these areas, the water column stabgity controlling
factor for the success of phytoplankton communifiésrnet et al, 2008). The
freshwater input stabilizes the upper water colloyprdorming shallow mixed layers
during summer, with enhanced light and macro notréailability and consequent
increase in the coastal marine productivity in 8 steatified water column (Smitbt
al., 2000; Hopkinsoret al, 2007).

By early autumn, sea-ice starts to re-form. Asslie brine rejection in the coastal

area leads to cold and denser water in the sutfaterapidly sinks, following the

coastal topography, to form Antarctic Bottom Wg#&RABW).
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The intensification of vertical convection ventdatthe deep waters and causes a
deepening of the MLD (Boyét al, 1995; Watson and Naveira, 2006; Vestyal,
2007; Donget al, 2008). During that process, surface waters maprne depleted

in macro-nutrients and understaturated pa® a result of mixing with deep and low
oxygenated waterdn addition, the presence of temperature inversiogiew the
mixed layer can lead to entrainment of warmer waléis process can also imply
the destruction of barrier layers if present. Theseesses are important to take into
account for gas exchange studies, particularléncbast of the Antarctic continent.

The definition of the MLD is arbitrary (de Boyer Miggutet al, 2004); it depends
on the choice of the tracer, its temporal varigp#ind resolution. Ideally, the chosen
MLD criterion must best characterize the procesdemterest in the upper water
column (e.g. air-sea gas exchange, heat balanedinifions of the MLD can be
classified into two groups of criteria (de Boyer Mégutet al, 2004; Cisewskit
al., 2008; Donget al, 2008): a) difference criterion, where MLD is cefd as the
depth where the oceanic property had changed leytait amount from a reference
value (Levitus, 1992); and b) gradient-based ¢aterwhere MLD is defined as the
depth where the vertical gradient of the propeesches a threshold value (Lukas
and Lindstrom, 1999).

Previous comparisons between gradient and differdased criteria, suggested that
the latter provides a more dependable MLD (Brairaard Gregg, 1995; Cisewskt
al., 2008). This is because the gradient-based @itequire well-resolved profiles.
Based on ARGO float density profiles, Domg al (2008) concluded that the
presence of anomalous spikes and perturbationgwith well-mixed layer can lead
to false shallow MLD values, with differences asamuas 100 m when using a
gradient-based criterion compared to the differdvasged criterion. This is due to the
limited resolution and noise of the sensor usedn&asure the water property. A
difference-based criterion also performs betteegions with temperature inversions

or weak upper water column stratification.

Here is presented a difference-based criteriongusiissolved @ concentrations
suitable for MLD definition (MLD-Q) in the coastal waters of the SO. MLD values
are obtained through visual inspection of verti@alprofiles in the Bellingshausen

Sea (BS). Dissolved oxygert((,)) in the water column is influenced by both
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biological and physical processes (e.g. verticadimgi, horizontal advection, air-sea
exchange of bubbles and heat). Historically,h@s been used as a useful tracer for
water masses, biological activity and air-sea adgon (e.gReueret al, 2007a;
Jenkins and Jacobs, 2008; Kdrtzingeal, 2008).

In the upper water column, dissolved oxygen adjuafsdly to the atmospheric
equilibrium concentration on timescales of about amonth (Verdyet al, 2007). It
is also influenced by interaction with the uppeerthocline through advection and

turbulence, biological processes and heat exchange.

The seasonal trends of surface heating and coahdgoiological @ production lead

to a correlation between heat flux anomalies amesea oxygen flux (Garcia and
Keeling, 2001). During the last decade, a decredsdissolved @ in the surface
ocean has been tentatively attributed to climaengk (Keeling and Garcia, 2002;
Garciaet al, 2005b; Strammat al, 2008). A warming of surface waters will cause
stronger stratification and a general decreaseaidédce Q concentrations, reducing
ventilation by decreasing the,@ansported to deeper waters. The response,of O
solubility to changes in temperature and salingy niot linear and immediate.
Therefore, a MLD defined solely on potential densibes not describe fully the
properties of the water column, particularly imtsrof dissolved oxygen.

An oxygen-based MLD allows calculation of ®udgets in the upper ocean better
than the MLD solely based on temperature or den3iberefore, a suitable MLD
will improve the understanding of the atmosphereamccoupled system and marine
biogeochemical cycles (Brainerd and Gregg, 199%akuand Lindstrom, 1999;
Cisewskiet al, 2008).

3.2.1  Criteria to define MLD in published climatologies.
Various global mixed layer depth climatologies widltiferent criteria have been

published. Below, the most widely used criteriarmaentioned.

In 1997, Monterey and LevitusM{97) published a monthly averaged global
climatology based on vertically averaged and irdleqed profiles from World
Ocean Atlas 1994 data (WOA94) with a spatial resmuof 1°x 1° and temporal
scale from 1990 to 1992. ML97 climatology proposes different criteria for MLD:
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based on a fixed densitpds = 0.125 kg rit) and fixed temperaturé@ = 0.5 °C),
both with respect to the surface value (Monterey lagvitus, 1997).

In an effort to improve the ML97 climatology, Kaea al, (2003;K03) proposed in
2000 and 2003 a global MLD climatology based oneastty difference criterion,
able to represent the depth of tha&rbulent mixing layer(TML) by using a

convective mixing scheme (which removes instabaifirom the density profiles).

The TML is the active region of the mixed layereditly affected by the wind shear,
lateral advection, vertical transport and turbuéedaring the day; therefore is where
the surface flows of water are actively mixed (Bead and Gregg, 1995) within

diurnal timescales (< 24 hr). This region is lodagenerally within the top 10 m and
has a greater vertical uniformity than the integgamixed layer (de Boyer Montégut
et al, 2004). The TML therefore acts as a boundary wiieeedirect atmospheric

influence occurs (i.e. air-sea gas fluxes and hakince) and is generally limited by
the diurnal thermocline. The layer below remainstdted and does not interact
actively with the atmosphere until the nighttimeogesses of overturning and
convective mixing integrates the mixing layer pmtigs (e.g. gases, heat and

phytoplankton) to form the mixed layer.

The mixing layer can be best identified by turbalesensors such as microstructure
profilers (Brainerd and Gregg, 1995; Cisewski al, 2005). However, K03
suggested a variable density criterion based axed temperature differencA§ =

0.8 °C) to represent the mixing layer processes.K08 global climatology uses the

same WOA94 data and spatial resolution as ML97.

Both ML97 and KO3 temperature criteria have beedelyi applied for areas where
sharp temperature stratification is present in apper water column. The larger
temperature difference of the KO3 criterion produckeeper MLDs than those of
ML97. Furthermore, the wide and irregular verticedolution on the profiles (0, 10,
20, 30, 50, 75, 100, 125, 150 m, every 50 m to @Q@nd then every 100 m to a
depth of 1000 m) and the scarcity of temperatucesatinity profiles in the Southern
Ocean (Karaet al, 2003), are some of the main constraints to defih® in this

region from KO3 (and ML97) climatology.
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The most recent climatology was published by deeBdyiontégutet al, (2004,
BMO04) consisting of a monthly field with a spatial regmn of 2°x 2°. It is the
result of the inspection of more than 4.5 milliondividual profiles globally
distributed from the World Ocean Circulation Expeent (WOCE) and the National
Oceanographic Center (NODC) with a temporal cowerigm 1941 to 2002. It
includes profiles from MBT _(Mchanical_BthyThermograph), XBT (ejandable
BathyThermograph), CTD and PFL r@filing FLoats), providing a wide range of
vertical resolutions from CTD (2.3 m) to XBT (1919. With these observations, the
identification of vertical structures such as bartayers and temperature inversions
was possible. The threshold criteria proposed by&hg8 0.2 °C fodand 0.03 kg m

3 for 0y, taking as a reference the 10 m value in both ca8esMLD field in BM04
represents the global ocean MLD seasonal varmbvith a minimum mixing
timescale of a day (de Boyer Montéguital, 2004).

The updated version of the BM04 climatology (heaéter referred to aBMO04b)
was made public (http://www.locean-ipsl.upmc.fr/blml/mld.html) and includes
Argo float density profiles. The temporal coverageludes data from 1961 to
September 2008, whereas the spatial resolutionbatid criteria for density and
temperature remain the same as in BM04. The MLinftoe ML97 and BM04 (and
BMO04b) global climatologies have been widely used the determination of this
parameter based on conservative properties ovemanom spatial scale of one
squared degree in latitude and longitude. Howetherdata coverage in the Southern
Ocean (particularly in the ML97) remains poor soatl80° S and the identification
of MLD in the Antarctic coastal zone is scarce.

MLD definitions using numerical algorithms basedaptical or hydrographical data
have been recently proposed (Zawatial, 2005; Swairet al, 2006; Vernett al,
2008; Holte and Talley, 2009) due to their potdnaibility to rapidly determine
MLD over large regions. However, these methods hkwvatations involving:
laborious work with complex methods (i.e. curvatunethod (Lorbacheet al,
2006); split and merge method (Thomson and Fin@3pPmost of the variables for
these algorithms (e.g. beam transmissometer measuats) are not generally
available for the SO and during all seasons (Zawetdal, 2005), or the usage of

complex models (i.e. ocean general circulation rhfdeh and Lee, 2008).
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3.2 Introduction

Recently, Holte and Talley (2009) have proposedes ralgorithm for MLD

identification of individual profiles using tempéuae and salinity data. However,

geographical and temporal limitations, as well asrpaccuracy from the algorithm

MLD when compared with direct visual

encountered (Holte and Talley, 2009).

profile

insgens are generally

In order to identify barrier layers (BL), recentlye Boyer Montéguet al, (2007)

published a 2°% 2° resolution BL global climatology based on ab&®0,000
globally distributed salinity and temperature pesdi from NODC, WOCE and
ARGO covering 37 years (1965-2002) (de Boyer Mout&g al, 2007) (see Table

3.1 for more detalils).

Table 3.1 — MLD climatologies and non-climatolodidata sets used in the present

work to compare with the MLD extracted from verti€a profiles.
Source data
Author/ID Description and Profiles Resolution Criterion Reference
temporal depth
coverage
Monterey MLD WOA? Averaged 1%x1° Aoy =0.125 kg m® Surface
and Levitus, | global (1990-1992) | and monthly mean| A= 0.5°C
1997 climatology interpolated
(ML97)
Kara, 2003 | MLD WOA? Averaged 19x10 Agy = 0y (8+06,S,P) | Surface
(K03) global (1990-1992) | and monthly mean| -g, (6,S,P);
climatology interpolated AG=0.8°C
(after statistical
comparison with
Ocean Weather
Station data)
de Boyer MLD global NODC/WOC | Individual 20x20 Ads =0.03 kg m* 10m
Montégutet | climatology E* monthly mean| A8 = 0.2 °C
al., 2004 (1941-2002)
(BM04)
LOCEAN- MLD global | NODCYWOC | Individual 20%20 Agy =0.03kg m® 10m
IPSLY, 2008 | climatology EY monthly mean| (after individual
(BM04b) Argo inspection of9x10°
(1941-2008) profiles)
Dongetal, | MLD SO Argo Individual 1x1° Agy =0.03kg m® Near
2008 climatology (2001-2006) | float monthly mean| (following BM04) surface to
(D08) profiles 20m
WOA, 2005 | Tand S WOA? Averaged 10x10 Acy =0.03kg m*® 10m
(WOAO05-03) | (0 (1965-2005) | and
constructed) interpolated
global
historical data
set
WOA, 2005 | O, global WOA* Averaged 1°x1° Ac(O,) = 0.5% 10 m
(WOAO05- historical data| (1965-2005) | and
0,) set interpolated

! Laboratoire d'Océanographie et de Climatologie pERpérimentation et I'Analyse

Numérique- Institut Pierre Simon Laplace.
2 World Ocean Atlas
% National Oceanographic Data Center
* World Ocean Circulation Experiment
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3.2 Introduction

A noticeable increase in the data coverage forS®eregion was provided by the
Argo database; the latter is an important contradnuto climatologies for that region.
A barrier layer (BL) is formed when the salinitycatemperature distributions in the
water column are such that the halocline is shatathvan the thermocline. BL have
been observed in different regions of the worldiean, particularly in the surface
waters of the SO (Lukas and Lindstrom, 1999).

3.2.2  Previous MLD definitions and climatologies in th®.S
In 1982, Reid suggested that the seasonal vatyabflthe G saturation ¢{O>)) in
the upper water as a proxy for detection of thetevitMLD in the North Pacific
subtropical gyre as a result of the overturningcpss (Reid, 1982). A suitable
criterion, modified by Talley (1999), was suggestedbe 95 % of the surface
saturation concentration for the winter mixed lagepth €.{O.) < 95 %). With this
criterion, it was possible to identify the worldwidleepest mixed layers and the
presence of the Subantarctic Mode Waters (SAMWA a@secursor of intermediate
water formations. Results from a recently publisiagbrithm (Holte and Talley,
2009) to find deep MLD were compared with the MLBfided by Q saturation
finding approximately the same depth range usirtg iam WOA, 2005 and Argo
profiles. A consistent deep mixed layer region Imat the Subantarctic Front was
identified by both methods. The,@aturation criterion was therefore suitable for
identification of deep mixed layers (Talley, 1983nawa and Talley, 2001; Dorrg
al., 2008) reflecting roughly the integration of mdgtlimescale processes of water
mass convection and overturning. However, thisegdh is not suitable for the
detection of shallow MLD and ML dynamics, partialyain the coastal SO where
surface cold waters are normally in equilibrium shightly undersaturated in ;O

during most part of the year (Garcia and Keeliri) ).

Dong et al, (2008) published a monthly MLD climatology exsikely for the
Southern Ocean region (30° to 65° S and 0° to B§(Sased ongyderived from
temperature, salinity and pressure from Argo flpadfiles. The criterion to define
the MLD was the same as BMO04 (fixed differenceetiin, Ads= 0.03 kg m°). By
an objectively mapping methodology about 42,000viddal profiles in the SO

region were integrated.
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3.3 Methods

The MLD-Argo climatology provides a new insight fegasonal MLD investigations
in a region where the lack of data during austiatev from direct observations from
research ships is considerable. However, the datigd limits for the MLD-Argo do
not reach the BS region (66° - 74° S and 65°- 96° W

Argo floats with Q sensors have been launched since 2007. Few flotiighese

characteristics can currently be found in the S@lore However, these floats are
only launched in deep waters and the coarse verésalution that the Argo profiles
provide (~10.5 m) are important limitations for elgion of the shallow summer

MLDs in the coastal region of the SO from this dsdarce.

To validate the MLD criterion from the vertical agn distribution proposed here
(MLD-0Oy), the MLD obtained from the Qdistribution is plotted against the MLD
obtained in the same BS profiles after applyingtdmaperature and density criteria
proposed in the public climatologies. Finally, angarison of the observed MLD,O

to those directly given by the ML97, KO3 and BMOdlomatologies for the same

location and time of the year was performed.

3.3  Methods

3.3.1 CTD data collection.
Vertical profiles of temperatured), salinity ) and dissolved oxygen concentration
(c(Oy)) were obtained from 253 hydrographic stationgha Bellingshausen Sea
(RRSJames Clark Rossruise JR165). The cruise formed part of the ACEBEAS
project (Antarctic Qimate and the &th Sstem-forcing from the_@eans, ®uds,
Atmosphere andea-ice) of the British Antarctic Survey.

The BS is situated in the coastal area of the \Wesdtrctic Peninsula (WAP)
between 75° and 90° W. It is a transition regiotwben the continental shelf, shelf
break and open ocean. The sampling period consi$td8d days (3 March — 9 April
2007), representing the transition from late sumtoezarly autumn in 2007 (Figure
3.1). The hydrographic profiles were taken wit8ea-Bird911+ CTD mounted on a

rosette with 12, 10-l Niskin bottles for the cotiea of water samples.
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Figure 3.1 — 253 CTD stations obtained during euR165 in the Bellingshausen
Sea, west Antarctic Peninsula during late summer early autumn, 2007. Labels
indicate station numbers. Shading correspondsat@®®, 600, 1000, 2000, 3000 and
4000 m isobaths.

Calibration of the CTD salinity sensor was perfodmen board against discrete
samples analyzed with a Guildline Autosal 8400Bcdhstant offset of 0.0337 was
found when comparing with discrete salinity sampldse CTD was mounted with a
high precision reversing thermometer sensor (Se&-BBE35) and an Osensor

(CTD-0O,; Sea-Bird SBE43). The latter was calibrated by samples from the
Niskin bottles, which were analyzed on board fataltdd, concentrations using
whole-bottle Winkler titration (Dickson, 1996) wigthotometric end-point detection.
A total of 276 titrations were performed with arabtical precision of 0.2@mol kg

! based on 76 duplicate samples.

The up-cast @ profiles were calibrated by linear regressioh= 0.997) obtained
from the discrete sample;@oncentration against the, @oncentration as given by
the CTD-Q sensor. The average offset between the non-ce@ data from the
CTD sensor and the Winkler data was (8.8.1) pmol kg*. The final profile data
were interpolated vertically in steps of 2 dbarnird dbar to the corresponding

maximum depth for each station.
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3.3 Methods

3.3.2  MLD-O, criterion definition.
To find a MLD criterion suitable for air-sea gasbange studies, | have investigated
the vertical @ distribution from all the 253 CTD profiles in tH8S. Only 251
stations were selected due to two stations wheretface data (top 50 m) was not
available; thus hereinafter the number of workingtisns is referred as to 251
profiles. Objective (mathematical algorithm) andojsative (visual) observations
were explored and compared to find a suitable MLDe@erion.

Previous to the identification of MLD-Q the vertical @ concentrations were
calibrated previously against results from thg method (section 2.4, Chapter 2).
However, the MLD-Q criterion can be applied directly to non-calibchteertical

profiles, proven that the profiles were inspectedole to remove bad data (i.e.

spikes) given by sensor failure on the oxygen f&sfi

3.3.3  Comparison with climatological and non-climatolagidata sets.
In order to contrast the MLD-Ocriterion, | have compared the MLD results
obtained from oxygen against the MLD obtained ia fame vertical BS profiles,
after applying various difference based criterimggotential temperature (MLBY
and density (MLDeg) (i.e. A@=0.2 °C andAdy = 0.125 kg m> with respect to the
surface value andd= 0.5 °C and\ds = 0.03 kg mi® with respect to the 10 m-depth
value). These selected criteria to compare withtlaeeones proposed in the public
climatologies (Monterey and Levitus, 1997; de Bojwntégutet al, 2004) (see
Table 3.1 for further details).

In 2006, a criterion to define MLD by looking agtleurvature of surface density and
temperature profiles was proposed (Lorbackieral, 2006). It was defined from
WOCE historical hydrographic data and offered t@&aMLD for different vertical
resolutions of investigated profiles (i.e. <5 mxt@0 m of vertical resolution). Here,
| have used the proposed algorithm by Lorba&teal, (LO6 hereinafter) in the BS
profiles and contrast the obtained results to tHeDMilefined by Q. | have also
applied the only oxygen-based criterion in therditere so far, proposed by Talley
(1999), to the BS profiles. This criterion proposkedt the base of the mixed layer is
the depth where the surface saturation is lower than 95 %.{O,) < 95 %).
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3.3 Methods

Results obtained from the comparisons mentionedealshow that MLD-Qis best
correlated to MLDegy for the BS region. Therefore, a density basecemoih to
define MLD can be used in the absence gfpffiles for air-sea gas exchange. To
corroborate this, it was done a comparison betwieemnesults of MLDegy and MLD-
O, from the BS profiles against the ML8y extracted from the monthly average
global climatologies (i.e. ML97, BM04 and K03) fibre same geographical location

and month of the year.

To validate the MLD-Q criterion, the potential density criterion from BKI was
applied to density profiles calculated from tempen@ and salinity historical records
(i.e. non-climatological data) from World Oceanast] 2005 (WOA-05) (Antonogt
al., 2006; Locarniniet al, 2006). WOA-05 provide a monthly objectively arrdyl
climatology with a spatial resolution of 1° by 18gdee, obtained from averaged
profiles of temperature and salinity from 1965 @2. This data set corresponds to
the latest updated climatological field for WOAethafore the same data analysis for
the interpolation, averaging and vertical resolutivas applied as for ML97
(Monterey and Levitus, 1997).

Finally, the obtained MLDg, values were compared to MLD,Qralues derived
from historical Q profiles from the same WOA-05 data sets (WO4A-Garcia et
al., 2006). The WOA-@data set is the result of vertically averaged iaterpolated
O, profiles. The same standard depths and methoohtenpolation was used as for
the temperature, salinity and density monthly ctof@gies by WOA (Monterey and
Levitus, 1997). The ©data from the WOA-05 climatology corresponded otay
results from chemical titration methods (i.e. Wkl method).
No data from CTD-@ profiles are included. Details of all data setedusn the

present work are shown in Table 3.1.

3.3.4 Influence of mixing and barrier layers for the MlR-definition.
To identify the presence of temperature inversiansl possible interference of
barrier layers (BL) with the observed MLD,;@ the area of study, the BL criterion
according to(de Boyer Montéget al, 2007), was applied in the 251 CTD profiles
distributed in the BS.
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3.4 Results

To identify a BL, the difference between its upfigg) and bottom limit D1.02) must
be defined in the potential density profil&%; is defined as the depth where i
has increased from the reference depth (10 m) bgreshold equivalent to the
density difference due to the change in temperdiyr@.2 °C. The bottom limiD+.

02, 1S the depth where the increase of temperatur@.yC occurred with respect to
the reference depth temperature (de Boyer Monteégait, 2007).

3.4 Results.

3.4.1 MLD-O; in BS profiles and comparison between subjectind a

objective observations.

After objective (mathematical algorithm) and subijex (visual) evaluation of each
BS-O, profile, a suitable @ limit to define MLD-G in the area of study was
investigated. Here | suggest the MLDB-@o be the depth at which the, O
concentration ML §u.p(O,)) corresponds to a relative difference of 0.5 %hwi
respect to the Oconcentrationc(0O,) = 0.5 %) at 11 dbar as the reference depth
representing the uppermost limit of the Miy((Oy)).

The reference depth of 11 dbar (equivalent to Bd)9vas chosen for convention.
This depth is commonly used as the reference \aftee Brainerd and Gregg (1995)
suggested it to avoid the noise caused by the se(sben introduced to the water)
and due to the ship’s motion in the upper wateurmwol (Brainerd and Gregg, 1995).
The diurnal cycle of the mixing layer occurs in the few meters; therefore using a
near-surface reference depth also helps to avasdetifiect for the seasonal MLD
definition. During the vertical ©calibration, noise on the signal due to the sensor
instability caused by ship’s motion was identifeatd removed on average in the top
4 dbar for most of the CTD stations. However, thptt reference considered for the
as MLD-G; criterion is 11 dbar due to three reasons: 1ptomare the observations
from oxygen with MLD criteria for climatological t&that use the same reference
depth, 2) to avoid the diurnal cycle of the mixiager, which can be strong in high
latitudes due to night time convection after wirikss and, 3) to avoid the melting

sea-ice direct influence in the upper few meters.
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3.4 Results

After the comparison between objective MLD-€xtracted by the algorithm and the
visual identification, both results agreed exadtily 235 out of 251 stations (94 %).
In the remaining 16 stations the objective reswdswn average £ 5 m shallower

than the result by visual inspection (Figure 3.2).
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Figure 3.2 — Comparison between MLD-®om algorithm (objective result) and
MLD-O; from visual inspection (subjective result) in C$tions distributed in the
Bellingshausen Sea.

This result was mainly due to an intermediate sligrrease of oxygen due to the
presence of low oxygenated subsurface waters\Wieter Water) creating a weak
upper oxycline. However, in the visual inspectitis ttop temporal oxycline was
avoided and the limit for MLD-@was defined according to the deepest and clearer

seasonal oxycline.

3.4.2 MLD-O; against potential density and temperature typicéérea in
BS profiles.

We applied two typical potential temperature déieze MLD criteria (MLD#$) to
the 251 study profiles in the BS region: 28§ = 0.5 °C with respect to the surface
value and bpgd=0.2 °C with respect to 11 dbar-depth value. A campa of the
results of MLD#@ and MLD-Q, was done and a poor correlation between both
criteria ¢ = 0.001 and 0.111 for criterion a) and b), respebt) was identified.
In general, higher MLDs with respect to the MLD-Were given by the temperature-
based criteria (581 m deeper for a), and 284 m for b)) (Figure 3.3). These

observations confirm the overestimation of MLD [lgeirdefined solely by
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temperature, and the importance of using potedgakity to define MLD in the SO
(Figure 3.4a).

Agy=0.125 Ceat(O,)< 95%

AB=0.5°C
kgm?®  Ag,=0.03 L06 - &
E 20 - 86=02°C kg m T L06-4
5 W W e
- |
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Figure 3.3 — Mean difference between MLD- BS profiles and other MLD

criteria based on: potential temperature, potedgalsity and oxygen saturation. LO6
is the Lorbacher et al., 2006 algorithm to defineDMfrom potential temperature

(LO6-6) and potential density (LO8s). Error bars indicatel standard deviation of

the mean.

An underestimation of the average €éncentration within the MLO# compared to

the one limited by the MLD-@was observed. The average oxygen concentration
within the MLD-8 was lower than the average concentration withenNt.D-O, by

as much as 325 umol kg™ in case of criterion a, and 422 pmol kg™ for criterion

b.

Therefore, the following twag threshold criteria were applied to the working BS
profiles: c)Agy = 0.125 kg m® with respect to the surface value and\d) = 0.03 kg
m™ with respect to the 11 dbar-depth value.

The comparison between results from Mldpagainst MLD-Q showed a better
agreement than against ML®-From this, a positive correlation was obtained
(correlation coefficient;? = 0.711 for criterion c) and 0.813 for criterion Griterion

c) provided slightly higher MLD values (by as mua 111 m) than criterion d)
that were only 37 m deeper compared to the MLO-Figure 3.3 and 3.4b).
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Figure 3.4 — Comparison between MLD-Qgreen triangles) and typical MLD
criteria applied to CTD profiles in the BS regi@): MLD-8 (blue squaref)d= 0.2
°C and orange circleAg= 0.5 °C), and b) MLDg (blue squareg\ds = 0.03 kg m°
and orange circled\dy = 0.125 kg ).

The results obtained were visually confirmed afégplying the corresponding
algorithms for MLD-oy criteria to the profiles. For bothgy criteria, the objective
and subjective results are in close agreementABpr= 0.03 kg m°, the algorithm
underestimates the MLD by as much a8 2n, while forAgs = 0.125 kg i criteria

the algorithm lead to an overestimation as mucPtésm.
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3.4 Results

After applying the algorithm to obtain MLD followgnthe LO6 criterion in the BS
profiles, the results show deeper mixed layers fiootential temperature (by as
much as 1230 m) and density profiles {84 m) when compared to the MLD,O

obtained from the oxygen profiles (Figure 3.3).

Therefore, MLD-Q reflects best the £concentration within the ML of the observed
profile than defined by the ML criteria. In Figure 3.5, six typical profiles ftire
BS region are shown. Vertical profiles for statid®2s 76, 89, 188, 199 and 250,
show the MLDwy (defined ashay = 0.03 kg m°) lying in the oxycline region and
deeper than the MLD-O
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Figure 3.5 — Vertical profiles of Oconcentrationg(O,) (full line, umol kg') and
potential density (dashed lingy; kg m®) in stations located in the BS. Horizontal
lines indicate the location of the MLD defined &{D.) (full line) and gy after BM04
criterion (dashed line).
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The ¢(0O,) at the depth where ML% is located following both criterion ¢ and d, is
on average lower (by as much as3@pmol kg?) than the oxygen concentration at
the MLD-O,. Furthermore, an underestimation of the averagec@centration
within the MLD-gy compared to the one limited by the MLD-®as expected. The
average oxygen concentration within the Mid@after criterion c is 813 umol kg*
and after criterion d is only+1L1 umol kg™ lower than the averagg0,) within the
MLD-O3.

3.4.3  MLD-ce(Oy) criterion in BS profiles.
For the CTD stations analyzed in the present wibkk surface oxygen saturation was
found to be on average undersaturated by 18@4 % during the sampling period
for stations close to the ice shelves (1 to 90 d46d to 198). The slight
supersaturation was due to the characteristic prgiductivity close to the coast.
Following Talley (1999), the depth at which the ®50f O, saturation was reached
in the BS profiles was at about 3 m. On average MhD-O, was found to be at 26
m. Thus, the MLD criterion fronge(O,) proposed by Talley (1999) is only suitable
for the definition of winter and deep mixed layeshen undersaturated water
columns are likely to be observed. Despite thigraer to identify the location of the
95 % saturation with respect ¢a{O.) and to avoid the top water column generally
supersaturated in oxygen, here the reference aegstladjusted to be 10 m instead of
the near-surface depth as suggested by Talley.9bh& saturation depth for the
MLD criterion showed deeper MLDs, by as much ag1Bm than the MLD-©@
proposed here (Figure 3.3).

3.4.4 MLD-O; and MLD-gp from BS profiles against MLD from monthly
climatologies based on density difference criteria.

We compared the MLDRx from BS profiles against the MLD extracted frone th
ML97 and BMO04b monthly global climatologies baseadyoon theAgg criterion,
using the same CTD geographical location and sagphonth of the year. A good
agreement between BS profile observations and tlimgical monthly averages was
observed in both cases, with= 0.604 against BM04b and= 0.628 against ML97
(data not shown). On average the MLD from BM04b Was+ 13.5 m shallower
than the MLDg, (Ads = 0.03 kg m°) from BS. The ML97 climatology showed also
shallower MLDs than the MLD% (Acds = 0.125 kg i) observed in BS profiles
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(11.9+ 11.6 m). The wider range of difference betweenctimeatological MLD and
the one observed from the BS-CTD profiles is prdpatue to averaging and

interpolation in the ML97 climatology.

We then compared the MLD.Cirom the BS profiles against the corresponding
MLD- gy from ML97, KO3 and BMO04b climatologies. Due to theck of spatial
coverage of profiles in the climatologies in theuth@rn Ocean, not all the 251
profiles in the BS had a corresponding value frdme tlimatologies. BM04
climatology was the one with a higher number of 8% profiles found (208
profiles), while KO3 and ML97 only showed a MLD wudtsfor 179 and 170 profiles,
respectively. Therefore, only a comparison betwdgwncommon profiles where a

value for MLD was found on the three climatologidata sets was performed.

The monthly averaged MLDs from ML97 and BMO04 foet6@TD station locations
showed a positive correlation when compared withDMD, (r* = 0.561 and 0.542,
respectively). Contrary to previous observationstifie gy criteria applied to the BS
profiles, the MLDgg from climatological data was shallower than MLDR;0ut only
for ML97 and KO3 (11 m and 1414 m, respectively). In agreement to previous
observations, the MLDR» from the BM04b climatology was deeper than the MLD
O, by as much astll1 m, for 170 profiles (Figure 3.6).

ML97 BMO04b K03
Agy=0.125kgm3 Agy=0.03 kg m3 Ag,
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Figure 3.6 — Mean difference between MLDR-@ 170 CTD profiles in the BS and
MLD for the same month and geographical locatiammfrmonthly climatologies

based ongg difference criteria: ML97 (Monterey and Levitus,919; BM04b (de
Boyer Montégutet al, 2004 modified in 2008) and K03 (Kaea al, 2003). Error

bars indicate:1 standard deviation of the mean.
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3.4 Results

A weak correlation was found between MLDB-@nd the MLDgy extracted from
KO3 climatology (% = 0.0001). The lack of agreement between ML97 afd K
climatologies to the MLD-@is mainly due to the vertical resolution of prefl(after
averaging and smoothing) used in both climatolo@@ed40, 20, 30, 50, 75, 100, 125,
150 m, every 50 m to 300 m, and then every 100 ra ttepth of 1000 m), not
allowing a fine identification of MLDs. For some asibns, the MLD was
overestimated by as much as 500 m, these data emasved from the MLD-©@

comparisons since it was considered as an offgaeiclimatological set.

The observations shown here that MLDs based orcriterion Ags = 0.03 kg m°

agrees best with the MLDs defined fra(®.) in the BS region. Furthermore, despite
only 170 profiles were compared, the BM04b climagyl showed the highest spatial
profiles coverage (208 out of 251), and good valtiesolution, in the SO compared

to the other climatologies.

3.4.5 MLD-O;, compared to MLDegp criterion in historical profiles.

To compare the MLD-@criterion with non-climatological data sets, thetgntial
density criterionAgs= 0.03 kg nt was applied to density profiles taken from
objectively analyzed fields of temperature andnsglidata in WOA-05 (MLD-
Oswonos). A negative and poor correlatior’ € 0.043; n=120 profiles) was found
between the MLD-@and MLD-gpwoaos. This is probably due to the scarcity of data
in the Southern Ocean region in the WOA-05 data sed to the poor vertical
resolution (10 m) compared to that in thg @ofiles investigated here (2 dbar or 1.9

m).

By contrast to the observations above, the Migriterion (i.e.Ads = 0.03 kg nt)
applied to the WOA-05 density profiles led to sba#r values than MLD-©by as

much as 1416 m.

3.4.6 MLD-O; in oxygen historical profiles from WOA-05.
We applied the MLD-@to historical Q profiles at the same geographical location,
from the WOA-05. It was observed a positive cotieta(r>=0.412) between MLD-
O, from the BS profiles against the MLD-Grom WOA-05 Q climatology. On
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3.4 Results

average the MLDs from the WOA-05,©limatology were & 12 m shallower than
the MLD-O, observed in the BS profiles during 2007 (Figure7).3.
In both cases, only 120 out of 251 profiles werenfib at the same geographical
location, and the same month of the year, in tretohcal record of WOA-05.
Although the ammount of data in the SO is pootttier WOAO05-Q climatology, it is
suggested here that the MLD-Criterion is applicable for the SO coastal areal a

results can be improved as the vertical resolutiche Q profiles is higher.

Agy =0.03 kgm=3  Ac(0O,) =0.5%
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Figure 3.7 — Mean difference between MLDR+@inus MLD-gy (afterAgs = 0.03 kg
m™2 criterion) and MLD-Q (afterAc(O,) = 0.5 % criterion) applied on World Ocean
Atlas, 2005 (WOA-05) potential density (from temgeire and salinity data) and
oxygen historical profiles.

3.4.7  Barrier layers in the Bellingshausen Sea.
Based on the BMO7 criterion for BL definition (d@yer Montéguet al, 2007), the
presence of BLs was identified in 43 % of the pesfi The distribution of the
stations with a BL was not associated with theasisé from the coast. The range of
BL thickness was from 2 to 93 m, with the thinn@sttween O to 20 m) observed
mostly in Marguerite Trough and west to the Adedaitsland region at the
continental shelf break (station 200 to 251).

3.5 Discussion.
The definition of MLD based on potential density fr-sea gas exchange studies is
not ideal. Typical potential density criteria tofide the mixed layer lead to deeper

values than the limits found from a criteria basedlusively on the vertical
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3.5 Discusion

distribution ofc(O,). As a result, a MLDgg is located within the oxycline and tends
to underestimate the averag@.) contained within the MLD-@ This difference
would increase in regions where stronges Sratification occurs. Higher O
production in the upper waters or high respiratewels in waters below can also
cause a stronger (yradient in the oxycline, leading to shallower MKI) than
MLD- op.

The results obtained from the algorithm for MLD idéfon proposed by Lorbacher
et al (2006) showed a similar overestimation of the ediXayer depth from the
typical density and temperature criteria also esta&d here. Despite the LO6 criterion
it is able to deal with the different vertical regmn of the investigated profiles, it is
still not suitable for gas exchange observationd does not describe the vertical

distribution of gases in the upper water column.

Despite the modification here performed to thgO.) criterion proposed by Talley
(1999) (i.e.ce(O2) < 95 % referencing the upper mixed layer limitl&®sm, instead

of the surface value), it was concluded that de§irLD from O, saturation gives
deeper MLDs than the ones obtained only from oxygencentrations. Thus,
defining the MLD fromc.(O,) does not represent the faster changes in ther wate
column caused by biogeochemical processes (phdtesia and respiration), coastal
upper water column dynamics such as upwelling aedmelting water inducing
stratification and air-sea gas exchange. In regwitis slightly saturated ©surface
waters, the 95 % fOsaturation criterion is not appropriate and doefsraflect the

O,-mixed layer.

Despite the good correlation between MLR-&hd MLD-gy extracted from ML97
and BMO04 climatologies, several advantages in thd04#8 over the ML97
climatology are important to take into account: the new BMO4 climatology
(BM04b) includes Argo data with a more completeadsdt in space and time; 2) data
coverage in high latitudes (i.e. SO) is higherpfrthe ML97 climatology only 72 %
of the occupied stations during JR165 had a MLDu@atontrasting to the BM04
climatology where all the stations had a correspundialue for MLD; 3) non-
interpolated and averaged profiles are used, awpitfie creation of smooth artificial
profiles, this observation also applies for the K@Bmatology. The BMO04
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3.5 Discusion

climatology is obtained by an ordinary kriging tietdata distributed in 2° boxes,
with a prediction limited to 1000 km radius and smg) data for the same radius with
less than 5 grid point values. ML97 climatology (@sll as in KO3) considered a
smaller radius of influence (771 km), however, iptdation of data and smoothing
were performed within that radius leading to largecertainties in the observations;
4) with non-averaged profiles it is also easieridentify the presence of barrier
layers and temperature inversions characteristicthe SO, and finally 5) a
difference-criterion based on temperature or dgngith a wide threshold (such as
ML97), can lead to an overestimation of MLD in tB® region. This was also
observed by de Boyer Montégett al (2004) for the world’s oceans, arguing than a
wider interval in temperature or density for MLDOterion, such as in ML97, is best
for averaged-profiles with a coarser and smootasolution.

To take into account the spatial variability of digy with water properties (density
changes in terms of thermal expansion), Monterea lagvitus proposed a variable
density criterion by considering a fixed temperatudifference of 0.5 °C,

representing the thermal coefficient expansionhaf water. However, as seen in
section 3.2 by applying only the temperature défee criterion of 0.5 °C, this
temperature range corresponded to a high differéocehe temperature vertical
gradients in the waters of the BS.

The accuracy of MLD depends on the resolution @& plarameter (given by the
instruments) used in the criterion to define it. Bging CTD observations, the
resolution is sufficiently high to identify the wmal distribution of Q in the upper

water column, and therefore define an adequate Mh[x less coarse vertical

resolution than the integrated observations byatiogies.

The same observation was drawn from WOA-05 oxygefiles. The low density of
O, profiles in the WOA historical record for the S@gion, and the low vertical
resolution from titrations-only £concentrations (10 m), make them unreliable when
compared to the MLD-©from CTD-Q, vertical profiles. Moreover, the difference
between MLD values betweemn and Q MLD criteria in the BS profiles and profiles
from WOA-05 relies mainly in the interpolation meth used to construct the
temperature, salinity and oxygen fields in theelatT his artifact leads to higher error

due to smooth and artificially created profiles jas in WOA-94 data.
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3.5 Discusion

The main factors controlling the initiation and manance of the high algal biomass
in the BS region are physical dynamics, iron agttliavailability, which are driven
by the MLD variability. According to previous obsgations by Boydet al, (1995),
the residence time of the primary production in timper water column during
austral summer is about 25 days in the Bellingstausea. During this period of
time the pigment levels, as an indicator of higlodphyll concentration, remained
relatively unchanged.

The presence of barrier layers is generally astatiwith temperature inversions.
The latter are due to the presence of fresh and soiface water from sea-ice
melting which prevents the warming of subsurfacdevwsg These cold and fresh
waters lie above warmer and saltier ones advected fid latitudes. As a result,
temperature inversions are generally formed undeéhnthe seasonal mixed layer.
According to de Boyer Montéguet al (2007), BLs are a quasi-permanent
phenomenon (more than 10 months/year) in the Souteean; however, the
mechanisms for the BL formation and destructionthe SO are still not well

understood.

The formation and thickness of the BL depends ngaomnl the diurnal variability of
the upper water column, with the formation of ebeBL during the day due to the
weaker wind stress and water column stabilizatdenBoyer Montéguet al, 2007).
During the night this structure might disappearemfhight-time convection and
overturning. In the continental shelf of the Beiléhausen Sea, only 17 % (43
stations) of the total number of stations were dachduring the considered “period
of darkness” (about 5 hrs, from 11 pm to 4 am) myrihe austral summer.

Furthermore, the BL was identified in both dark #gtt periods (Figure 3.8a).
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Figure 3.8 — a) Barrier Layer (BL) thickness in arstidentified in vertical profiles
of temperature and density in the Bellingshausem déging late summer and early
autumn, 2007; b) the depth range difference betwien upper limit of the
temperature inversion at the BL and the MLD ideedifoy the Q distribution for the
same CTD stations.

The presence of short dark periods during the sumiméhe BS is clearly not an
important factor for the development or destructadnBLs. BL formation in the
Bellingshausen Sea may be stronger due to the upger column stratification
enhanced by the sea-ice dynamics rather than tker walumn diurnal variability.
Furthermore, the BL in the area of study, refldoe {presence of the seasonal
thermocline which can act as a barrier for the ngxprocess between the seasonal

ML and the waters below.
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Figure 3.9 — Vertical profiles for CTD station 1Bhowing the typical distribution of

potential densitydp), temperature, salinity and oxygen for stationshie BS during
late summer and early autumn. The typical locatbmhe identified barrier layers

(BLs), represented by the upper limit MLd; located below the MLD-@is shown.

A typical vertical profile of the distribution ofgtential density, temperature, oxygen
and salinity with the location of the BL and MLD;@r the BS stations is shown
(station 114, Figure 3.9).

In most stations the location of the MLD-@as deeper than the upper BL’s limit
(Do) of the BL by an average of£28 m (Figure 3.8b) indicating than the MLD-@3
located mainly within the BL, if the latter is pesd. Despite the identification of
BLs in the BS region, their occurrence seemed tanfluence the MLD-Q during
summer and early autumn. The observations obtdieesl are in good agreement to
those of Donget al, (2008). These authors concluded that the teryreraversions
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did not influence the MLD defined by density dedvfom Argo profiles in the
Southern Ocean. Moreover, the seasonal varialafithe BL, influenced mainly by
water column stratification is expected to correspto the MLD-Q variability. The
deepening of the MLD during strengthening of windsuutumn and winter will lead
in Ox-low content waters entering in the ML from the Bbne and subsequent

destruction of the BL.

Finally, a MLD based on £can lead to a better understanding and appro>omai
the biogeochemical and physical processes in tiperupater. The effect of using
different MLD criteria in biogeochemical studiesndae exemplified in estimates of
net primary productionN). In the following table (Table 3.2) the biologi&, flux
(Fpio in mmol m? d*) has been calculated using the MLD criteria based, gy
and 6. TheFyj, is calculated from the biological,Bupersaturationd0,/Ar) and a
historical wind speed-weighted gas transfer coieffic(, in m d) (see section 1.8
in Chapter 1 for further calculations descriptionjhe BS.

Table 3.2 — Comparison of biological, @uxes o) calculated using different

criteria to define MLD in the BS. Bold indicate thlsest values between columns.

Biological O flux (Fpio in mmol m? d™?)
Grouped MLD
Zone CTD MLD- dy - Os
. _ MLD-6 | MLD-6 (b > 0.03
stations | MLD-0, | 7" 0l (95 0.2.50) (aék;%)lzs )
WilkinsIce | 4 4,36 | 354 44.2 34.6 38.7 345
Shelf
Marguerite
Baynorth | /810 | 214 23.9 22.0 216 215
198
(1)
Belgica 90 to : _ _ _ _
ouoh A 18.4 233 21.2 18.7 18.4
West of
Adelaide | 2X#© | 500 | -19.2 ~19.1 190 | -193
252
Island
Marguerite
Baysouth | ~ 220 | 127 | -126 | -123 ~121 | -125
o 213
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The MLD enters the calculation &, only indirectly (equation 1.5; Chapter By,

is not a direct function of MLD; thus, does not deg@ very strongly on MLD.
However, as observed in the previous table Fge value in the grouped CTD
stations differs according to the different MLDteria used during the calculation.
Fbio calculated using MLD-@(column 3) and MLDe; defined byos < 0.03 kg m®
(column 7) agree very well, to within 0.4 mmola™. For MLD based or# > 0.5
°C, Fpio can differ fromFpi, based on MLD-@by as much as 8.8 mmol frd™* (or
25 %). A higher discrepancy due to different MLDOtemia is expected for variables

directly influenced by MLD such as estimates ofdimsidence of a tracer.

3.6 Conclusion.

The vertical oxygen concentration in the coastautBern Ocean is a better
parameter to define MLD for gas exchange studiesr Pprofiles in the
Bellingshausen Sea collected during late summeraatuinn (2007), the MLD was
well defined by the depth where the absolute diffiee in thec(O,) was higher than
0.5 % of thec(O,) at 10 m-depth. The criterion was validated bytHer visual
inspection with 94 % of the total working profilagreeing well with the proposed

criterion.

In coastal waters of the SO, tkalinity stratification is a delimiting factor fahe
upper water dynamics due to the strong ice-meltrater signal. After validation of
the MLD-O, against traditional potential density and temperafcriteria, a good
agreement with thdgy = 0.03 kg nT criterion was observed when applied on the
same BS profiles and with the corresponding MLDraoted from the monthly
climatology (BM04b;(de Boyer Montéget al, 2004).

Although a density based criterion can be suit&nehe identification of the MLD
in the area of study; vertical density can exhdaises of vertical compensation and
the MLD-O, gives a better reflection of the, @oncentration within the ML of the

observed profile.

Therefore, for gas exchange studies, dissolvedgdget or determination of marine
production using dissolved gases as a proxy irctiastal SO, the use of the MLD-

O, criterion is recommended. The proposed criter®mmiore sensitive to reflect
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3.6 Conclusion

better upper mixed layer air-sea dynamics and tikience of biological and
physical processes, rather than the tradition&ra based on potential temperature
or density; particularly in regions where weak @it gradients of temperature and

density in the upper waters are suspected.

In the absence of oxygen profiles, the MLD critarlmased on thAgy = 0.03 kg m*
criterion can be used. Furthermore, in the abseh€&TD stations at all, the public
monthly climatology BM04 (de Boyer Montéget al, 2004), based on the samg
criterion, is encouraged to be used for determomatif MLD in the coastal areas of
the SO.
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Chapters

Estimates of marine biological production in thdliagshausen
Sea from Q/Ar ratios and triple oxygen isotopes

4.1  Abstract.

For the first time, detailed estimates of biologi€a flux (Fpni,) and gross oxygen
production G) integrated over the mixed layer of the Bellingsten Sea (BS) are
presented. For this, measurements efAOratios and triple oxygen isotopes in
dissolved oxygen were done from late summer toyemrtumn (March to April) of
2007. Vertical Q profiles were also collected for 253 CTD stationghe continental
shelf and shelf break regions.

The Fpip is used as a proxy of net community oxygen pradaodN) in the absence
of vertical mixing. Here, an evaluation of the eff®f local convective processes
(i.e. diffusion by diapycnal fluxK,) and convection by entrainment of &) from
subsurface waters) ové, is presented. An oxygen budget is constructedHer
marine production estimates corrected by thesehimogical effects. Overall, the
Fv had less effect oN thanF. in the BS.

The distribution ofN was well defined by the location of the margineg izone
(MIZ). In close agreement to previous marine praiitg estimates in the region,
high N values were found along the coast of the Wilkices Shelf (336 mg C h
d™) and in the southern part of the entrance to MeitgiBay (245 mg C m d™),
both located in the sea ice zone (SlZ). The presensea-ice melt water along the
coast was the main reason for enhanced stabilitheofvater column and provided
nutrients to sustain the late growing season. @nother hand, beyond the MIZ in
the permanent open ocean zone (PORZYas negative only in the Belgica Trough
area. This indicates a dominance of net heteroyrophd mixing with low
oxygenated Winter Water entrained after deepeniiigeomixed layer.

Despite the positivel encountered in the northern part of the entranddarguerite
Bay and in the area west of Adelaide IslaRgseemed to play an important role for
the mixed layer @mass balance. However, the consumption pbpheterotrophy
is not neglected.

For marine productivity estimates from dissolved/gen in coastal regions with
influence of sea-ice, such as the Bellingshausen iSis important to account for the

local physical processes.
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4.2  Introduction.

The Bellingshausen Sea (BS) is one of the majostabahelf areas of the Western
Antarctic Peninsula (WAP) in the Southern Ocean )(S@ the BS, high
phytoplankton biomass has been observed arountiskand in the ice fronts of the
many ice shelves located in the region (Figure @Hbim-Hanseret al, 2005). The
high biomass and complex phytoplankton assemblagereed in the BS is mainly
sustained by the water column stability, irradiaand nutrients distribution (Boyet
al., 1995; Mengeshat al, 1998; Garibottiet al, 2003; Vernetet al, 2008; Smith
and Comiso, 2008b).

The WAP region is characterized by high concerratiof chlorophylla and iron in
surface waters. These properties are also chasiten other shelf areas of the
Antarctic continent (i.e. Keguelen Plateau, Crqdateau, Scotia Sea and Ross Sea)
(Ardelanet al, 2010); thus, the WAP is a representative argaast of the Antarctic
shelf waters.

In the WAP region, the properties of the water noiuare influenced by local
physical processes, bottom topography, seasorwlityixed layer depth (MLD) and
sea-ice. In this region an increase of 95in the sea surface temperature (top 100
m) it has been observed over the last decade asdominantly during winter
(Meredith and King, 2005; Hollandt al, 2010; Montes-Huget al, 2010). The
observed seawater warming is believed to be dubetanvasion and upwelling of
the warm and low oxygenated Circumpolar Deep W@E&W) onto the continental
shelf of the WAP. As a consequence, this might ridoune to the recently observed
ice shelf thinning and increase of the sea ice-mater (Jacobst al, 1996; Jenkins
and Jacobs, 2008).

In the WAP, changes in sea-ice formation and retveil not only affect the
timeframe in terms of its extent and duration, @$o will have important
implications for the structure of the water columnd marine productivity. The
variability in the climate might lead to increaseithd speeds (Le Quéet al, 2007);

which can strongly affect the composition and alaum@ of phytoplankton
communities in the WAP ecosystem through a stronggmng regime. In turn, this
will increase the surface nutrients content by upmge (Arrigo et al, 2008) and sea-

ice retreat (Coolet al, 2005).Changes in the oceanic @ventories have been also
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discussed previously (Mateat al, 2000) with larger consequences in higher
latitudes (Keeling and Garcia, 2002).

Previous estimates of marine biological primarydoaction in the BS have been
based on discrete measurements“6f assimilation, chlorophyk concentrations,

guantification of the seasonal deficit in dissolviedrganic nutrients and biomass
abundance of phytoplankton and zooplankton spéBiegd et al, 1995; Turner and

Owens, 1995; Garibotet al, 2003; Serebrennikova and Fanning, 2004; Veetet
al., 2008). Marine production estimates in the BS hheen also derived from
remotely sensed ocean color (Arrigbal, 2008). The analytical limitations in the
methods for marine productivity mentioned above diseussed in section 1.2 of
Chapter 1.

In this chapter, | present net communi) @nd gross oxygen productioB)(in the
Bellingshausen Sea during late summer and earlyrau{February to April, 2007).
Measurements of £Ar ratios are used to constrain mixed-layer biaabO, fluxes
(Frio). The latter reflects the Oexchange flux due to biological production and
consumption of @in the mixed layer; in the absence of vertical imgxthis can be
approximated to net community productidy).(A detailed description of the basis of
the method is described in Chapter 1.

The approach for estimation &f and G from mixed-layer QAr ratios and @
isotopes is relatively recent and has been appliedessfully in some sectors of the
SO (Cassaet al, 2007; Reueet al, 2007a; Guéguen and Tortell, 2008; Tortell and
Long, 2009), including the BS (Hendriclkd al, 2004) but only based on sparse
discrete sampling. By using this approach it is sgme to observe marine
productivity gradients and high spatial resolutibrat have not been possible to
identify using traditional incubation methods. Alslis method avoids bottle effects
during the incubation process. In particular, poasiproductivity observations in BS
have not fully resolved the interaction betweencpsses associated with local
features such as the ice-melt dynamics and biabgioductivity distribution. The
estimates oN andG presented here were achieved over high resolutispace (on
the order of 0.1 km) and time (temporal resolutanfew minutes) thanks to the

continuous measurements of surface water.
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The Fpip and G estimates from the £Obudget method assume steady state mixed-
layer depth neglecting any vertical exchange froeepd waters. However, local
physical processes (i.e. diapycnal flux, turbulemking, vertical convection by
entrainment, horizontal transport and upwellingh ¢ important for the upward
transport of nutrients (particularly Fe), deep wageriched in C@ (Howardet al,
2004; Naveira Garabatet al, 2004; Bakkeret al, 2008) and can also exert an
important contribution to the upper watep @ass balance. The oxygen isotopic
composition can also be affected due to physidated. In 2006, Sarmet al found
that as the physical processes influence thec@tent in the mixed layer, the
isotopic composition is also affected mainly byt mixing in the coastal region
of Sagami Bay, Japan (Sarmal, 2006a).

Thus, the approximation ¢, to N without considering vertical mixing can lead to
significant under or overestimations to the protlitgt values in the BS. In order to
improve theN from Fy, estimates the contribution of some physical preegss
evaluated in this chapter.

First, the location of the Marginal Ice Zone (MIBection 4.5.1) and results from
direct observations of vertical profiles of oxygand potential densitydg) are
presented for the Sea Ice Zone (section 4.5.2) Rerdhanent Open Ocean Zone
(section 4.5.3).

Second, the buoyancy frequency was estimated ier dodevaluate the stability of
the water column influenced by the ice melt watsecfion 4.5.4) during the
sampling period. The latter is known to be an ingar factor for the presence of
phytoplankton communities. Furthermore, enhancedtifstation will increase the

buoyancy of the surface water due to surface wayramd freshening and will also
affect the @ solubility.

As step forward and in order to improve the marpreduction estimates from
mixed-layer Q budget, here is evaluated the effect of only twoaltscale
convective processes 0OVEk, associated with the dynamics of the seasonal mixed
layer: diapycnal flux by diffusion and entrainmemtoxygen by vertical convection.

For this, in section 4.5.5 estimates of the veltitansfer caused by the eddy

diffusivity, following the diapycnal fluxk,) as a response of wind forcing of oxygen

152



4.3 Area of study

trough the base of the mixed layer, are shown. llyinan the same section the
calculation of the entrainment oxygeifre due to mixed layer deepening is
presented. In section 4.5.6, a simple mixed-layem@ss balance is used to evaluate

the effect ofF, andF. on Fyi, and ovel.

In section 4.5.8, the ratio &fto G (from*’A values, section 4.5.7) is then calculated
as a proxy of the productivity indek-fatio” (Eppley and Peterson, 1979) to evaluate
the prevalence of heterotrophy or autotrophy (Hekdret al, 2004) in the BS
during the sampling period. A comparison of thenested gross production rates to
previous estimates using the Botopes approach and traditional bottle inculmatio

methods in the same area of study is shown.

4.3  Area of study.

The surveyed region was located between 65° an® &Bfd between 66° and 95° W
within the Bellingshausen Sea (BS) in the coasteh af the WAP. The present
study was carried out during 38 days (3 March £l 2007) on boardRRSJames
Clark Ross(JCR) within the framework of the ACES-FOCAS pujéAntarctic
Climate and the &th Sstem-Forcing from the_@eans, ®uds, Amosphere and
Sea-ice) cruise JR165 of the British Antarctic Syrv&@he sampling period was
coincident with the transition from summer to autueiuring the late melting of
winter ice from the previous season and the formnadif new ice.

4.3.1 Physico-chemical characteristics of the water columthe BS.

The BS is located in the Antarctic Zone (AZ), irtransition region between the
Antarctic continental shelf, the shelf break and tpen ocean regime, the latter
being delimited by the 3000 m isobath (Figure AXithin the AZ on the continental
shelf, two subsystems can be defined: the Perma@pah Ocean Zone (POOZ)
influenced by the oceanic regime and limited by shelf break, and the Sea Ice
Zone (S1Z) towards the coast. The physical bountatween the POOZ and the SIZ
is the Marginal Ice Zone (MIZ) defined by the ldoatof the sea-ice associated to its
seasonality (i.e. formation and retreat) (Vereteal, 2008; Hiraike and Ikeda, 2009).
Although the MIZ is an active feature with no fixddcation, it is normally
encountered between 65° S to 70° S and 80° WeteV8M urner and Owens, 1995),
extending about 100 km during summer and 200 krmgwvinter.

153



4.3 Area of study

65

551 —— MIZ; 03/03/07

— MIZ; 10/04/07

67+

B8

69+

70

Latitude (° S)

71t

72

73r

MQS 90 85 30 75 70 65

Longitude (° W)

Figure 4.1 — Area of study for cruise JR165 in Bellingshausen Sea during
summer 2007. Land is dark grey. Bathymetry contonra grey scale (200, 500,
1000, 2000 and 5000 m depth; light grey shalloweddrk grey deeper). Diamonds
are the location of CTD stations occupied durirg¢tuise. Location of the Marginal
Ice Zone (MIZ) from AMSR-E satellite images: rechtmur (beginning of cruise, 03
March 2007) and blue contour (end of cruise, 10ilA807). Main coastal features
(from west to east): FP, Fletcher Peninsula; Afiséh Peninsula; EB, Eltanin Bay;
RP, Rydberg Peninsula; RE, Ronne Entrance; BP hBeeh Peninsula; KGVI, King
George VI Sound; Chl, Charcot Island; All, Alexandsland; MT, Marguerite
Trough; Adl, Adelaide Island. Squares group théista for the areas indentified in
this study; dashed-lined rectangles in Sea Ice 4&h&): WIS, Wilkins Ice Shelf
and MB1, Marguerite Bay 1; full-lined rectangle Rermanent Open Ocean Zone
(POO2): BT, Belgica Trough; MB2, Marguerite Bay 2daWAI, West of Adelaide
Island.

In Figure 4.1, the approximate location of the Mildm the sea ice extent during the
cruise JR165 (at the beginning and at the endeo@mpling period) is shown. The
approximate location was obtained from the sageititages provided by ENVISAT

ASAR-E (Advance Synthetic Aperture Radar) from tB8A (European Space

Agency) at 1 km spatial resolution for an ice caomrcaion of 0.3 (i.e. percentage of
area that is covered with sea ice) (http://wwweeadk). A rapid extent of the new
sea-ice forming towards early autumn can be obdenvehe southern part of the

study region.
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The BS is a region characterized by complex hydnoigic properties closely
associated with the bottom topography, coastaligordtion and sea-ice seasonality.
It is relatively protected from the strong westwaiidds, storms and direct influence
of the Antarctic Circumpolar Current (ACC) arourte tAntarctic continent. The
formation, convection and overturning of water neasgaries seasonally depending
on the offshore-onshore freshwater input and \erticixing. Here, a description of
the general characteristics of the water columntha BS region will allow
understanding of the distribution of the physiceitical properties of the water

column.

In the WAP region, the influence of the ACC is saeithe CDW entering close to
the coast. The CDW is divided into its upper sect{pper Circumpolar Deep
Water, UCDW) located at about 400 m depth in themp@ent pycnocline region
and its lower section (Lower Circumpolar Deep Watecated at the bottom of the
water column (Orset al, 1995). The UCDW is known to be warmer and fregiéer
>1.6 °C and 34.6 § < 34.72) than the LCDW (1 °C &> 1.5 °C and5 > 34.72)

(Serebrennikova and Fanning, 2004).

The UCDW extends well to the bottom of the Antarcontinental shelf slope and it
mixes with the Antarctic Surface Water (AASW). Asesult, the Modified Upper
Circumpolar Deep Water is formed (MUCDW) (Smidt al, 1999) and is
characterized by slightly lower temperature vali@ge® 1 °C and in summer reaching
up to 1.5 °C) than the UCDW and LCDW, but similalirgties (34.6 to 34.72) and
lower O, concentrations than the UCDW (Serebrennikova amthifng, 2004).

The AASW is formed with the Antarctic Polar FroMRF) as its northern boundary
and the Antarctic continent as its southern lirttg. formation on the continental
shelf of the WAP starts by the beginning of the swenand is predominantly located
in the upper 100 m (below the seasonal mixed laged up to 200 m depth. The
AASW is characterized by higher,@ontent than the CDW (upper and lower parts),
but remains undersaturated in oxygen levels (bynash as 10 %). The range of
temperatures of the AASW is typically wide and witdwer values than for the
MCDW (-1.5 °C <8< 1 °C). The value of that the AASW adopts depends on its

location within the continental shelf and the timiethe year with higher (lower)
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values during summer (winter) and away (near) efdbastline. The salinity of the
AASW normally ranges between 33 and 34.5. Theiligion of the AASW defines
the location of the AZ. Although two major frontseaocated south of the APF:
Southern Antarctic Circumpolar Current Front (SAG@Rd the Southern boundary
of the Antarctic Circumpolar Current (SbACC), theubsurface presence do not
limit the AASW distribution in the surface wate@réi et al, 1995; Whitworth lllet
al., 1995). Another subsurface feature in the reg@®0(to 600 m depth) is the
Antarctic Slope Front (ASF), located along the Adtia continental slope, being
characterized by a sharp horizontal gradient inpmature and salinity (Whitworth
[l et al, 1998). The presence of the ASF does not limitegithe onshore-offshore
flow of the AASW; however, it appear to be absenthie WAP region (including the
coast of the Bellingshausen Sea) (@tsal, 1995).

During winter, most of the continental shelf is eced by pack ice, and underneath,
the so-called Winter Water (WW) is formed towartie nd of the season as a
remnant of the isothermal winter mixed layer. Th&Wdominates the upper mixed
layer during early spring replacing the AASW. Theegence of the WW is
characteristic of a deep (up to 100 m) well mixagel during winter and spring. The
WW is cold (-1.8 °C g < -1.0 °C), salty (34 €< 34.2) due to the brine rejection
during sea-ice formation and with low, ©@ontent (60 to 85 % saturation) (Gordein
al., 1984; Garibottet al, 2003).

The seasonality of sea-ice limits the light avaligband melt water variability, and
with it the temporal and spatial distribution oktbiological communities that can
adapt to different light regimes (Serebrennikoved &anning, 2004; Garibotét al,
2005a; Vernett al, 2008). During early spring, the release of Fe seatice algae,
trapped in the ice during its formation in the poes season, start from the deep
mixing by convection and melting of sea-ice clogettte coast (Hopkinsoat al,
2007). This process and the surface presence &iNeenriched in macro nutrients
(Serebrennikova and Fanning, 2004) in a well diedtiwater column, enhance the
formation of phytoplankton blooms in the upper niiXdayer (Martinet al, 1991,
Boyd et al, 2000) particularly in the ice edge of the MIZ.
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From October to March, the increase in day lengtth solar irradiance are also
important factors that enhance the phytoplanktamwarg at the continental shelf.
The peak of the growing season occurs in Januarg Summer), and the
chlorophylla, carbon biomass and phytoplankton abundance adyhvariable
from offshore to onshore waters; the latter is snmwmn observation in previous
works (i.e.Garibottiet al, 2005a; Verneet al, 2008; Smithet al, 2008a).

During the growing season, the phytoplankton blopesist for several weeks and
communities of diatoms dominate in the shelf watdrthe BS (Muraet al, 1995;
Garibotti et al, 2003; Garibottiet al, 2005a; Smithet al, 2008a). This group of
primary producers can adapt to sea-ice coveredmsgand succeed in particular
light regimes in a stable water column (Mengeshal, 1998; Vernett al, 2008).

As the growing season evolves, nutrients from thé/ \&tart to become depleted
(mainly silica and nitrate) due to photosynthesesnineralization of organic matter,
vertical and lateral mixing. The Fe concentratitarts to decrease to very low values
(<0.1 nM) leading to phytoplankton biomass deple{imithet al, 2000). By early
autumn, the WW starts to disappear due to heatingurface waters and wind
mixing. The mixing between sea-ice melt water (IM&d the warmer AASW from
below also starts. As the WW depletes during aufuim AASW is located in most
of the upper mixed layer, mainly in the POOZ.

From November to March (late spring to summer)IM#/ starts to dominate close
to the coast. Its presence in the SIZ, replaceS\i¥\éin the surface mixed layer and
leaves underneath a remnant of the WW (Garilettéil, 2003; Vernetkt al, 2008).
During summer, weaker wind speeds and the weltifsdh water column result in
the characteristic shallow summer mixed layers (ML.B0 m) (Holm-Hansemt al,
2005). Away from the coast in the POOZ, the WW piisvin the upper mixed layer.

At the WAP continental shelf, the seasonality & thixed layer is dominated by the
influence of the IMW as the main factor to stalalithe water column, mainly in the
SlZ. The IMW is well characterized for being fresh¢S < 31.8) and with
temperatures around -2 to —2@, close to the seawater freezing point (L8 As
the ice melts from the coast, glaciers and icevaselthe oxygen trapped as air
bubbles in the ice is released to the surroundiatgmcolumn and goes into solution.
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Therefore, it is expected that the IMW has elevabegigen levels, or close to

equilibrium with the atmosphere.

Finally, the biological productivity results forahBS presented here are not only
representative for the WAP region but for other akatic shelf areas. The marine
pelagic ecosystem in the WAP characterized by, ldidtoms and various vertebrate
consumers, is similar in structure and dynamia®dst of the other Antarctic coastal
areas, with exception of the Ross Sea where ksillnormally less abundant.
However, the WAP is experiencing the most rapidnaag compared to other areas
in the Antarctic shelf. In contrast to the Ross #&b&re the winter sea-ice duration
has increased, in the WAP region a sea-ice latearack and retreat is characteristic.
Thus, the structure and abundance of biologicalnsonities in the WAP might face
considerable changes in comparison to the resteofntarctic shelf areas (Ducklow
et al, 2007).

4.4  Methods.

4.4.1 Hydrographic stations.
During cruise JR165, vertical profiles of temperat(®), salinity & and dissolved
oxygen concentratiorc(O,)) were obtained from 253 CTD stations occupiethat
continental shelf and shelf break of the Bellings®n Sea (Figure 4.1). In Chapter 2
details of the rosette configuration (section 2.1a8d salinity calibration (section

2.2.2) (JR165 cruise report; D. Shoosmithpreparatior) can be found.

To obtain the vertical profiles of £zoncentration, the CTD was equipped with two
oxygen sensors (Sea-bird SBE43). The up-cagir@files were calibrated by linear
regression r€ = 0.997) from the comparison between €ncentration measured
from the discrete samples by Winkler titration ahd G concentration as given by
the CTD-Q sensor. A detailed description of the calibratwacedure is presented

in Chapter 2, section 2.4.
The analytical precision of the Winkler titratioarfthis calibration was 0.2@mol

kg™ The final vertical profiles for all the variablesemsured were interpolated

vertically in steps of 2 dbar to the correspondimaximum depth for each station.
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4.4.2  Definition of mixed layer depth from Lrertical distribution.

An adequate criterion for the definition of mixexyér depth is needed for air-sea gas
exchange studies and marine production estimatsdban @ mass balance. In the
coastal SO, the upper mixed layer is influencedsdayical transfer of water and the
sea-ice dynamics. Traditional criteria to define limit of the mixed layer based on
temperature tend to overestimate its depth (Kdgeairet al, 2008). This is more
evident in the coastal waters of the SO where wesatical temperature and salinity
gradients are encountered (Chapte€8stro-Morales and Kaiser, 20Tianuscript

in preparation).

In order to improve the marine production estimatethe mixed layer from oxygen
measurements, here the MLD is defined based oweaheal G distribution. The
selection of the MLD from the vertical profiles 66 is the main subject of Chapter
3, with details and validation presented there.pBdra3 is part of a manuscript in
preparation, therefore here is also referred txastro-Morales and Kaiser, 2010,
manuscript in preparation

Briefly, after objective (mathematical algorithm)dasubjective (visual inspection)
analysis of the 253 individual rofiles in the BS, the upper MLD was defined as
the depth where a changea¢D,) was higher than 0.5 % of the surfa¢®,) at 10 m
(or 11 dbar). In the BS, the MLD-Qielded lower values than MLD defined loy

(v < 0.03 kg m® with respect to the value at 10 m) by as muchdsr8. The latter
threshold criterion based on potential density seduin the monthly mixed layer
climatology from de Boyer Montégutt al (2004) (BM04). The MLD-Q was also
compared to the MLD% directly extracted from the BM04 climatology fdret same
location and month of the year for the JR165-CTtiehs. An average
overestimation of MLD was observed by the climagidal MLD-gy; when compared

to MLD-O; (MLD- gy in Chapter 3) by #11 m.

Bearing this in mind and due to the lack of histarioxygen profiles in the same
area of study, the BM04 corrected by the previdifiseb was used as the historical
MLD corresponding to 30 days before the samplingetifor the estimationf the

flux of O, by entrainmentRe, section 4.4.7).

159



4.4 Methods

The term from now on to refer to the mixed layepttiewill be zix and not MLD. In
terms of defining the criterion, “MLD” was a moranhiliar acronym, however for
the Q@ mass balance and to use this variable in moretiegsa | found it more

appropriate to usayx instead.

4.4.3 Marine biological production from £neasurements.
The method used to estimate marine biological prtoin was based on surface
oxygen measurements, as well agAD and the isotopic abundance of dissolved
oxygen. The fundamentals for this approach have lestensively discussed in the
literature (Luz and Barkan, 2002; Hendrioks al, 2004; Reueekt al, 2007a). A
detailed description of the variables estimatedhis chapter is presented in the
introduction (Chapter 1) and methods (Chapter Zhisf thesis. A brief overview is
given below with reference to the correspondingises in the relevant chapters.
A mixed layer-Q mass balance is presented in section 4.4.9 whbee t
complementary variables for the evaluation of tleatcgbution of local physical
processes over the marine productivity estimatesnatuded.

4.4.4  Air-to-sea Q flux (Fg) determination from underwayOy).
Continuous underway concentrations of dissolved(€0O,) in pmol kg?) were
measured using an oxygen optode sensor (Model F&8ijeraalnstruments AS,
Bergen, Norway). For the calibration of the contins Q signal, a total of 186
discrete underway water samples were collectedifamd» content was determined
using Winkler titrations (Dickson, 1996) with phatetric endpoint detection (see
sections 2.3; chapter 2). The mean standard dewigprecision) of a duplicate
analysis was 0.2fmol kg. Details of the calibration of the continuous umesey
c(O,) are given in section 2.5 (chapter 2). A high spagtsolution (on the order of
100 m) for the surface distribution ofO,) was achieved considering the average
ship speed (10 kn) along the cruise track, the tiesponse of the optode sensor and
the delay of the continuous underway seawater fltowugh the intake system to the

measurement sampling point.

The supersaturation of,@40;) with respect to the concentration at equilibriwith
the atmosphere was calculated following equati@nirisection 1.7 (chapter 1). The

40, together with a weighted gas transfer coefficignt section 1.6; chapter 1) are
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used to estimate the flux of oxygen through thesaa interfaceHg) following
equation 1.2 (section 1.7; chapter 1). Positivgdtige) values oF4 represent a net
flux of O, for that amount from the surface ocean (atmospher¢he atmosphere

(surface ocean).

4.4.5 Biological G flux (Fpio) determination from @Ar ratios.
Continuous measurements of the underwahAOratios (Craig and Hayward, 1987,
Emerson, 1987) were made by Membrane Inlet Masst®@peetry (MIMS) (Kanaet
al., 1994; Kaiseret al, 2005; Tortell, 2005a) in the BS region. This weed to
constrain the physical processes affecting theddcentration in the mixed layer, Ar
is used as an inert homologue. Seawater from tffaceumixed layer was pumped
by the ship’s uncontaminated seawater supply (USdated at a nominal depth of
6 m. The water was passed through a membrane chamitie a Teflon AR
membrane Random Technologigg€onnected to the vacuum of a quadrupole mass
spectrometer (QM®feiffer Vacuum PrismaTemperature effects and water vapour
pressure variations in the measurements were rddyckeeping the membrane in a
water bath at a constant temperature GfCO(further description in section 2.1.3,
chapter 2). The continuous/r ion current ratio measurements were made e§ery
sec with a short-term stability of 0.05 %. A splatesolution on the order of 300 m
for the surface continuous,@r data was achieved from the average ship spE@d (
kn) along the cruise track.

For calibration of the continuous.(@r signal, mixed layer discrete samples in
evacuated bottles were collected from the samerwagewater flow (see section
2.6.1 in chapter 2). After liquid and gas phaseildmation in the discrete samples,
most of the water vapour,,Naind CQ were removed as preparation step (section
2.6.2 of chapter 2), the remaining @d Ar mixture was analyzed by Isotope Ratio
Mass Spectrometry (IRMS)rfiermoFinnigan MAT 252) for identification of ion
beam intensitiee/z32 and 40 by a peak jumping method on a singledolr (Luz
and Barkan, 2000). The calibration procedure fer ¢cbntinuous @Ar ratios from

MIMS based on discrete samples is described inose2t7 (chapter 2).

The mixed-layer biological ©supersaturationd0./Ar) (equation 1.4, section 1.8;

chapter 1) is calculated from the ratio betweendhlbrated Q/Ar ratios and the
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saturation concentration ratio ({f8r)eq = CeO2) / CeAr)) determined from the
solubility equations for @ (Benson and Krause, 1984; Garcia and Gordon, 1992;
Garcia and Gordon, 1993) and for Ar (Hamme and Borer2004) as function of

temperature, pressure and salinity.

Finally, continuous upper mixed layer biological fuixes, Fyi, (mmol m? d*) were
calculated usinglO,/Ar andk,, according to equation 1.5 in section 1.8 (chap}er
Positive (negative) values &, represent a net flux of £biologically produced
from the surface ocean (atmosphere) to the atmosbterface ocean).

4.4.6 Diapycnal flux £,) determination.
As mentioned before, the marine productivity esteadrom the @ budget method
neglects the vertical transfer of gas through tasebof the mixed layer. However,
previous studies have suggested that this assumgaio lead to underestimation of
the productivity estimates. Reuet al (2007) and Cassat al (2007) observed
negativeFpj, values in some regions of the SO and were unableleantify the
contribution of net heterotrophy, upwelling or eiment of low oxygenated waters.
According to Reueret al, the observed apparent “negative biologicad O
production”, particularly in the Marginal Ice Zof1Z) south of New Zealand, can
be due to vertical mixing rather than net heteggtyo The authors suggested that the
convection of low @ waters by upwelling near the ice margin and witkhne

Antarctic Zone can be the main cause.

Thus, to account for the effect of the verticakflof O, in the mixed layer-marine
productivity estimates, the diapycnal flux ot F,) is constrained herds, is an
estimate of the transfer of gas due to eddy (doufent) diffusivity through the base
of the mixed layer depthr, is calculated from the first Fick's law of diffusi

following:

(4.1)

wheredcoy, represents the gradient of D the oxycline obtained from the dissolved
oxygen vertical profiles. Thusic.y is given by the difference between the O
concentration at the oxycline’s bottom limi;{s{O>)) minus the @ concentration in

the upper limit €mix(O2)); (ACoxy = ChasdO2) — Czmix(O2)). The termcmix(O2) thus
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represents the oxygen concentration integratedhenntixed layer depth at the

sampling time.

The depth range oficoxy corresponds to the thickness of the oxyclide,) given
by the difference between the depth where the bbfee oxycline was locatedyfsd
minus the depth of the mixed layer during samptiag @mix); (AZoxy = Zvase— Zmix)-
Positive (negative) values Bf represent an influx (efflux) of £by eddy diffusivity
into (out of) the mixed layer (contrary referenagnsto Fy andFuio, See Figure 4.2).
The termK, is the eddy diffusivity coefficient (frs %). Here, the meaK, suggested
by Howardet al (K, < 1 x 10° m? s %) was used. This value was obtained for the
Marguerite Bay area during the Southern Ocean Gl&mmsystem Dynamics
program (GLOBEC) for fall and winter in 2001. Thds value is in close agreement
to the value suggested by Lawal (2003) with a meakK, of 1.1+2.0x 10° m*s *
obtained during the SRracer release experiment SOIREE (Southern Ocean |
Enrichment Experiment) during the summer of 199%him Australian sector of the
SO (Lawet al, 2003; Howarcet al, 2004).

Due to the lack of studies and the difficulty tdimste K, directly in the field
(particularly in the SO) here is considered tha¢ tbelectedK, is the best
approximation so far for the BS region. The randewind speeds during the
sampling time of JR165 (average between 4.6 and 8'nobtained from the
historical wind speed over 60 days before the ejugere within the range of the
wind speeds recorded during the SOIREE experintetd (2 m §'). The squared of
the buoyancy frequency ¢) during SOIREE registered values between 1% &0
for the seasonal pycnocline and up to 1 ¥ &Y in the mixed layer towards the end
of the experiment. During GLOBEC, the buoyancy frency (/%) was < 10* s2.
These values are consistent with the range*dbund for the BS region in this study

(see section 4.5.4 below) being on the order ot 8.

Since measurements ob/@r ratios at different depths in the vertical pi®fwere
not done, it is not possible to estimate the diapyfux of the biological @through
the base of the mixed layer. However, it is congdehat the Ar concentration of

the water below the mixed layer is also affected mxing. Therefore, the
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concentration of Ar will vary only below the mixdayer and the gradient through

the base of the mixed layer can be expressedrmstef dissolved ©

4.4.7 Entrainment of @(F¢) due to mixed layer variability.
The flux of oxygen due to entrainmem) by vertical convection after deepening of
the mixed layer depth is evaluated here. Previggmaaches used to estimdie
(i.e. Emerson, 1987; Emersat al, 2008) account only for the gradient of oxygen
given by the difference in concentration between waters underneath the mixed
layer (i.e. in the thermocline) minus the conceardrawithin the mixed layer during
sampling. However, this assumption leads to an mastienation of the total
concentration of oxygen contained in the portionhaf water column entrained after
deepening of the mixed layer. HeFg,after deepening of the mixed layer deptt) (
IS given by:

dc

1 dh
Fe = Zmix a = _Em(AZ)Z

o (4.2)

Where @d/dt) represents the rate of change of the concentrafioxygen during the
previous 30 daysdf) prior to the sampling time integrated over thexedi layer
depth at the sampling tima{x); mis the slope given by the gradient of oxygdn)(

in the oxycline during sampling day. The thickne$ghe water column entrained
(4z) is obtained from:4z = z; — z; wherez, corresponds to the depth of the mixed
layer 30 days before the cruise amds the mixed layer depth at sampling time (i.e.
Zmix). Thus, positive values afz would indicate deeper mixed layers compared to 30
days before the sampling time. Detailed derivatbrequation 4.2 is shown in the

Appendix A of this thesis.

The depth of the mixed layez {.) during the 30 day before the sampling time was
extracted from the monthly climatology given by Beyer Montégutet al, (2004)
for the same geographical location of the shipkirdi obtainz, the zmixg was
corrected by 7.0 m (Chapter 3; Castro-Morakss al, 2010, manuscript in
preparatior) according to the depth overestimatiorzgf as defined by compared
to the value obtained after the vertical oxygenritistion. Positive (negative) values
of Fe represent an influx (efflux) of £y convection into (out of) the mixed layer

(opposite sign té4 andFyio, See Figure 4.2).
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4.4.8 Gross Q production G) determination from the isotopic abundance
of dissolved Q.
Analysis of the'’0/*°0 and**0/*°0 isotope ratios 'O and %0, in %o) in the
headspace of seawater discrete samples collectedeirBS was done by multi
collector IRMS (Luz and Barkan, 2000) (see secdh?2 of chapter 2 for detailed
description and efficiencies of the analysis; sec.9 shows the corrections to the

measurements).

From the measured’O andd'®0 the'’O anomaly {’4 in per meg) is calculated in
the headspace of the discrete seawater samplesdexgcto equation 1.18, section
1.10.2 in Chapter 1Appropriate corrections for thH€A calculation are presented in

section 2.9 of Chapter 2.

The quantification of’A allows the identification of the origin of dissel¥ Q; this

is possible due to the different fractionation @®ses occurring in the environment.
The Q formed by biological processes follows a mass-ddeet fractionation with
the 00O abundance being about half of t#O. However, the @ formed by
photochemical reactions betweeg O, and CQ in the stratosphere, follows a non-
mass-dependent isotope fractionation; and, atmosple shows a corresponding
depletion in'’O (Luz and Barkan, 2000) an#i’O becomes almos equal thatfO
(see section 1.10.2 in chapter 1 for further deail

The gross @production G, in mmol m? d*') integrated over the mixed layer was
estimated fromky, Ce(O2), "Amax "4eq, and 1’4 of dissolved oxygen in discrete

seawater samples, following equation 1.19 in sectid0.4 (chapter 1).

The'’A s of relevance for the present study since it élp to elucidate the mixing
with subsurface waters and air-sea gas exchangedi@dpycnal mixing will not only
bring deep waters to the surface, but will transpaters enriched in biological,O

to waters below the mixed layer during summer. &ilel is not affected by
respiration (Luz and Barkan, 2000; Luz and Bark9), the anomaly is expected
to accumulate despite the @onsumption in aphotic waters or in the remnandeahi
layer. This accumulation can be transferred to upgders as the season progresses
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and the mixed layer deepens in response to highed wtress and convective

mixing.

4.4.9 Mixed layer-Q mass balance.
The fluxes mentioned above were included in a smMpD box-model to evaluate
the Q mass balance in the mixed-layer of the BS (Figu2¢. Based on the nass
balance proposed previously by others (Hamme andr&om, 2002; Hendricket
al., 2004; Kaiseret al, 2005), here the diapycnal, @ux (F,, section 4.4.6) and
entrainment of @ after the deepening of the mixed layét ( section 4.4.7) are
included in order to evaluate the effect of theseal and small-scale physical
processes over the;@oncentration in the BS mixed layer and to finathprove the
estimates of marine production by the oxygen measeants method. The mixed-

layer G mass balance at a specific titpean be described as:

0c(O,)
ot

Zmix X

=G-R-Fy+F, +Fe + Foypples (4.3)

The left hand side of the equation 4.3 indicatestémporal change of tle€O,) over
the time in az,x. Considering steady state, the latter would etmaero and the
total G, in the mixed layer is given by the sum &f, Fpubbies Fv @and Fe. Fpio, @s
calculated in equation 4.3, is a rough estimaté ofinus the rate of ©consumption
by heterotrophy (respiratiom) integrated over the depth of the mixed layer.sThu

the net community productiolN) is given by the difference betwe@mnandR.
The termFpunpiesrefers to the sum of the air-sea flux of f@m injection Eiy) and

exchangeKexcr) of bubbles into the mixed layer (Hamme and Emer2002; Kaiser
et al, 2005).

Foubbles= X(02) X[Finj + (Fexch*a(02) x4/S{02))] (4.4)

Both Fi,; and Fexch are multiplied by the ©mixing ratio in airy(Oy). Fexch is also
multiplied times the Schmidt number for, (5d0O,)) (Wanninkhof, 1992) and the
Ostwald solubility coefficient for &(a(Oy)).
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4.4 Methods

The physical transfer of £oy lateral advection and upwelling here are ndgtbc
Further justification to the previous assumptiond fnture recommendations for the
O, mass balance are presented in the discussiorosdotiow. The next figure
(Figure 4.2) shows a schematic representation @fGhmass balance as given by

equation 4.3.

In the @ mass balance used héfgandFy, are referenced to the atmosphere, thus
positive values indicate net transfer from the atef ocean to the overlying
atmosphere. Contranf, and F. are fluxes referenced to the mixed layer; thus,
positive values in these fluxes represent an indiu®, into the mixed layer.

Thus, the correcteB, by F, andF. gives a better approximation Nfin the way:N

= Fpio — Fv — Fe; without neglecting the physical contribution of D the mixed

layer depth from the processes evaluated here.

- -1+

| l | l 4
Fy+ Foio Foubbles
N = Fy,—-F,—Fe Ziix
+ T | — v
i | * : A
I:v Azmix
———_—]
F

Figure 4.2 — Schematic of the mixed lay®gf,(in m) O, mass balance represented by
the biological Q flux (Fuio) and flux of Q (F,) relative to the atmosphere. Diapycnal
flux (Fy) and flux by entrainmen&() due to the variability in the mixed layef#,y

in m) are referenced to the mixed layer. All flusee given in mmol Af d .

4.4.10 Auxiliary variables.
Supporting physical variables were measured froroua sensors on board the JCR
from the underway system: a continuous record af s@face temperature (SST)
from a sensor located at the bow of the ship dogbe seawater intake, sea surface
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salinity (§ from a thermosalinograph, as well as barometrasgure P) and wind
speed corrected to 10 m heightof from the meteorological station on board. The
corresponding corrections due to sensors’ resplagsienes and height above the sea
surface were accordingly performed. A consistentmiag effect of 0.65 °C was
identified due to the 2 min delay of the surfacetewan the intake system until

sampling. This offset was removed from the ove8&8T signal.

The gas transfer coefficient was calculated folluyvihe parameterization suggested
by Sweeneyet al. (2007). To account for the history of the mixagldr according to
the residence time of Da weighted gas transfer coefficiem,)( was calculated
using the method suggested by Reetml, (2007). For this, the historical wind
speeds at 10 m height for an interval of 60 daysr po the sampling periodi{s 9
were used. These data were obtained from the Eano@entre for Medium-Range
Weather Forecasts (ECMWF 6 hr resolution, operatianalysis 1 grid field) wind
speed product. The latter was selected after casgpaof the instantaneous wind
speed recorded by the ship’s anemomaetg) uring the sampling period to various
wind speed products at different time resolutions. QuickSCAT 24 hr, NCEP 6
and 24 hr). The ECMWEF wind speed extracted fordhme days of the sampling
period was in closer agreementug by as much as 2.6 m'sas the mean of the
difference between the standard deviation for esmtiof data. The latitudinal (i,
east — west) and meridional {5, north — south) components of the wind speed

vector were also extracted from the same wind prbthaee Chapter 2 for details).

4.5 Results.
45.1 Location of the Marginal Ice Zone (MIZ) associateiih the spatial
distribution of mixed layer biological {supersaturation.

From the identification of the location of MIZ dag the JR165 cruise (03 of March
and 04 of April, 2007) (section 4.3.1, Figure 4ri}he Bellingshausen Sea, the MIZ
remained similar for the regions located betweéha®tsl 87° W and 76° and 65° W.
Therefore, no apparent retreat or advance occuluetg the sampling period (38
days) for those areas. On the other hand, a seaedeance of about 215 km is
observed in the central part of the area of stuelgign between 75° and 87° W) from
the coast of Fletcher Peninsula, Allison Peninsud Eltanin Bay towards the shelf

break in Belgica Trough (Figure 4.1). During thenpéing period, the rate of sea-ice
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4.5 Results

advance was about 5.6 km/day and is an indicatfothe formation of new ice

during the beginning of autumn in the POOZ.

The MIZ represents the limit of the SIZ from the ®Q) The spatial distribution of
O, and Q/Ar supersaturations of these zones were heterogsneOverall,
supersaturated values for total and biologicallydpiced @ were observed towards
the coast of the WAP (2:8.0 % and 5.%3.4 % for40, and 40,/Ar, respectively)
in the SIZ (Figure 4.3). There, the area of stigdyubdivided into two areas: 1) along
the coast of Wilkins Ice Shelf (WIS, CTD stationgol36) located in the southern
part of the entrance of Marguerite Bay and 2) Marge Bay 1 (MB1, CTD stations
178 to 198) located close to the coast of Alexamsland.

Sea lce Zone

a ' ' ' ' b ‘ ' 40,

By 'l." t WIS 1o MB1 — JAr
= ! | — A0, /Ar
£ 10} e 1t ,,f .
g 5 L\ﬂ “l‘ dﬂ J{” | | ‘..rn_lt Y ," J \.u
> 04 -ty t f"h"\:-
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Figure 4.3 — Distribution of the surface mixed layexygen and oxygen/argon
supersaturation (blue linelO, and black line 40,/Ar) in the different subregions
indentified. Top panels: a) WIS and b) MB1, corsging to the SIZ. Bottom
panels: c) BT, d) WAI and e) MB2, in the POOZ (nthe difference in the y-axis
scale for the top and bottom paneldAr (red line) was inferred frondO, and
A0 /Ar. Horizontal solid line indicates the equilibnuwith the atmosphere.
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By contrast, undersaturateD, and 40./Ar were identified in the POOZ off the
coast (averagdO, and40,/Ar of —2.0t0.9 % and —-1.60.9 %, respectively). These
values represent the average of the three areasvildnd in the POOZ: 1) Belgica
Trough (BT, CTD stations 90 to 135), 2) MargueBi&y 2 (MB2, CTD stations 199
to 213) located in the northern part of the enteatac Marguerite Bay and towards
the coast of Adelaide Island and 3) West of Adedgland (WAI, CTD stations 214
to 252) located in the northernmost part of theang area (Figures 4.1 and 4.3).

As a consequence of the variadl®,/Ar, the biological oxygen fluxHpi,) was also
heterogeneous. High apparent biologicalpBoduction, given by positive values of
Fuio (average of 27814.0 mmol m? d*) was observed in the SIZ areas. On the
other hand, negative values Bfj, (mean of -16.88.9 mmol m m* d %), were
observed in the POOZ due to the undersaturaét Qrable 4.2).

The decision to split Marguerite Bay region intotareas (MB1 and MB2) was due
to the contrasting heterogeneous distribution athhbdO, and 40./Ar. Positive
AO,/Ar was observed in MB1 at the southern part ofdhgance to Marguerite Bay
(5.3t2.9 %), while negative biological upersaturation was observed in MB2 at
the northern part of Marguerite Bay (—®9 %) (Figure 4.3). The boundary
between MB1 and MB2 is coincident to the locatidrthe MIZ at the entrance of
Marguerite Bay. In this area, the MIZ remained elds Alexander Island and
towards George VI ice-shelf during the samplingqee(Figure 4.1).

In the following sections, the results for SIZ d@0Z are presented independently
for each zone (section 4.5.2 and 4.5.3, respegjivéhe distribution of the water
masses in the area of study (particularly in thpenp200 m) as identified from

vertical sections of, Sandc(0O,) is also presented.

In section 4.5.5 the estimateskffor each CTD station according to the gradient of
O at the base of the mixed layer are shown. In theessection the estimates k&,

for each CTD station, due to convection of deepewats a consequence of
deepening of the mixed layer over a period of 3¢sdaefore the sampling day are
also shown. The historicahix is based on climatological data (de Boyer Montégut
al., 2004).
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The contribution of, andF. to the estimateé, is quantified. Average values and
uncertainties ¥1 standard deviation) for the estimated variablesthe areas
mentioned above are summarized in Tables 4.1 gdD&tails of individual errors

and overall error propagation are also presented.

The results fromt’4 (section 4.5.7) and gross Production G) are shown with the
rates ofN/G (f(O,)-ratio) calculated and presented in section 4.5s81dJan oxygen-
to-carbon ratio forN(C) the net carbon community production is cal@daand

compared to previous values in the region (secti@h

45.2 Sealce Zone.
In the SIZ of the area of study, the WIS sectiors wampled at the beginning of the
survey during late summer (3 to 8 March, 2007) levtiie MB1 section was sampled

28 days later representing early autumn (31 MaschApril, 2007).

The characteristics of the water column remainedlai for WIS and MB1 despite
the difference in sampling periods; therefore, greperties of the upper water
column in the SIZ were not strongly affected durihg seasonal transition from
summer to autumn. From the observations in thecatrsections ofd, S andc(O,)

(not shown), the upper 200 m of WIS (CTD statiorte B6) and MB1 (stations 178
to 198) showed a well stratified water column ie 81Z during the entire sampling

period. Average values per area are shown in Talle

In order to identify the location of the main waiteasses in the water column of the
SIZ and POOZ, Figure 4.4 shows the relationshipvéen thec(O,) against
@(Figure 4.4a) and agains$ (Figure 4.4b) for the full depth profiles. The
corresponding values exclusively in the mixed lagrer also shown (Figures 4.4c and
4.4d).

The mixing lines according to the properties of Wwader masses as end members are

shown as black dashed lines in Figure 4.4. The QDNVits upper and lower part)

was well identified in most part of the base of thatinental shelf.
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Table 4.1 — Average 1 standard deviation for the main variables meaband estimated in the Bellingshausen Sea foserdiR165 in summer,
2007. Results categorized by areas: WIS, WilkiesSbelf; MB1, Marguerite Bay 1; BT, Belgica TroudB2, Marguerite Bay 2 and WAI,
West of Adelaide Island; (CTD stations in betwess dnes presented here are not included).

20,9 c(0x)®? ) @) F Far 4 ® 2
MO | aions | po) | UMY |09 | Gmo | ST vy | e | emel | ST gty
Sea Ice Zone (S1Z2)

WIS 1-36 -0.9t0.6 32.5304 2.23.6 362418 6.23.9 -3.31.1 1604 14+7 -3£3 155 -10t4 1.50.5
MB1 178-198 -1.1#0.2 33.@0.2 1.92.5 3527 5.32.9 -3.3t0.8 1.2+0.3 6+10 -3+2 19+7 4+7 1.2+0.3
Permanent Open Ocean Zone (POQOZ)

BT 90-135  -1.4t0.4 33.30.2 -2.20.6 33%5 -2.2t1.0 -0.60.9 2.0+0.2 -23t4 -2+1 28t7 8+7 0.8t0.3
MB2 199-213 -0.1#0.1 33.30.1 -1.41.1 3294 -1.2t0.9 -0.20.5 2.8t0.5 -13t10 -3t1 338 21+10 0.2+0.1
WAI 214-252 0.4+0.2 33.80.1 -1.81.2 3237 -1.51.0 -0.3:0.9 3.#0.4  -23t15 -2+1 49+15 18+12  0.0+0.2

@ The error in the oxygen supersaturatid®4) relies mainly in the uncertainty given by thestised Q measurements by the Winkler method (0.1 %).

Positive values indicate the amount of dissolved@persaturated with respect to the concentratiequlibrium with the atmosphere.
@ ¢(0,) per area represents the average within the niiet at the sampling time.
®The error in the biological SsupersaturationdO,/Ar) is mainly due to the measurements@,/Ar) in the IRMS and after the extraction line.

The error is given after the analysis of a serfesireequilibrated waters which corresponded t0%.2
® The error in the gas transfer coefficient accagdimSweenegt al, 2007 k = 0.27 (1,5)(Sd660) ) is about 15 %.
® The error for the sea-to-air flux oh,@F,) relies mainly on thé, (15 %); positive values indicate a flux from theean to the atmosphere.

© The error related to the difference in the mixaykr depth from the historical depth (30 days tfto the sampling time is 15 % considering the

correction made to the mixed layer depth extrafr@m the climatological data (de Boyer Montégtil, 2004). Positive values indicate a deepening of
the mixed layer, by the given number in metersinduthe sampling day with respect to the histordeth 30 days before.
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In the upper waters, the main characteristic ferdheas in the SIZ subsystem was

the presence of IMW in the top 80 m dominating thixed layer during the

sampling period. The IMW was characterized by co(g€ °C), fresher§<31.8) and

O, supersaturated wated®, up to 12 %) than the waters below (Figures 4.4t an
d). Underneath the IMW the water column was doneiddly the saltier (33.5 to 34)
and colder version of the AASW (-1.5 to —1.0 °@)s s probably due to the mixing

with the overlying IMW.
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Figure 4.4 — Potential temperature and salinityttptbagainst dissolved oxygen for
the stations representing the areas identifielenBS. (a, b) include all depths in the
profiles for the identification of deep water masséc, d) zoom of top panels
showing only the data corresponding to the mixgernaDashed lines correspond to
the mixing lines with end-points marked as the abaristics of the identified water
masses: IMW, Sea-ice meltwater; WW, Winter WateASAV, Antarctic Surface
Water; CDW, Circumpolar Deep Water. Full almostibontal lines represent the
changes in concentration of oxygen at saturatianly(dor reference) at: (a, c)
constant salinity of 33.5; and (b, d) constant terajure at seawater surface freezing
point (—1.8 °C). Note in panel c the almost hortabdashed line represents the wide
range of temperatures that characterize the AASWéneing from colder (~ -1.5
°C) to warmer (0.5 °C) waters. Panel d, WIS and Mi8& supersaturated in, O
considering the in situ temperature (< —0.9 °Chigher than the freezing point at
which thece(O,) line is plotted.
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In the SIZ, the mixed layer depth was generallylishawith a mean depthzx
10) of (17 £ 6) m. In the WIS, clear temperature inversiongnag in an interval
from -1 to 1 °C in a depth range of few tenths eters were observed in the upper
50 m due to the horizontal advection of IMW mairfiipm Charcot Island. Less
influence from IMW was observed for Latady Islamitl @8eethoven Peninsula in the
western and southern parts of WIS, respectively fandAlexander Island in the
north. However, the weak signal of IMW from thesastal features could be due to
the mixing between IMW and AASW as was observedHerpresence of the colder
version of the latter. In turn, the characterisbtshe AASW dominated the mixed
layer, and the waters underneath (up to 180 m Jleiptithe coasts of Latady Island,
Beethoven Peninsula and Alexander Island, reacBngndersaturations down to
-30 %.

In the upper 100 m of the SIZ, the presence of W¥$ wot observed; this was
expected as the presence of this water mass tentisappear due to mixing with the
IMW that dominates in the peak of the summer seasothe SIZ, the AASW was

found to be lying above the MCDW, with the lattecated below 180 m and
characterized by being warmer (0.5 to 0.8 °C)je3alf > 34) and undersaturated in
O, by as much as 40 %.

Contrary to WIS, in the MB1 section the Alexandglahd appeared to be the main
source of IMW into the mixed layer, extending hontally and towards the
northeast up to 31 km (from stations 194 to 196 eertically up to 100 m depth.
The intrusion of IMW continued in subsurface wat@rstween 100 to 150 m) from
stations 199 to 201 underneath the AASW (into tlea &ere identified as MB2); the

latter dominated the mixed layer for the rest ef ¢lection towards Adelaide Island.

The strength and direction of the wind in the B&ypn important role in the coastal
upwelling, redistribution of the sea ice and theakion of the MIZ, and with it also
the distribution of the biological communities. Theonthly mean wind direction
(from the ECMWF wind product) showed a predomiramd consistent presence of
southerly winds over the WIS and MB areas duringréary, March and April, 2007
(Figure 4.5).
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The mixed layer depth in the SO is generally desgp @nstable; however the WIS
and the MB1 in the SIZ are located in a more shedteegion due to the topographic
features (islands and coast line structure) tharP@OZ. In the SIZ, the wind stress
was generally weaker, facilitating the local stahtion of the water column and the
development of phytoplankton communities seeded haoyizontally advected

nutrients from the IMW.

As a consequence of weaker wind speeds over trgra@ucally protected WIS and
MB1 areas, the air-to-sea gas transfer was lowethiese areas. The weighted gas
transfer coefficientlq,) (Sweeneyet al, 2007; Reueket al, 2007a), calculated from
the historical wind speeds from the ECMWF producnt 60 days before the
sampling time, was 2 times lower in the WIS and MBgion (average, 1+0.3 m
d™} than in the areas located in the POOZ (BT, WAl MB2; 2.8:0.3 m d%).
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Figure 4.5 — Monthly mean wind speeds and diredtioBellingshausen Sea during
2007. Data from ECMWEF wind product at 6 hr resalntia) January; b) February;
c) March and d) April. The data was only extracteth a lower latitude limit of 74°
S.
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4.5 Results

Despite the weaker wind stress over the SlZ, atigesnet flux of Q from the
surface ocean to the atmosphere was obsefyedf (147 and &10 mmol Q m 2
d* for the WIS and MB1, respectively) and biologigaproduced @ (Fpni, of
37.6:22.4 mmol @ m2 d* for WIS, and 21.410.6 mmol @ m? d* for MB1)
(Figure 4.6; Table 4.2). This was due to the obsgupersaturation in bo#tO, and
A0,/Ar (average for the WIS and the MBAIO, = 2.4+ 3.1 % anddO,/Ar = 5.8+
3.4 %), indicating the presence of net autotropéfpie and during JR165 cruise. To
evaluate this hypothesis, estimateNandG along with estimation of the diapycnal
flux (Fy) and entrainment~) as main controlling transport processes of oxydmn
eddy diffusivity and vertical convection of waterespectively), in the BS are
presented in section 4.5.5 and discussed belowideet7).
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Figure 4.6 — Spatial distribution of the sea-to-@wygen flux Eq, left panel) and
biological G flux (Fpio, right panel) both in mmol £m2 d%, along the cruise track
in the BS. The MIZ location at the beginning (sdiihck contour) and at the end
(dashed black contour) of the JR165 cruise is shown

45.3 Permanent Open Ocean Zone.
The three areas identified in the POOZ were repteseby the following CTD
stations: BT, 90 to 135 (20 to 24 March, 2007); MBfations 199 to 213 (1 to 3
April, 2007) and WAI, stations 214 to 252 (4 to @rA 2009). The observed MIZ
advance in the POOZ affected mainly the BT aredlewthe WAI and MB2 areas
remained under the open ocean regime during thee esatmpling period.
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In agreement with observations made by Vemiedl, (2008), an onshore-offshore
gradient inzmix was observed, with deepa¥y in the POOZ (by as much as 20 m)
when compared tayx in the SIZ region. The mixed layer depths as @efihere by
the vertical distribution in dissolved oxygen alsbowed a north-south gradient
within the POOZ. Deeper and more variable mixe@iayvere observed in the WAI
(4915 m), and shallower mixed layers in the MB2483n) and in the BT (287
m). This could be due to the stronger influencehef northerly winds in the WAI
area. As seen before, the wind stress was weakerrds the coast in the more
protected areas and towards the central part d#liengshausen Sea in the BT area

during March and April (Figure 4.5).

As a consequence of being farther away from thetctess influence of IMW from
the ice shelves, coastline and glaciers was nétitidlough MB2 is located closer to
Adelaide Island, the presence of IMW was not obsgmear to this coastal feature.
The mixed layer in the POOZ subsystem was dominaye®lASW, characterized by
a wide range of temperatures (from the coldestlad °C in the BT away from the
IMW influence, followed by the MB2 with OC and finally WAI with 0.4°C)
(Figure 4.4c). The latter extended up to 180 mlugphg above the MCDW.

With the data presented here it is not possiblgefme clearly the maximum extent
of the IMW in the continental shelf during the pedkhe summer season. However,
it could be that as a consequence of high windgstie the POOZ, turbulent mixing
was promoted between surface waters and waters lhedaw. As a result, deeper
Znix (Table 4.1) and an earlier invasion of AASW in tipper waters, was evident in

contrast to the areas along the coast (Figuresahdd).

The mixed layer in all the areas of the POOZ shoursdkersaturated oxygen, both in
total and biologically produced,OThe averagelO, was —2.@0.9 % corresponding
to values between 310 to 3ffhol kg™, and —1.60.9 % for4O,/Ar (Figure 4.3, see
Table 4.1 for average values per area). The AASWhasvn to be undersaturated in
O, by as much as —10 % at the higher temperaturealdty limits (1°C and 34.5).
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In the mixed layer of the POOZ, the lowest oxygedersaturation was —4 % in the
WAI area. The biological @undersaturation, as given by the/& ratios indicated

the dominance of net heterotrophy or mixing witldersaturated waters.

The gas transfer coefficient was overall two tirhggher in the POOZ than in the
SIZ (average of 2.4 m d%). As a consequence, consistent negafiyand Fyio
values characterized the BT, MB2 and WAI regioRg §ndFy, averages, —210
mmol &:m?d *and -16.810.0 mmol @m™2d™?, respectively).

To discriminate between net heterotrophy and noisgical processes (flux of
oxygen by entrainment of subsurface waters andydreg) flux due to diffusive and
turbulent mixing) as controlling factors that coutduse the observed “negative

biological G flux”, first the stability of the water column evaluated below.

4.5.4  Stability of the water column.
To investigate the stability of the water colummridg the JR165 sampling period,
the square of the buoyancy frequency (or Brunt-#airequencyy? is calculated,
following: v2= (—gdp / pdz); where,g is the acceleration due to gravity (9.81 1) s
and p represents the average density in the top 5@) raf (the water column, these

factors multiplied by the change in density in the 50 m (@ / dz) for each region.
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Figure 4.7 — Correlation between the square oBthmt-Vaisala frequencyf) and
the biological oxygen fluxRpio): dark and light blue circles represent the stetio
located in the WIS and MB1 areas (SIZ); squaresrange, green and red are the
stations for the BT, MB2 and WAI areas respectiyveljthe POOZ.
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According to thev?, the stability of the water column in the POOZ viasr times
lower than in the SIZ (Table 4.1). For both SiZamethe upper water column was
more stable, ¥ averaged 1.% 10“* s? and 1.3x 10* s 2 for the WIS and MB1,
respectively) than in the areas located in the PQID&x 10“*s? 0.2x 10*s? and
0.0x 10 s for BT, WAI and MB2, respectively) (see table 4ot summary of
results per area). A positive correlation betwegrand Fp, only for the SIZ areas
(r’=0.61 for WIS, andr’=0.63 for MB1) was observed (Figure 4.7) supporting
previous observations of the high biological pradut enhanced by water column

stability.

455 Effect of diapycnal flux E,) and entrainment of subsurface waters
(Fe) to the biological @production.

The estimated average fluxes (g, Fuio, Fv, andFe) for the areas within the SIZ
and the POOZ are shown in Tables 4.1 and 4.2.Fh@as on average —k5.1
mmol & m? d* and -3.#43.0 mmol @ m™? d*! in the MB1 and the BT,
respectively. A negativ€, indicates that under steady state, the verticad @if O,
by diffusivity is from the mixed layer towards subgce waters. This is due to the
gradient of dissolved Owith higher concentration in the mixed layer reatto the

concentration below it.

In the WIS the evasion of Qo deep waters was nearly two times smaller thahe
MB1. Besides the exchange with the atmosphere esuiration, the vertical transfer
of O, to subsurface waters is part of the mapns@king processes to account for in
the mixed layer @ budget in both the SIZ and POOZ of the BS. If moisthe
dissolved @ measured in the surface water of the SIZ is dusdimgical processes,
then an average of 4 % in the WIS and 15 % in tH@LMf the Q produced

biologically is exported by vertical diffusion oot the mixed layer.

For theF. estimates, thelz,x calculation suggests that in the WIS the mixecilay
became 10 m shallower along the peak of the sumsp®son (from early January to
the beginning of JR165 cruise in March). This ressl consistent with the

observations of enhanced water column stabilitytduée presence of IMW. On the
other hand, the MB1 area showed a deepening oftdbauon average, consistent

with the less stable buoyancy frequency for thisaaas compared to the WIS.
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Negative values of, indicates an entrainment of low-oxygenated watgith

consequent mixing and decrease in the mixed layeme@centration.

Following equation 4.2, an entrainment of +5& mmol @ m™2 d* was estimated
for the MB1 due to the deepening of the mixed layEre vertical sections of
temperature and salinity for this area suggestttteentrained water into the mixed
layer was still part of the IMW. The vertical exsgon of the IMW was up to 50 m
depth, which is still in the range of the deepexadilayer registered for this area (26
m). In the MB1, the entrained flux of oxygen duetie deepening of the mixed layer
depth accounted for 18 % of the estimdtggd

The case of the POOZ is rather more complex. Hhef O, to subsurface waters
the areas beyond the MIZ corresponds to 5 %, 9 &8a% of theFy, for the BT,
MB2 and WAI, respectively. Most of this could beasenal @biologically produced
and exported out of the surface layers. In allateas of the POOZ, according to the
climatological data.x was deeper during the sampling time than 30 defj@é®. In
the WAI and MB2 the mixed layer was 18 and 21 mpeéegerespectively; while in
the BT was 8 m deeper (Table 4.1).

In the POOZ the vertical profiles of temperaturalirsty and dissolved oxygen
indicated that the mixed layer was rather dominatedASW. The remnant WW is
located between 50 and 100 m (where the minimuissolved Q is also located
reaching undersaturation levels up to 30 %) belwsvnhixed layer and the seasonal
pycnocline. As can be observed in the verticalisestfor temperature, salinity and
oxygen for a transect in the WAI area (stations @1227), the WW lay well beneath
the mixed layer defined by the surface distributd®, (Figure 4.8).

In contrast, the WW was absent in subsurface watkthe SIZ due to its earlier
replacement by the AASW and the IMW during summi&is observation is in good
agreement with Garibottet al (2003) where the authors found the subsurface
presence of the WW between 50 to 150 m depth intA® region.
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Figure 4.8 — Vertical sections showing the disttidou of the water masses in the
water column for the transect (stations 214 to R&¥gtion marked in the top of each
panel with blue dots) representing the West Adelaisland area. Top panel,
potential temperature, middle panel, dissolved exygnd bottom panel, salinity.
The dashed horizontal line represents the bottotheomixed layer as defined by the
distribution of oxygen. AASW dominates the mixegidawith the WW underlying
and the MCDW from 150 m.

From the observations of the distribution of patntiensity in the mixed layer
(Figure 4.9) the presence of the WW is evidentlirP®0OZ areas. As discussed in
section 4.5.3, the mixed layer was dominated by YAAffom the warmer part in the
WIS and MB2 areas to the colder in the BT areaallrihe evaluated areas in the
POOZ, the deepening of the mixed layer occurredhiyavithin the extension of the

AASW in the water column.
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Figure 4.9 — Mixed layer potential density agaitis¢ change in the mixed layer
depth @z.ix) from 30 days before (from mixed layer depth cliohagy; de Boyer
Montégutet al, 2004) the sampling period for the areas idemtiflReositive values of
Azqix indicate a deepening of the mixed layer compawegDtdays before.

In the mixing lines given by the distribution oftpatial density in the mixed layer
againstdzmix, the properties of the mixed layer in the POOZsareorrespond mainly

to the dominance of AASW (Figure 4.4c). A consisteotential density range
between 1026.6 to 1027.2 kg twas observed as a result of well mixed upper water
in the POOZ areas (Figure 4.9). Therefore, if tweed, a small portion of the WW
could intrude into the mixed layer and mix with gh@minant and nutrients-depleted
AASW.

From the results aflz,x, about 4 m of the mixed layer deepening in the Virda
would reach the extension of the WW (Figure 4.8kmehthe deeper mixed layers
during the sampling period were registered. Acaggdp Gordon and Huber (1990)
the approximate transfer of WW during winter moni¥es about 45 m™§ bringing
O, undersaturated waters, salinity and heat intariked layer of the Weddell gyre
(Gordon and Huber, 1990). Based on the mixed l&gen climatology data and for
summer-to-autumn months, the transfer of WW in® B% mixed layer calculated
here is about 49 ni 4§ this value is considering a linear deepeninchefrixed layer

up to 4 m over 30 days.
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Finally, the average flux of £by entrainment of subsurface waters into the POOZ
mixed layer is about 13.9 mmol, @™ d™* (Table 4.2) equivalent to 82 % Bf;o.
Considering the moderate contribution of the diagydlux and flux of oxygen by
entrainment to the mixed layer in the POOZ, an watadn of the contribution of
these physical processes to the observed nedagivand the effect tiN is shown

below.

4.5.6 Influence off, andF. for N estimates.
From the method used here, thg is equal to net community production in terms of
O, (N) if vertical mixing is neglected (Hendriclt al, 2004; Reueet al, 2007).
However, from the results presented above IBQtAndF. can potentially affect the
biological G content in the mixed layer of the BS. Thereforeprder to make a
better estimate df, Fyi, must be corrected due to the influencdpfindF.. Thus,
the finalN is equal toN = Fyi, — Fy — Fe (Table 4.2); this is considering that and
Fe are referenced to the mixed layer, whilg, is referenced to the atmosphere
(Figure 4.2, equation 4.3).

In the SIZ,N values were positive and the highest productieiigerved in the region
was located in this zone (WIS, 39 and MB1, 28 m@®om > d%). F, had an average
effect over the totaN of 4 % and 11 % in the WIS and MB1, respectivarjle Fe
contributed to the decrease fby 14 % due to mixing with low-Owaters in the
MB1 and had no effect in the WIS.

In the POOZ, the contribution &, andF. to N was more heterogeneous. had a
higher effect by removing biological, @y diffusion out of the mixed layer of about
28 % of the totaN in MB2 and 48 % in the WAI; in contrast to ony28in BT. On
the other hand the effect of convection of subs@favaters appeared to have a
higher effect orN by mixing and dilution with low oxygenated watensthe MB2
and WAI, and moderate effect on BT (Table 4.2).

In summary, about 86 % of the negatikg, value could be accounted for by
entrainment of low-oxygen deep waters. A furthe¥8were caused by diapycnal
mixing. This means that the actual net communitydpction in this area was close

to zero or slightly heterotrophic.
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Table 4.2 — Flux estimates for the calculation ef community productionN) in the upper mixed layer of the BS, based onpifeposed oxygen

balance.
@ @) 3 @ ©

Area (mlr:‘rt;gl o (mr'1:1vol o) Azr?r)fnllét : (mch()eI O (mr‘rl\1lol 0, 4 (mrr?ol m2 N(C)=[N/ l_'24]>_<112 f(Qo)-ratio

m2 d?) m2 Y m2d?) m2dY) (per meg) dh (mg Cm~d™) (N/G)

Sea Ice Zone (S1Z2)
WIS 37.6622.4 -1.51.1 -0.3 - 30122 5625 15255 336 0.26
MB1  21.1+10.6 -3.1+3.0 0.1 -3.8t5.5 2812 589 12227 245 0.23
Permanent Open Ocean Zone (POOZ)

BT -18.4t6.9 -1.0+0.9 0.3 -5.2t5.4 -129 28t9 93t36 - -
MB2 -12.4+10.9 -1.1+0.9 0.6 -15.3t22.1 3.925 258 10620 33 0.31
WAI -19.6:12.4 -1.6:1.0 0.7 -21.3+x15.2 3.320 2411 13191 28 0.21

@ The biological @ flux (Fp,) estimates have an error propagation of about 1&Bting mainly on the uncertainty for thg estimates.
@ The estimates of the diapycnal flux, had an overall error of 20 % which is mainly do¢he eddy diffusivity coefficient following Lawtal., 2003.
® The rate of change af, over the time (30 days) is expressed in metersi@grnegative, deeperzover time. The entrainment for the MB1 was up@ad

while for all the POOZ was up to 100 m depth.

@ N=Fy,-F, - Fe negative values represent a flux out (into) ef KL for F, andF, (Fy,i,). The values correspond to the mean per atba standard error of
theN estimate as the sum of the square root of thelatdrdeviation of each term in the equation.

® The uncertainty in th&4 values rely in the measurements of ¥@/*°0 and*®0/*°0 measurements; in both cases dhalues for the air-equilibrated set of
samples was about 3 %.

©) The error propagation fdB is about 53 %, relying on the individual uncerta@gtfor k,, "Zeq *'4, Y Anax values. According to Luz and Barkan (2000) the
Y Aqax had an uncertainty of 6 % (24915 per meg); following the linear correlation @mperature (Luz and Barkan, 2009) and accordingpeoauthors
observations, the uncertainty in tﬁeﬂeq at 3.5 °C was about 75 % £43 per megn = 5); the uncertainty is higher as the temperabfithe seawater decreases.
The'’4 measured here for air-equilibrated waters hadneentainty of 45 % (2& 9 per meg).
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Despite the corrections t due to the effects df, andFe, the remaining negativé

in the BT (-12.3 mmol ®m™? d™*) represents net heterotrophy mainly due to the
consumption of oxygen by respiration. Particularythis area, net heterotrophy
seemed to dominate with a large negaiyg and only —6.2 mmol ©m™ d* due to

F, andFe. On the other hand, in the MB2 and WAI, the rasgIN was similar and
positive (3.9 and 3.3 mmol am™? d%) indicating autotrophy over heterotrophy
despite the physical effects in both areas (suf, @ndF. equals to —-16.3 mmol O
m2d*and -22.9 mmol @n? d *for the MB2 and WAI, respectively).

The total fluxes are summarized in the followingufie (Figure 4.10). By combined

bars, the contribution of each flux is represerivecach area.
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Figure 4.10 — Representation of evaluated flukesR, andFui, in mmol G m™2d™?)
per area in the Sea Ice Zone and Permanent OpeanQe. Negative (positive)
values indicate efflux (influx) out (into) of theixed layer. The error bars represent
the error of the\ estimates after quantification of physical effects

The uncertainty in thé&l estimates presented here accounts for 35 % amaiigy
due to the wind speed-dependent parameterizatitreajas transfer coefficieri,y.

The gross oxygen productiofs) from *’A estimates anétratios in terms of oxygen

(f(Oy)-ratio) were calculated only for positive valuels N after the correction by

physical effects.
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4.5.7 *Aof dissolved @in the Bellingshausen Sea.
The highest'’4 values in the area of study were located in théS \&hd MB1,
ranging from 31 to 81 per meg (Table 4.1). On ayerahe'’A values were two
times smaller in the POOZ (28 per meg) than in the SIZ (5X7 per meg). These
values are in agreement with the previous obsemstiof the presence of,0
produced mainly by photosynthesis during the sargptieriod as given b in the
SIZ.

The presence of the fresher and colder IMW intortieeed layer in the WIS and
MB1 could have delivered enough nutrients to mainkagh productivity levels. To
evaluate this, a correlation between the mixedrlgptential density antf4 values

is shown in Figure 4.11. A good correlatioh £ 0.59) was observed indicating that
at low seawater potential densities (from 1025.7.6@6.8 kg nr) corresponded

high'’4in dissolved oxygen.
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Figure 4.11 — Linear correlation’(= 0.59) between potential densitgs( kg m~)
againstand’4 (per meg) in the surface water of the BS. A negativeelation is
observedDashed horizontal line represents the averagkedffl, (1.4 per meg) in
this study fromn situtemperature (Luz and Barkan, 2009).

Following the linear fit betweeHAeq and then situ surface water temperature (Luz
and Barkan, 2009), the averagée, for all the area of study was 1.4 per meg (Figure

4.11). In the SIZ, thé"4ewas low (1 per meg) from a range of temperaturesral
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the seawater freezing point encountered in theasarfvater (-1.2 to —0.9 °C). A
departure of about 56 per meg from the meastie¢dith respect td’4e, indicating
the presence of oxygen produced by photosynthesieiSIZ.

In the POOZ the values deAeq were between 1 per meg (in BT) to 2 per meg (in
the WAI) due to the wide range the temperaturethis zone (from —-1.6 up to 0.5
°C). Despite the apparent negative biologicalp@duction as given by thdO,/Ar

in the POOZ, results for th€O anomaly in dissolved oxygen are well above the
Y Aeq in both zones, by as much as 25 per meg in theZP@@ 118 per meg in the
SIZ (Figures 4.11 and 4.12).

4.5.8 Estimates ofs andf-ratios.
The gross oxygen productio) was calculated from th&€A values. In the SIZ,
slightly higherG values were observed (71 mmol m? d %) in comparison to the
values in the POOZ (139 mmol m? d%) (Figure 4.12). These values are evidence
of the presence of photosynthetig fbssibly due to a late phytoplankton growing
season along the coast or stored and delivered tlhensubsurface to upper waters.
The G values also confirm the importance of the IMW ir t8IZ to enhance the
marine productivity by providing nutrients and ski&pto the water column during

late summer and early autumn.

90 250
17
80 - -4
~70 A 1200
> -G 5
£ 60 T o
+ 150
% 50 T £
g =
0T {100 E
30 - [ =
o
207 150
10+
0 i i i 1

WIS MB1 BT MB2 WAI

Figure 4.12 — Average 6fO anomaly {’4 in per meg, left hand axis) from discrete
samples of seawater (yellow bars) collected infihe areas identified in the BS.
Brown bars represent the average of 1f@ anomaly value in equilibrium )
calculated from in situ temperature (Luz and Bark009). The average of the gross
oxygen production(, right hand axis) is shown in red circles conngctath red
line. The error bars in all cases indicafestandard deviation of the mean.
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To calculate the net production in terms of carfié¢C)), theN was divided by 1.4
(i,e. N(C) = N/ 1.4). The factor 1.4 corresponds to the phottistic quotient
suggested kyaws, 1991.

For the WIS and the MB1 a daily community productabtained was 336 and 245
mg C m?d™. In the MB2 and the WAI, the production in ternfcarbon is 33 and
28 mg C m? d %, respectively (Table 4.2).

Considering theznx at the sampling time as steady state and the rgasfér
coefficient k) at the sampling day (from wind speed recordedthyy ship’s
anemometer), the residence tin® ¢f the water in the upper mixed layer areas
evaluated here was on average 25 days. Therefmestimates of marine production
presented here represent the biologicght@duced during that period of time.

The N/G ratio for the areas in the SIZ corresponds to @22 0.16 for the WIS and
the MBL1 respectively, while for the POOZ is 0.26 awverage for all areas. This
fraction in terms of oxygerf((,)-ratio) is similar to thd-ratio proposed by Eppley
and Peterson (1979). Theatio was defined by the authors from nitrate ragation
and is an indicator of the ability of an ecosystenmetain or recycle organic matter
by estimating theelative uptake of new versus total nitrogen (Ep@ead Peterson,
1979). Heref(O,)-ratio is based on rates of, @roduction and consumption. High
f(O,) values {(O,) > 0.5) indicate higiN or new Q produced by photosynthesis and
low f(O,) (< 0.5) values will indicate that most of the mewroduced Q@ is
consumed by respiration in the upper mixed layertrso recycling is fast. As
discussed by Luz and Barkan (2009), despite thehstonetric relationship between
N(C) andN mentioned above, in the case of gross productidarms of carbon and
oxygen in the ocean, there is no direct relatiqmsthierefore, a comparison of tke

results from carbon and oxygen measurements igeréarmed here.

In 2005, f(O,)-ratios were calculated by Hendricks al in the equatorial Pacific
with a mean value of 0.06 (Hendricksal, 2005). Reueet al. (2007a) obtained an
average value fol(O,)-ratios equal to 0.13 in some regions of the SenmttOcean
during summer. Luz and Barkan (2009) obtained \sabfd.08 to 0.21 from samples
collected at the site of the Bermuda-Atlantic Tieries (BATS) in the Atlantic
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Ocean during May to October, 2000. The results ftbenpresent work are a factor

of 2 higher; however, the ocea{©,)-ratios are rather small and below 0.5.

4.5.9 Inferred Argon supersaturations in the BS.

The argon supersaturatiodAr) was inferred from thelO, and 40,/Ar, according
to: 4Ar = (40, —A0,/Ar) | (1+40,/Ar). In Figure 4.13, the relationship between the
Azqyix and the @, O,/Ar and Ar supersaturations are shown. Becauses Aniinert
gas, its concentration in seawater is affected obglyliffusive and bubble-mediated
gas exchange, pressure and temperature changesal latixing and vertical
diffusion. From the results presented here, inSh& Ar was equally undersaturated
for both the WIS and the MB1 (-3.3 %). The estirda®@ undersaturation is higher
than the uncertainty found in t@O./Ar after the set of air-equilibrated water (0.2

%); therefore, only a small fraction of the uncertg can be explained by error in

the analysis.
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Figure 4.13 — Supersaturation of, @,/Ar and Ar (%; with respect to equilibrium
with the atmosphere represented by zero in y-aggjnst the change in the mixed
layer depth from 30 days before the sampling peffiemm mixed layer climatology;
de Boyer Montéguet al, 2004). Positivedzyx indicate a deepening of the mixed
layer observed towards the end of the summer cadpar30 days before.

Considering that the observed SQupersaturation corresponds mainly totkkat has
been produced biologically, the presence of Ar vsaterated waters in the SIZ
could be due to the the lack of vertical transfesurface waters and ventilation of

subsurface waters in a highly stratified water poiuin the SIZ. During both
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summer, due to the upper presence of sea-ice maédtryand during the formation of
new sea-ice towards winter, the Ar saturated sanfeaters are confined in the upper
column of the SIZ. An increase of turbulence andival convection, due to an
increase of coastal wind speeds, might enhancetrtiesfer of Ar from the
atmosphere to deep waters; however, as the ratelfwater production increases
in response to higher surface waters temperatutieeiWWAP region, this process is
expected to be restricted. Thus, vertical measunessnaf Ar are needed in order to
understand the physical processes occurring in Ah&arctic shelf waters and

implications to the environment response.

In a study made by Hamme and Emerson (2002) at BAR& authors found that
surface waters are generally supersaturated (lyuat as 2 %) with respect to the
atmospheric concentration. However, the conceptratf dissolved Ar rapidly
decreased towards subsurface waters with valués 4p % in the top 500 m. With
the data presented here and the lack of Ar estematsubsurface waters from the

SO, it is not possible to evidence the same véricdistribution as in BATS.

Alternatively, the negative diapycnal flux obseniadhe shallow and stable mixed
layers of the SIZ might also deliver Ar (besideg © subsurface waters. However,
the gas diffusion, following the eddy diffusivityefficient, is a very slow process
(on the order of 10 m s%) and would account only for a small fraction oé th
dissolved Ar delivered through the base of the chieger.

By contrast, the argon concentration in the POOZ generally undersaturated, with
values close to the equilibrium with the atmosphererage for all the open ocean
areas: —0.4 0.8 %). This is mainly due to the high turbulenximg between AASW
and a small portion of remnant WW, and the insiigbdreated in the water column.
From thedAr it is therefore possible to confirm the previantsservation regarding
the importance of vertical mixing and entrainmentie POOZ in the BS continental
shelf. Thus, these processes control partiallydib&ibution of the dissolved oxygen
and argon in the upper water of the free-ice zéwzording to the observations
presented here, besides the lowcOntent in the WW, its remnant and subsurface
AASW could have undersaturated Ar concentratioas #ne delivered to the upper

waters by physical effects.
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4.6  Discussion.

The wind stress over the surface water of the B$sphn important role to control
the location of the MIZ. The effect of the contimsowind stress towards the coast of
the Wilkins Ice Shelf and Marguerite Bay must hdeen the main cause of an
almost neutral retreat or advance of the MIZ insthareas. As a consequence, the
water properties in the SIZ mixed layer remainedtiyaunchanged during the entire
sampling period. Furthermore, the predominant wdiréction to the south would
have kept the direction of surface waters by Ekrransport towards the coast
(deflected to the left of the predominant wind diren) and this must have not being

favourable to induce a wind-driven coastal upweliituring the sampling period.

In the POOZ, the structure of the water column wese influenced by the shelf
break water mas dynamics (circumpolar currentsyh sas the entrainment of the
UCDW onto the continental shelf from the open oc€EDW. The formation of the

MCDW within the continental shelf and below 180 epth also plays an important
role in the structure of the POOZ water column.

In the present study, the stability of the watdugm (top 50 m) was also used as an
indirect indicator of the success of phytoplanktmmmunities. Previous studies,
have discussed the importance of water column Idgjalaind vertical mixing as
controlling factors for the temporal and spatialiaility of Antarctic phytoplankton

in the WAP region (i.eSmith et al, 1998; Garibottiet al, 2003; Garibottiet al,
2005b; Vernett al, 2008).

In 1990, Perissinottet al. suggested that local physical processes in the Végi®n
control the accumulation and dissipation of phyaojton communities, being a
more important process for marine production tmasitu growth (Perissinottet al,
1990). From the results in this study, the obseymatmade by Perissinote al. are
partially true for the BS area, with a heterogerealistribution of the marine

productivity estimates.
A less stable upper water column was observed enBh, MB2 and WAI areas

compared to the areas in the SIZ. In the SIZ, theeoved shallow mixed layers and

favourable geographical location being less expasdte wind stress enhanced the
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stability of the water column and success of thadgical communities after the

peak of the growing season, as noted by the higtoeluctivity along the coast.

In the POOZ, a contribution of stronger wind strasd the lack of lateral advection
of fresh water from the ice shelves might have edus less stable water column.
The deepening of the water column also played gpoitant role in the POOZ.
According to the mixed layer depth from the histali climatological data, the
deepening ofqyix in the POOZ towards the beginning of autumn islyikhe result of
turbulent mixing and convection induced by therggtbening of the wind speed in a

less protected area away from the coast.

In the POOZ, the presence of the WW below the miggdr could have played a
key role in the observed negative biological fldix. The deepening df,ix in this
zone reached the upper limit of the WW (50 to 60ab$erved below the mixed
layer; therefore, the oxygen-depleted and remnénthe denser WW could
potentially entrain into the mixed layer and mixtially with the summer mixed
layer. Besides the limitation of irradiance dudhe increase ofix, the turbulence
would also induce vertical mixing in the euphotime, regulating the photosynthetic
activity in the POOZ.

4.6.1 Influence of physical effects ovBrandG in the BS.
As a preliminar analysis of the influence of phgsiic marine productivity estimated
by the Q budget method, here convective fluxes (by diffasemd convection) at
local and small-scale were evaluated. From therghsens presented here, the SIZ
is characterized as net autotrophic during the sammperiod. In the MB1 the
observations of the flux of by entrainmentKe) due to the depth variability @,
along with the export by vertical diffusiof) of (mainly) biological @ out of the
mixed layer, are in close balance. Particul&flyfrom subsurface waters could be an
important process by the import of nutrients frdme teeper IMW to sustain a late

growing season in the southern entrance of MartgBay.

Despite the resulting positivé in the WAI and MB2, the non-biological processes
evaluated here seemed to play an important rol¢hénWAl and MB2,F, andF.
represented a larger fraction of @ account folN with a main contribution due to

the entrainment of subsurface waters than the @vasi diffusivity.
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In agreement to Serebrennikova and Fanning (200&yguerite Bay showed a
heterogeneous distribution of net community produactWithout considering the
physical effects, net heterotrophy seemed to damimathe northern part of the bay
(MB2), while new production due to entrainment afbsurface IMW rich in
nutrients in the south (MB1). Serebrennikova andhnifey (2004) observed a
nutrients-depleted current along the coast of Adeldsland and flowing into
Marguerite Bay, in the area identified as MB2. Ttusrent was observed in autumn
during the end of the period with highest biologiaativity (spring-autumn). The
authors observed a strong offshore/inshore trertthénnutrients distribution in the
SlZ, with the highest nutrient utilization (and hegst marine productivity) inside

Marguerite Bay and along the coast of Wilkins Itel&

Considering the contribution d¥, and Fe in the POOZ (particularly in the MB2
area), the results indicate autotrophy, howeves itot excluded the possibility that

net heterotrophy accounts also for the observédr@ndersaturation.

According to Holm-Hanseet al, (2005), the predominant zooplankton species in
the shelf regions of the BS is the kEuphausia superbd he zooplankton biomass
was found to be generally low on the shelf of ti& Bith the exception inside and
along the coast of MB (Serebrennikova and Fannk@§4). Smithet al, (2008)
found the dominance of net heterotrophy in the opegan zone of the BS mainly
due to the presence of dinoflagellates. In thishstwnly the BT area of the POOZ
remained net heterotrophic after considering thesioll effects. In this area, the
consumption of @by biological processes (i.e. respiration) seezndaminate over
the local non-biological processes evaluated h€éhe G delivered from waters
below due to mixed layer deepening was in closeeaagent with the loss of Ly
diffusivity. Therefore, respiration rates can bghin the MB in comparison to the
rest of the BS continental shelf; however, physeféécts are important to take into

account particularly in the MB2.

In terms of the"’O anomaly, thé’A values encountered in the POOZ were overall
two times smaller than in the SIZ. However, thdedénce with respect to tHéO
anomaly at the equilibrium with the atmosphere caths the presence of
photosynthetic @in the mixed layer during the sampling period lirtlze study area,
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including the POOZ. Physical processes (such agakmixing) must have caused

the high'’A values observed in the POOZ, despite the undesgatldO,/Ar.

From theN values an apparent net heterotrophy is charatitensthe BT of the
POOZ, however thé’O anomaly suggests the opposite with values wellatihe
value in equilibrium (Figure 4.12). Similar obsetieas were drawn from Hendricks
et al. (2004); the authors suggested that the entrainmienkygen undersaturated
waters does not have a large impact on the uppdrecause already the, @ontent
in the entrained waters is low. The authors assuimedthe'’4 of the added Qis
probably not far from the equilibrium value. Howevéhe results shown here
suggest an incorporation 4 from below the mixed layer as a result of the mixe

layer deepening.

Luz and Barkan (2009) observed high values fdrabove the equilibrium value) in
samples from the BATS station with the maximum piibn of 2’4 in the
thermocline. The authors suggested that the Highmust have been stored below
the mixed layer before it has being delivered taens above. This might also
explain the high’O anomaly observed in the BS. Hidfld from photosynthetic ©
could accumulate during the summer of the previseason (2005/2006) in the
remnant mixed layer due to the attenuation of gaktmixing (evidenced by the
shallower mixed layers). As thdO, below the mixed layer is undersaturated (and
likely the A4O,/Ar as well) due to the predominant respiratior signal of high’O
anomaly might not be affected as respiration doets change the isotopic
fractionation of the dissolved oxygen. During aalssummer, the euphotic zone can
be deeper than the mixed layer during some patteotlay. Thus, photosynthetic O
can remain accumulated underneath the shallow summixed layer. As the season
progresses and the mixed layer gets deeper toveatdsnn, the previously stored

high *’4 from the biological @entrains into upper waters.

In the SO, there is still no data available'& in the vertical column. In 2004,
Serebrennikova and Fanning concluded that the emitdepletion from spring to
autumn in the WW on the WAP region is negligibldveTauthors suggested that,
although the WW could suffer erosion from the AASWém above until its

replacement in the mixed layer during summer, &mnant underneath maintains its
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properties with any significant change on any cleaimproperty during the growing
season. Thus, in the BS the higd in the POOZ could be due to the predominant
entrainment observed in this zone of WW onto theSMA in the surface. This

process might dominate over a late photosynthetigr@duction.

4.6.2 Importance of upwelling and lateral advection ia BS.
In this study, upwelling and lateral advection wex@ included in the ®@mass
balance. However, those conservative processesl amiitribute also to the O
distribution and marine productivity in the uppeater of BS.

Upwelling is a complex advective process acting eggional scale and it is linked to
the stress of wind in the surface and divergent &krimansport. The wind-driven
coastal upwelling can contribute to the upward tdxJCDW (Howardet al, 2004).
Previous studies have suggested that upwellinglead to increased biological
productivity due to nutrient-rich subsurface watdrs/en to the surface (Sokolov
and Rintoul, 2007) particularly near islands andhi@ continental shelf of the West
Antarctic Peninsula (Prézeligt al, 2004; Jenkins and Jacobs, 2008; Wallecal,
2008).

The presence of sea-ice is an important factorirtot the wind-driven coastal

upwelling in the continental shelf of the BS (Wakat al, 2008). This might have

more effect in the SIZ rather than the POOZ thataies mostly free of sea-ice.
Despite mixing rates of CDW to the surface havenbeleserved in large-scale in
regions (thousands of meters in the water colurboya large topographic features
(Sokolov and Rintoul, 2007), few works have triedefucidate the influence and
extent of the CDW into the mixed layer at smalleals.

In 2008, Jenkins and Jacobs utilized observatiétsnaperature and th&O isotopic

signal as a tracer of glacial water to elucidat distribution and extent of CDW
intrusions in the Marguerite Bay region. Verticaalh and nutrient fluxes from the
CDW are delivered to mid and upper waters impacsignificantly at the BS

continental shelf, particularly in Marguerite Baywda Ronne Entrance. As a
consequence, additional contribution to the coagtalelling beneath the ice and in
the BS continental shelf are due to an increasenditing ice and changes in
buoyancy of the water during all year (Jenkins dadobs, 2008). The authors
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estimated a rate of upwelling of modified CDW otite ML of Marguerite Bay (and
beneath the ice shelf) to be 0.1 Sv. This is ama@evalue for the entire ice shelf
(~25,000 krf) leading to a transport of water of 3.4 X' 10m™ d*. Since this value
is based only on observations during one week,ilplgsthis could be the result of
intermittent intrusions of CDW into the continentstelf (Klinck et al, 2004;

Jenkins and Jacobs, 2008).

For an average mixed layer depth of 50 m timesatka of the continental shelf, the
volume of water contained in the BS mixed layeaf®ut 1.25 x 18§ m*. Thus,
considering the previous estimate, only about B®0of the total volume contained
in an average mixed layer would correspond to tBa\Cdelivered by upwelling.
How true is this value? How much,0s delivered to the BS mixed layer by

upwelling of CDW?. These are open questions fahrrinvestigations.

Observations of the fluxes of CDW due to upwellimyve shown to be associated
not only to an increase in subsurface temperataceratrients but also with low
dissolved oxygen concentrations. As the low oxy¢geh&DW intrudes towards the
surface, the oxygen concentration increases ddieetanixing of CDW with colder
and more oxygenated AASW (Pollaed al, 1995). Alternatively, the upwelling of
CDW can also bring high levels of G@ the surface during austral winter (Lenton
and Matear, 2007), this contribution has been ofesein Bransfield Strait (Bellerby
et al, 1995).

In a work published by Smitét al in 2008, the authors concluded that the dynamics
in coastal waters of Marguerite Bay might have ramgjer influence by upward
transport of CDW to the shelf from late summer &dl. fHigh levels of pigment
biomass were encountered during the seasonaltteamésmithet al, 2008a). This
period of time is coincident with the period of &ncorresponding to the results of
the present study. Furthermore, in the work by Wéaet al (2008) it is suggested
that the process of upwelling and presence of latioihs of the water column after
atmospheric forcing, are intermittent in the Mangiee Bay area. Observations
corresponding to the same sampling time of crui&ks3, from a mooring located in
the entrance of Marguerite Bay, the authors comduthat upwelling was only

evident in March, but not during the previous twontis in 2007.

196



4.6 Discussion

A study made in the Weddell Sea and published 082%y Hewest al. concluded
that horizontal mixing can be an even more impdanpeiacess to deliver nutrient-rich
waters to the surface rather than the upwellingswbsurface waters. This was
observed during austral summer at the coast ofhakgplisland and the South
Shetland Islands (Hewes al, 2008).

The strength and periodicity of upwelling at thentbeental shelf of the BS, thus is
still unclear and more studies from moorings ocera on high spatial resolution,
such as oxygen in the present study, can helptodalte the contribution and effects
of this process in surface waters of the BS. Esémaf the rate of upwelling and
lateral advection from ©measurements must be complemented in the BRads
balance presented here to evaluate the contribtdiNrof these processes.

4.6.3 Comparison with previous marine production estimatethe region.
From shipboard measurements ‘8€ in bottle incubations, Vernedt al (2008)
estimated an average daily integrated primary proolo for each January during 12
years (1994 to 2008) in the WAP continental shedfion of 745 mg C M d >, The
interannual production showed a maximum value &8lmg C m? d *in 2006 and
minimum registered in 1999 with 248 mg Cd*. An onshore-offshore gradient of
the estimated rates of net primary productidRPP) was observed particularly in the
Marguerite Bay region, with the highest valueshat inouth of the bay. The results
presented here are in agreement to the minimunt, iémd this is probably due to the
values obtained in this work represented only tloatims (March to April) after the

peak of the growing season (January).

Arrigo et al, (2008) estimated the highest mean daily prinmoduction over a 9
years time series (1997 to 2006) at the shelf efBRllingshausen and Amundsen
Seas of about 316 mg Chd™’. Their results are based on remotely sensed ocean
color, sea surface temperature and sea-ice coatientdata. Their estimates are the
highest for this area compared to the pelagic affl ddnes and the results presented

here are in close agreement.

A quantitative comparison of net community prodoictas measured here and other
production values estimated from other methodsh si2“C incubations, must be

done with caution. The measurements done in thik wepresent values of net
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community production integrated in the mixed laydefined by the oxygen
distribution. In contrast, the productivity giveny bthe incubation methods
approximates to the primary productivity integratedthe depth of the euphotic
zone. Furthermore, satellite data provide net prodty estimates only in the top
few centimetres of the water column. Despite thdiferences, the observations of
the present work are in close agreement with tkalte published by Vernedt al
(2008) and Arrigcet al., (2008) but only for the WIS area.

High primary production in inshore regions of theA® compared to the ones
beyond the shelf break, has been also observedopsty by other authors (i.e.
Smith et al, 1998; Garibottiet al, 2003; Serebrennikova and Fanning, 2004;
Mengesheaet al, 2008). Particularly, th& estimates are in close agreement with the
observations made by Agusti and Duarte (2005). dimdors estimated a gross
primary production for the SO of about 2.05 mmof e from O, measurements in
a microcosm experiment (Agusti and Duarte, 2008). & average mixed layer
depth of 50 m, this value is equivalent to 102.5ahm 2 d*. Thus, the presence of

net heterotrophic communities plays an importald mothe SO marine productivity.

Due to differences in the methods to estimate regpiroductivity so far applied in
the WAP, the comparison to previous valuedl@ndG in the Bellingshausen Sea is
limited to results from the same approach used. her2004, Hendricket al (2004)
published results dfl andG using the @budget method for samples collected in the
BS during March in 2000. The authors showed a deseren theG values towards
the south (70° S) and west (98° W). The avefagalues shown by Hendriclet al
were about 25 mmol T d™* being about 5 times smaller than the values pteden
here. This difference is due to th&l, value used foiG calculation. The authors
considered the standard value of +16 per meg falgwuz and Barkan, 2000, while
here is used an individually estimat&;l:leq for each sample depending on their
corresponding sea surface temperature (Figure ;4théjefore, the comparison is

limited to the'’ values.
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Figure 4.14 — Longitudinal distribution dfO anomaly {4, per meg) in the
Bellingshausen Sea during March to April 2007 (tktigsdy; colours represent the
identified areas), comparing with results obtaibgdHendrickset al (2004) during
March, 2000 (black crosses).

In Hendrickset al, (2004) a poor spatial resolution of only 11 dite points were
distributed in the POOZ of the BS, with an averadeper meg for’A. Comparable
trends on’A values were observed with the results here preddat the areas in the

POOZ (Figure 4.14).
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4.7 Conclusion.

In this chapter, the first high resolution study {ime and space) & from oxygen
measurements in the BS were presented. The distmbaf N was heterogeneous
and limited by the location of the MIZ. Along theSRoast and in the SIZ was
higher representing net autotrophy. In this zohe, gtability of the water column
played a more important role to enhance the prodtyt while the physical

processes acting over the surfaged@tribution seem to play a minor role.

As the rate of melt water production increases tupredicted rise of sea surface
temperature and a delay of sea-ice formation bgngthening of winds, the
productivity along the BS coast might be also ewkdnBy lengthening the growing
season towards autumn, implications for sequestratf more carbon from the
atmosphere and export to deep waters are also quersees of the increase in the

melt water.

From both physical processes evaluated, diapydmalbly diffusivity (F,) seems to
play a less important role in the BS than entraimnuiie to vertical convection of
low oxygenated waters and mixingg), particularly in the POOZ. However, net
heterotrophy may also play an important role iraadias.

The results presented here are estimates of magat productivity as snapshot for
the seasonal transition from summer to autumn 0¥ 2fhd represent the integration
of the time residence (of about 25 days) of oxymethe mixed layer. Despite the
high uncertainty from thé&l estimates (35 %), the method used here was stigcess
to identify the heterogeneity of the marine produtst in the BS. It is strongly
suggested that the values must be corrected bplhsical processes as evaluated
here. Inclusion of upwelling and lateral advectioast be also considered in the O

mass balance.

200



Chapter 5

Spatial distribution of net community and gross geqy
production in Drake Passage

5.1 Abstract.

From surface @Ar ratios and thé’O anomaly {’4) of dissolved oxygen are here
presented mixed layer biologicab @uxes pio) and gross oxygers) production on
three Drake Passage (DP) transects (DP1, DP2 a8iddfing summer and autumn
2007. A seasonal transition from late summer tdyeantumn occurred from the
second to the third transect, represented by susiater cooling and deepening of
the mixed layer.

The distribution ofFy, was associated with the location of the frontate= and
boundaries. The highest,, value was observed near the Polar Front during mid
February (83 mmol i d?) in transect DP1 east of the Shackleton Transverse
Ridge. In this site, a value f@ corresponds to 208 mmol fd ™.

The spatial distribution ofFui, north of the Polar Front was characterized to be
homogenous (~4 mmol Thd ™). This pattern was well associated with a deeenin
of the mixed layer and possible import of nutrieintsn deeper waters during April.

In contrast, in the southern part of DP the valigbiof the mixed layer was
negligible despite the seasonal transition. In #use, net heterotrophy and the
beginning of ice formation seem to be importantpeses than net autotrophy.

The in situ productivity estimates presented here are highan tesults previously
obtained fronin vitro techniques. Th& values from'’4 are two fold higher than the
values from thé®0 incubation method. The net community productioneirms of
carbon N(C)) was four fold higher than the productivity rfinoassimilation of““C
obtained in past studies.

The results presented here offer valuable informnadinin situ marine productivity.
The high spatial and temporal resolution resolhesfast changes and heterogeneous
distribution in a dynamic region such as Drake BgssThis data can also contribute
to the improvement of algorithms for productivityodels and to the understanding
of the role of environmental controls on the marpreductivity in the Southern

Ocean.
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5.2  Introduction.

Drake Passage (DP) is one of the most dynamic aceagions in the world and
plays an important role for the global carbon cyttiées geographically located in the
Pacific Sector of the Southern Ocean (SO) and sepis the narrowest path700
km) (Sprintall, 2003; Barrét al, 2008) of the Antarctic Circumpolar Current (ACC)
flowing eastward around the Antarctic continent. célerated water flows
accompanied by complex topographic features mala rielevant area from the
oceanographic and climatic point of view.

The ventilation of deep waters and the sinkingrdheopogenic C@in response to
convergence of water and subsequent upwellingdbetrs in the frontal zones of
the ACC are important processes occurring in the Ré&tent changes observed in
the oxygen pool in response to surface warming stnakification (Gille, 2002;
Keeling and Garcia, 2002) and changes in Southega®@winds (Toggweilest al,

2006) have significant implications on the localrma communities.

The DP is one of the most studied areas in theh®outOcean. Its water masses and
large scale circulation are well defined (Cetal, 1995; Sprintall, 2003; Zhoet al,
2010). However, many physical and biogeochemicatgsses are not completely
understood, particularly the meso- and small-spadeesses (< 20 km).

For the understanding of the link between the gaysind biogeochemical processes
in the DP, small scale processes are importanudinf jets, meanders, eddies,
regional upwelling, horizontal transport (Zhet al, 2010) and diapycnal mixing
(Thompsonet al, 2007). The southern DP is particularly interegtbecause the
Shackleton Transverse Ridge (STR, Figure 5.1) éshébheterogeneous distribution
of marine productivity due to intense mixing betwegater masses in this region
(Zhou et al, 2010). To the south, a high productive regiomprissent around the
South Shetland Islands and Elephant Island. Inrasptto the west of the STR a
region of low productivity has been identified digethe presence of the Antarctic
Surface Water (AASW). This water mass extends eastwo the southern part of
the Scotia Sea with high productivity values (Hdtansenet al, 2004; Hewest
al., 2008; Zhowet al, 2010).
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Net community and primary productioNCP andNPP, respectively) in the DP have
been quantified using various methods: distributadnchlorophyll from satellite
ocean colour measurements (Leteteral, 1997; Holm-Hanseet al, 2004; Holm-
Hansenet al, 2005; Kahruet al, 2007; Sokolov and Rintoul, 2007) on site
chlorophyll measurements (Hewes al, 2009)in vitro *C bottle incubations
(Aristeguiet al, 1996) and nutrient distribution (Hopkinsen al, 2007; Heweset

al., 2008; Dulaiovaet al, 2009). Productivities using oxygen measuremenig h
also been estimated from vitro *®0-labeled discrete water samples (Dickson and
Orchardo, 2001) to constrain gross photosynthetid aet community oxygen

production G andN, respectively).

Common observations in the previous studies aré hariability as latitudinal
gradients of the water properties limited by thenfal zones. The presence of
features such as eddies and jets have also beeniasd with the productivity
distributions. Generally, high surface chloroplgghcentrations have been found in
the frontal zones, with highest values (> 509 I'*) in the Polar and Subtropical

Fronts (PF and STF) respectively.

As discussed in Chapter 1 (section 1.2), the mapirssluctivity estimates from
traditional methods (i.e. assimilation dfC by bottle incubations, satellite
observations) rely on various analytical uncertasitBy the limitedn situ sampling

achieved from these methods it is difficult to itignthe shorter timescales of
productivity changes in the DP. Thus, there is adnéo improve the marine
productivity estimates, particularly in the SO daehe lack of spatial resolution for
the in vitro methods, as well as the lack of betiersitu estimates to validate
algorithms and models. Therefore, developing newhaous that offer higher spatial

coverage on faster time resolution are needed.

High resolution marine biological productivity estites from surface ocean oxygen-
based measurements in the DP are presented herethisp measurements of
continuous surface fAr ratios were performed to derive biological orygsea-air
fluxes (Fpio) along three latitudinal sections in the DP dursugnmer and autumn of
2007. In a steady state mixed layer (i.e. abseheertical mixing)Fpi, can be used
as a proxy oN. Detailed description of this approach is giverCimapter 1, section
1.8.

203



5.2 Introduction

To derive gross oxygen productioB)(estimates, dissolved,@sotopologues in the
mixed layer from discrete samples were measuredtHi® the'’O anomaly Y'4) is
used as a proxy to differentiate between the oxygeduced exclusively from
photosynthesis and the dissolved oxygen from spdieric source. More details
about this approach are presented in section I.Thapter 1. Results fad andG
represent rates of production integrated over thitase mixed layerzx) and are
complemented with hydrographic data and wind-spegds exchange

parameterizations.

The QJ/Ar and oxygen isotopes method and its fundameifdalsl andG estimates
have been thoroughly described (Craig and HaywH®8/; Luzet al, 1999; Luz
and Barkan, 2000) and applied previously in varicegions of the world’s oceans
(Hendrickset al, 2005; Kaiseet al, 2005; Sarmat al, 2006a; Sarmat al, 2006b;
Sarmaet al, 2008; Luz and Barkan, 2009; Juranek and QuayQX0a the DP, a
few transects have been done using the same mdthbdere based on sampling of
discrete data points only (Hendricksal, 2004; Reueet al, 2007a).

The method used here offers a unique perspectivéherhigh variability of the

physical and biogeochemical processes occurringhé DP that could not be
achieved with traditional productivity tracers. Ti@sults from this work resolve fast
changes in the dynamic DP region on the order gsdand few hundreds of
kilometres and contribute to the understandindghefdhallenging complexity that the

DP poses.

The aims of the present work are: 1) to improve sbarce previous productivity
estimates in the DP, 2) to evaluate the role of wheability in the mixed layer
associated with the seasonal transition and 3pmapare with previous productivity
observations in the area. For the last, a compatis@roductivity values using the
same method here was performed. Between the y@@@sghd 2004, results from six
DP transects are used to evaluate the inter-sdasmmeion ofN in the DP (Reueet
al., 2007a; Reuer, 2007b) (see description in Tablednd 5.2 in section 5.6.1

below; the geographical location of the transexthiown in Figure 5.7)
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Finally, the results from the present work are @igmpared to previous productivity
estimates in the DP froMfO (gross oxygen productions) aHi€ incubations and to
modelled net primary productiorNPP) data from surface ocean colour images
(Figure 5.8).

5.3 Area of study.

Three transects across the DP were occupied onl Bi% James Clark ROGECR
from February to April in 2007. The first DP trans€DP1) was located in the area
of the Scotia Sea, for the JR158 cruise in the éwmark of the ADELIE project
(Antarctic Drifter Experiment:_links to kobaths and &systems), departing from
South Scotia Ridge towards the Falklands Plateauwarthward direction. The
following two transects were part of the JR165 s#un the framework of the ACES-
FOCAS project (Atarctic Gimate and the &th S/stem-Forcing from the _©@eans,
Clouds, Amosphere andeai-ice):DP2 in southward direction aridP3 in northward
direction. Both transects were from (and to) thé&lgad Islands and West of the
Antarctic Peninsula (Figure 5.1).

Sampling dates and seasonal stage during the demupE each DP transect are
shown in Table 5.1 (section 5.6.1). The three @ngss represent a temporal
transition from mid summer (February), after thalpef the growing season, to the

beginning of autumn (April).

In Figure 5.1, are also shown the main topografgatures: in the southern part of
the Drake Passage, the South Shetland Islands {@&igd from west to east by
Livingston, King George and Elephant Islands; ie tentral DP the Shackleton
Transverse Ridge dividing to the east Ona basintiidaand Yaghan basin (north)

and the Drake Passage to the west; as well as Bdr&ank (BB).
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Figure 5.1 — Area of study for the three Drake Bgsscrosses (red lines) occupied
during summer, 2007. From left to right: DP2, sdatind from 17 February to 03
March 2007; DP3, northbound from 12 to 15 April 2Gihd DP1, northbound from
13 to 15 February 2007. Isobaths at 200, 500, 12000, 3000, 4000 and 5000 m.
Thick black lines represent the climatological lkbma of fronts (Orsiet al, 1995)
from north to south: SAF, Subantarctic Front; PBlaP Front; SACCF, Southern
Antarctic Circumpolar Current Front and SB, Southd&oundary front. Main
topographic features: Yaghan Basin (YB), Ona B4€8B), Burwood Bank (BB),
and Shackleton Transverse Ridge (STR).

5.3.1  Oceanographic characteristics
The DP is limited to the north by the southern pérthe American continent and to
the south by the Antarctic Peninsula. Its roughdottopography is characterized by
sea mounts and depressions which strongly cortlpaths of the water masses,
currents (Heywooet al, 2004; Naveira Garabati al, 2004; Zhouwet al, 2010) and

location of frontal zones (Orsit al, 1995).
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The fronts in the ACC are circumpolar featuressjjétowing eastwards. They are
characterized by sharp changes in temperatureamstys and define the boundary
between different water masses in bands of flowfrontal zones where deep
convection and consequent upwelling take part. felsé changes across the fronts
not only occur in conservative properties, but alsocoxygen concentration and
biological properties (Zhanet al, 2008).

The three main fronts from north to south in theal@r Passage are: Subantarctic
Front (SAF), Polar Front (PF) and Southern ACC Erf@ACCF). A fourth, and
subsurface feature such as the SACCF, is the Soutlmindary of the ACC front
(SB) (Orsiet al, 1995; Sokolov and Rintoul, 2009). The climatotagilocation of
the three main ACC fronts (SAF, PF and SACCF), atiag to Orsiet al (1995) is
shown in Figure 5.1. Locations of the correspondioges bounded by the fronts are
also shown, from north to south: Subantarctic Z¢88Z), Polar Frontal Zone
(PFZ), Antarctic Zone (AZ) and Southern Antarcticrad@mpolar Current Zone
(SACC2).

The SAF is defined by Orst al. (1995) by a change in the temperature of abaat 4
5 °C, and the surface salinity above 300 m is lotkan 34.2. This front bounds to
the south the Subantarctic Zone (SAZ) characterimedtrong convergence and is
the transition from subtropical waters to coldertakntic waters, therefore is an

important area for the sink of anthropogenic,@&cNeil et al, 2007).

The PF is on average located between 60° S andS6Mhere the sea surface
temperature changes from 4.5 to 2 °C (or a chamgei5 °C) over a distance of <
60 km. The PFZ is bounded to the south by the RPRa@ihe north by the SAF, and
is characterized by strong lateral mixing and cogeece (subduction) with salinity
values < 34 and represents the core of the ACthignzone one typically finds the
presence of mesoscale meanders and eddies éDmi, 1995; Sprintall, 2003;
Dulaiovaet al, 2009).

During summer, the surface waters of the SAZ and Rife dominated by
Subantarctic Surface Water (SASW), known for a highcentration of nitrate and
low silicate and chlorophyll content (Dugda&t al, 1995). The success and

abundance of the biomass in this region is maiahtrolled by light and mixed layer
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depth as wells as by the abundance of iron archgiBoydet al, 1999). South of the
PF, the upper water column is dominated by Antar8urface Water (AASW).
Therefore, the PF is probably one of the cleamesit$ to identify in surface waters
since it acts as the core boundary between the Awoldrctic surface waters to the

south and the warmer Subantarctic waters to thih f@rsiet al, 1995).

The SACCEF is a subsurface feature, observed be®nband is on average located
between 62.5° S and 63.5° S where the temperatogs drom 2 to 0.5 °C. This
front does not separate surface water massesfdrerthe surface between the PF
and the Antarctic continental shelf is fully domtiec by Antarctic Surface Water
(AASW). Salinity gradients are also pronouncedha SAF and SACCF but not for
the PF (Orset al, 1995; Hendricket al, 2004).

The Antarctic Zone (AZ) is located south of the &fel up to the SACCF. Here, the
Circumpolar Deep Water (CDW) mixes with ice melt gmecipitation water to form
a fresher AASW that dominates the surface watershisf zone during summer
(Chaigneatet al, 2004). By contrast, the Winter Water (WW) domésamost of the

AZ mixed layer during autumn and winter.

The Southern Antarctic Circumpolar Current Zone C&X) is located south of the
AZ. This zone is bounded by the SACCF to the narttl the Southern Boundary of
the ACC (SB) to the south. The latter marks the nidamy of the Antarctic
Continental slope (Orsi et al, 1995; Hendricks et al, 2004).

The Southern Boundary front (SB) limits the northexdge of the Antarctic

Continental Zone (ACZ) with the Antarctic continetglimiting the southern edge. It
is located where a step change in depth of theramttl slope occurs, from 1000 m
to 200 m. In this zone, a separate water massifirontemperature and low salinity
(S< 33.8) is found in the upper 500 m (Tomckzak @uadifrey, 1994).

The Antarctic fronts are dynamic features and tenshift from their mean location
as given by Orset al. (1995). For instance, the PF tends to shift bydb0a0 km in
both north and south directions from its climatadad) location (Gille, 1994a; Zhang
and Klinck, 2008).
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Various methods have been applied for the ideatifim of SO fronts such as:
advanced microwave radiometer to estimate seacsutimperature (SST) from
space (Donget al, 2006), hydrographic data (Orst al, 1995; Thompsoret al,
2007), expendable bathythermography and altimetitya dGille, 1994b; Sprintall,
2003), sea surface height (Sokolov and Rintoul9208ere, the surface location of
the SAF and PF from sharp changes in SST at thelsggrtime is presented. The
location of SACCF and SB is induced from the obagons of marine productivity.

5.4  Methods.

The mixed layer air-to-sea flux of biological oxygé-i,) in the DP was estimated
from continuous measurements of surfacgAOratios and further estimates of the
biological G supersaturationdO,/Ar). In the absence of vertical mixirig,, is used
as a proxy of net community productiad) (in terms of oxygen. The gross oxygen
production (5) was estimated from discrete samples for dissotwegjen isotope
quantification and’O anomaly determination ). The total flux of oxygenHg)
was estimated from the oxygen supersaturation weispect to the concentration in
equilibrium with the atmosphere.{(O,)) (Benson and Krause, 1984; Garcia and
Gordon, 1992). All fluxes are integrated over thieole mixed layer depth (MLD)
and were estimated by using a weighted gas traoskficient k,) to account for
the historical change of the oxygen in the mixegetadue to changes in the wind
speed. A detailed description of the variablesvested in this chapter is presented in
the introduction (Chapter 1) and methods (Chaptef this thesis.

The DP transects subject of this study were patrasisits between hydrographic
stations made for JR158 and JR165 cruises. Thu§Tiw profiles, including data
for vertical oxygen, are available for DP1, DP2 d»@3. In the absence of CTD
oxygen profiles in the DP transects, the valuesM&D were obtained from the
World Ocean _Qrculation Experiment - _Nitional (reanographic_Bta Center
(WOCE-NODC) monthly mixed layer global climatolo@ye Boyer Montéguét al,
2004). For this data set the mixed layer is defiaethe depth where the potential
density @) is lower than 0.03 kg m with respect to the density value at 10 m
depth. Details of the comparison between MLDs defifrom oxygen profiles and
MLDs from the climatological data are shown in Clea@3. Hereinafter, MLD is

referred to agmix.
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The calibration of SST an& in the DP transects was done by removing the
corresponding offsets as discussed in Chapter Z2tiges 2.2.1 and 2.2.2,
respectively). Due to the lack of vertical datareh¢he vertical contribution of
oxygen by physical processes (diapycnal flux artca@miment by vertical convection
into the mixed layer) was not evaluated. Howeveirtbhontribution toN in the DP
should not be neglected. Furthermore, due to tbk ¢4 corrections by physical
processes here is not approximakgd to N and hereinafter in this chapter will be
referred only as t&pio.

55 Results.

5.5.1 Identification of Southern Ocean fronts from sedage temperature.
The locations of the SAF and PF were identifiednfrgharp changes in SST
distribution along the three DP transects. Figur@ 8epicts the latitudinal
distribution of SST and the identified locationtbé fronts. The latter is compared to

the climatological position as given by Oesial, (1995).

The SAF was observed only in DP2, with a changenmperature from 6.8 to 6.1 °C
over a distance of 10 km. This position is about B2 to the north of the

climatological position (Figure 5.2b).

In all three transects, the PF was observed asa sharp gradient in temperature
over a generally variable latitudinal temperatusdribution. This is probably due to
the presence of mesoscale eddies, particularlydsstvs5 and 59° S.

For DP1, the location of the PF was around 58°t8 aichange in temperature from
5.6 to 4.2 °C. This location was almost 140 km Isaftthe climatological position
(Figure 5.2a).
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Figure 5.2 — Latitudinal distribution of sea suddemperature (SST in °C): (a) DP1,
(b) DP2 and (c) DP3. Horizontal thin black lineg déine climatological location of
the fronts according to Orsit al, 1995; grey horizontal bands are the location of
fronts here identified from the SST distribution.

In DP2, the PF was identified as a sharp changenmperature of about 1.1 °C (from
5.3 to 4.2 °C) over a distance of 7.7 km. For ttaasect, the front was located about

71 km to the north with respect to the climatolagiocation (Figure 5.2b).

In DP3, the PF was identified for a similar chamgéemperature (0.9 °C) but in a
range of colder temperature values (3.5 to 2.6%€) a distance of 6.6 km. Contrary
to DP2, the location of the PF in DP3 was to thatlsdrom the climatological
position at a distance of 54 km (Figure 5.2c).

The shifting horizontal position here observed bé tPF with respect to the
climatological location is within the range (i.eettveen 50 and 100 km) of previous
observations by other authors (Gille, 1994a; Zhand Klinck, 2008). Despite that
using the SST in the three DP it is difficult teerdify the presence of mesoscale
features such as meanders and eddies (scale of B00tkm), in all three profiles
evaluated here sharp increase and decrease of regomeealong the transects are
characteristic. The scale of these gradients cdvarborizontal distance of ~10 to
100 km and they were observed consistently withenRFZ and SACCZ where most
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eddies are located in the DP. Thus, the obsenatibrihese temperature gradients
might be an indication of the presence of eddiesnduthe sampling period (K.
Heywood,personal communicatign

Since the SACCF and SB are only subsurface feat(#B60 m depth), their
positions with respect to SST were not clearly idiex for all three DP transects.
However, in DP1 a strong gradient in temperatuua 60.1° S was observed,
probably associated with the subsurface influeric&Bo If so, it was located at about
48 km to the south from its climatological positigfigure 5.2a). In case of DP2, the
SST distribution was variable possibly due to thespnce of small features such as

meanders. In this case, the locations of SACCFSBhdre indistinct (Figure 5.2b).

The spatial distribution of, and G for DP1, DP2 and DP3 are shown in the
following sections. Their distribution is in goograement with the location of the

frontal zones in the DP.

5.5.2 Inter-seasonal variability of physical properties
A comparison of the latitudinal distribution of SS3alinity ), mixed layer depth
(zmix) and the gas transfer coefficiehkf between the three DP transects (Figure 5.3)
was performed in order to observe the seasonasitiam between the transects

within the sampling period.

The transect DP1 was sampled 12 days before DP2h@n8ST in the former was
generally 1.8 °C colder than the latter (Figureah.3'he salinity changes between
DP1 and DP2 are less evident between both transeaspt in the PFZ between 58
and 62° S. In the Scotia Sea region (where theiBRicated) higher salinities were
observed (up to 34.5; Figure 5.3b), indicatingpghesence of different characteristics
on the AASW east and west of the STR.

The znx for both transects during the sampling period dadiog to the
climatological data) did not differ greatly and sleml an average value of #d m
(Figure 5.3c). In contrask, was on average 0.8 mi‘dhigher in DP1 than DP2
(Figure 5.3d) due to the higher wind speeds enevadteast of the STR.
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Figure 5.3 — Comparison of the latitudinal disttibn between DP1 (grey thin line),
DP2 (black thin line) and DP3 (thick black line):fda) sea surface temperature
(SST), (b) sea surface salinit®)( (c) mixed layer depthzix) and (d) gas transfer
coefficient k). Grey horizontal band indicates the identifiedation of the Polar
Front (PF) for transects DP2 and DP3.

From DP2 to DP3, the seasonal transition betweehoérsummer to autumn was
more evident. Both transects were almost paraligd & distance between each other
of 100 km (Figure 5.1) and a difference of samplinge of 44 days. Although both
transects are not located exactly in the same gpbgral position, similar latitudinal
patterns in the hydrographic properties is expecgmlth of 60° S, the latitudinal
distribution of SST an& show similar structural patterns with meanders eddies
in the SAACZ (Figure 5.3a and b). Despite the idieat similar features between
DP2 and DP3, a constant decrease of temperatwabooit 2.4 °C from DP2 to DP3
was observed. This was due to the formation of WA the surface water cooling.
As a response, the increase in wind speed at tfiarbeg of autumn is translated to
a higher gas transfer coefficient (mean offset.@50m d*) during DP2 ky = 3.7 m
d™?) than during mid summer in DPXy( = 2.9 m d") (Figure 5.3d). As a
consequence, according to the mixed layer climgtotbezy in the SAZ, PFZ and
AZ (up to 64° S) deepened by as much as 26 m oegd; from early March in DP2
(median ofz,x of 68 m) to mid April (median on thg,y values of 43 m) in DP3
(Figure 5.3c). By contrast, in the SACCZ the depththe mixed layer remained
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almost constant during the sampling period. Thengha observed innx andk, are

expected to have direct implications over the coradeve properties, as well as over
the spatial distribution of the fluxes of total @en, biological oxygen and gross
oxygen production. The observations for these béega are described in the

following sections.

5.5.3 Latitudinal distribution of air-to-sea fluxes oftéb (Fg) and biological
oxygen Epio)-
The spatial distribution of the oxygen supersatonat40;) and biological oxygen
supersaturation 40,/Ar) are shown in figure 5.4a and b respectivelyneT

corresponding fluxes (i.€&4 andFi,) are shown in figure 5.4c and d respectively.

In agreement with previous observations (Hendretkal., 2004; Reuer et al., 2007;
Cassar et al., 2008), a strong latitudinal gradierthe oxygen supersaturation and
biological oxygen supersaturation was observeds Was also observed fdx;,
where the highest values were found north of th& 8&mpared to the lowest in the
SACCZ close to the Antarctic continent (Figure 5.3High spatial resolution
observations fordO,/Ar (300 m) and40, (100 m) allowed the identification of
strong gradients between the DP frontal zones eanbécts. Results for each zone
are presented below.

a) Subantarctic Zone (SAZ)

Only during DP2 data fadO, and40./Ar in the SAZ it was collected. Within this
area, the lowestdO,/Ar was observed in the SAF (-3 %) around 54° S,
corresponding to a negative biological fix (Fyio = =36 mmol m? d™%). A similar
pattern is observed in thdO, and Fy distributions (Figure 5.4). A heterogeneous
distribution of mixed layer biological oxygen is sayved with 40,/Ar values
ranging from slight under to super-saturations %30 1.8 %) in a spatial structure
of alternate oxygen super- and under-saturatiors avhorizontal distance of 200
km. During DP2, shallow mixed layers (40 m) werdl §tresent, therefore the
variability in the surface oxygen distribution mighe the result of mesoscale
structures such as eddies or meanders typicali®ztine. Such mesoscale features
are the result of steep changes in the topograptheaegion from the deep Yaghan
basin (YB) (> 4000 m) to the shallow (< 200 m) Bood Bank (BB) (Figure 5.1).
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Therefore, it is expected that the physical proegdsave a strong control over the
distribution of the productivity. In the SAZ fordtthree DP transects, tkg values
were between 3 to 5 mi g with a clear decrease with increase on latitugigute
5.3d).
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Figure 5.4 — Spatial distribution of. a) dissolvexlygen supersaturatioQ,); b)
biological oxygen supersaturatiod@,/Ar)c) sea-to-air flux of oxygenFy) and d)
flux of biological oxygen Fvio) during DP1, DP2 and DP3. White lines indicate the
climatological location of fronts; thin dashed tmmtal black lines represent the
location of fronts as identified in the presentdstuln all panels are shown the
location of the frontal zones bounded by the frofitsm north to south: Subantarctic
Zone (SAZ), Polar Frontal Zone (PFZ), Antarctic 2o(AZ), Southern Antarctic
Circumpolar Current Zone (SACCZ) and Antarctic Gabgone (ACZ).
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b) Polar Frontal Zone (PFZ)

From the spatial distribution of the oxygen supensdion and fluxes (Figure 5.4), a
contrasting pattern is observed east and wesedbTR. The distribution O, was
positive in the three DP transects, however dubfg. is five fold higher (6 %) than
the average values for DP2 and DP3 (0.5 to 2 %g.spatial distribution of ©in the
PFZ is more homogeneous than in the SAZ, excepDRit where a north to south
gradient in thedO, distribution was observed with the highest valtemsards the
Falklands Plateau and lower values approachin@Eheast of the Scotia RidgdO,
was up to 7.4 % in the region where the climatalagPF is located (Figure 5.4a). In
this front, as upwelling and vertical mixing bringtrients to the surface, most of the

40, could have been from biological origin due to &uatphy.

In agreement with previous observations (Za&hral, 2010), higher productivities
are normally encountered in the Scotia Sea eashefSTR where the AASW
exhibits a higher concentration of nutrients. Unhfoately, due to analytical
problems with the MIMS on board, no data was a@gufor continuous &Ar ratios

at the PFZ during the DP1 transit. However, thriserdte samples were collected for
analysis of QAr in this zone and the results show a positiveldgical &
supersaturation (1#4.0 %) confirming that in the mixed layer of theZPfost of

the observed supersaturated oxygen is from bickbgmurces during DP1.

The biological @ supersaturation showed a contrasting pattern leetvizP2 and
DP3. During DP2 in mid summer, shallow mixed lagepths (42 m) (Figure 5.3c)
were present. A heterogeneous distributiond@b/Ar (from —-1.5 % up to 1 %)
indicates a slight biological Oproduction with intervals of ©consumption by
heterotrophy or interaction of physical proces$agure 5.4b). Thé,;, estimates in
this zone led to values between —15 to 0 mmdldn' (Figure 5.4d).

In the PF during DP2 (between 57.7 and 58.5° 3, akygen concentration in
surface waters (both total and biologically prodl)cecreased from north to south
(Figures 5.4a and b). This translates to a postiaed ofFy;, in the PF (up to 8
mmol m?d™) (Figure 5.4d). Despite positive values that walsserved in the PF for
40, and 40, /Ar, only half of the 40O, corresponds to biological processes. The

remaining supersaturated oxygen in the PF mightdbe to the low SST and
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entrainment of bubbles from the atmosphere bringimgre dissolved @in the

surface waters with respect to the atmosphericexgnation.

In DP3 during autumn, thelO, in the PF (between 57 and 61.5° S) was also
supersaturated, with the highest values (2.9 %)reviithe steeper gradient of
temperature was observed. As in DP2, oxygen unteetad waters were identified
north and south of the front (0 %40, < 1 %). Interestingly, 44 days laté;, in the
PFZ was higher during DP3 than during DP2. In th& R homogeneouByi,
distribution (82 mmol m? d*) was observed during autumn compared to the

heterogeneous distribution during mid summer.

c) Antarctic Zone (AZ)

The distribution ofFyi, andFg in the AZ, show a similar pattern within the thi2e
transects and between each other. Total and bealbd@) supersaturations were
observed. The highest values A®./Ar (up to 6.3 %) and i, (80 mmol m? d%
were observed during DP1 in comparison to DP2 amB.Drhese values also
correspond to the highest biological oxygen productobserved for the three
transects (Figure 5.4b and d).

During DP2 and DP3, thdO, and 40,/Ar in the AZ had a homogeneous spatial
distribution. Values between 0.1 to 1.3 % #D,/Ar (Fpio = 106 mmol m? d *for
DP2 and #3 mmol m? d* for DP3) and 0.3 to 1.5 % faO, (Fy = 11+3 mmol m?
d*for DP2 and 146 mmol mi? d* for DP3). Thus, in surface waters of the AZ most

of the excess dissolved oxygen is of biologicagjiori

d) Southern Antarctic Circumpolar Zone (SACCZ) andakstic Continental
Zone (ACZ2)

The location of the SACCF and SB fronts has beetlear influence over the
distribution of marine biomass in surface wateng, delimiting zones with high
phytoplankton abundance from less productive waléie 40, andF4 are higher in
the SACCZ of the DP1 than in DP2 and DP3 by as nasch % and 46 mmol
d™!, respectively. The spatial distribution Bf;, is generally homogeneous during
both DP2 and DP3, ranging from 0 to 3 mmof i . Undersaturated biological,O
(40,/Ar up to —11.7 % at 60° S) was observed in the AGd extending up to 62° S;
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this might be an indication of the apparent dom@ganf oxygen consumption by

respiration in this zone.

During DP1 and DP3, the SB is represented by a sbgmge in the biological
oxygen supersaturation at about 60° S from autbicopvaters in the AZ to
heterotrophic waters in the ACZ. This change caiesiwell with the climatological
location of the SB front. During DP3, tl©,/Ar is as low as -4 % (—44 mmol

d™*for Fpio) at the southernmost limit of the transect (65)°

In contrast, during DP2 the biological productidnG» seemed to be still active in
the ACZ. The highest productivities along this seet were found in this zone (19
mmol mi? d* at 66° S) enhanced by the influence of the latdakction of coastal

waters from icebergs and sea-ice during summer ftben coast of Antarctic

Peninsula. The same coastal influence seemed ® dmourred south of 61.6° S in
DP1, whereFy, increased to 0.9 mmol Td™ (Figure 5.4b). From the previous
observation, the variability of the mixed layer ttepeems to play an important role
over the productivity in the surface waters of PE. This is evaluated in the

following section.

5.5.4 Influence of deepening of the mixed layer okgg
The change iffrpio (4Fpio = Fuio (DP2) —Fpip (DP3)) with respect to the changezgi
(4zmix = Zmix (DP2) —zmix (DP3)) between DP2 and DP3 was calculated to atalu
the influence of the deepening of mixed layer tasaautumn over the mixed layer
oxygen production (Figure 5.5). The latitudinaltdizution of Az,x and 4AF, are

similar, with smaller values in the north and acr@ase towards south.

The negativedzyx indicates that,x was deeper towards April with respect to the
summer mixed layer. A bigger change betwegr occurred in the northern DP,
corresponding to the SAZ and PFZ. This led to aebsed ofj, possibly due to
the dominance of net heterotrophy and/or convecatizeng leading to an apparent
consumption of biological oxygen during beginnirigtarch in the SAZ and PFZ.
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Figure 5.5 — Latitudinal distribution of the changé mixed layer depth4znix)
(bottom axis) and the change of flux of biologioa/gen @Fy,) (top axis) from mid
February (DP2) to mid April (DP3) in 2007. Greydkibands represent the location
of the Polar Front (PF) and the Southern Antar@iccumpolar Current Front
(SACCF).

In the SACCZ and ACZAzx increased towards south, as indicated by the déck
change in theyx from summer to autumaFy,, is more positive towards south, as a
response of higheFy, during DP2 associated with stable and shallawy that

remained until mid autumn.

5.5.5 Latitudinal distribution of ‘O anomaly and gross,@roduction.
The YO anomaly ¥'4) was calculated from the isotopic abundance ofaied
oxygen in discrete samples (equation 1.18, Chapjefrom the surface ocean
collected along the three DP chapters. Detailhefanalysis (section 2.6.2, Chapter
2) and calculations (section 2.9, Chapter 2) aserniged in the methods chapter of

this thesis.
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The gross @ production G, in mmol m? d%) integrated in the mixed layer was
estimated from thé’4, ky and csa(02), Amax and *"Zeq (equation 1.19, section
1.10.4, Chapter 1). Thé4 was well above the estimaté@l, in all three transects,
indicating the presence of photosynthetic oxygenth@ mixed layer during the
sampling time. Although the continuous datad@»/Ar was only acquired up to 57°
S during DP1 and DP3, three seawater discrete samfir each transect, were
collected for thé’O anomaly analysis north of this latitude (Figuré)5

The latitudinal distribution ot’4 andG shows a similar pattern for DP1 and DP3,
while DP2 is generally homogeneous south of 54@iMilar latitudinal features to
the distribution ofFyj, were observed, despite the discrete samples fggerx

isotopic analyses were sparse (average colledgtimndf 6 hrs between samples).
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Figure 5.6 — Latitudinal distribution of &)4 from discrete samples along DP1, DP2
and DP3; top right, black circle with error bardicates the precision of the
measurementst® per meg) as given by the air-equilibrated watealysis; vertical
black-dashed line represents the averdf§@ anomaly of dissolved oxygen at
equilibrium with the atmospheré’fleq = 3.8:1.5 per meg) calculated from in situ
temperature®); b) gross oxygen productiof) estimated fromi’”4 andk,.
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High values of'’4 andG were found in the northern section of the trarsedth
average values for the three transects of¢3per meg for’4 and (12985) mmol
m~2 d* for G (Figure 5.6a and b). These maxima values migtiugeto the presence
of eddies in the SAZ (as observed in the SACCF)lasing high biomass
concentration in an area typically dominated by lpvoductivities due to the

convergence of surface waters.

High G values in the PF of the three DP transects weserebd in good agreement
to the observations for the spatial distributioriFg§. In this area it was identified the
highestG corresponding to DP1 in mid summer (208 mmof th* and 42 per meg

for 7). This value was four times higher than the onseoled in the same location

during DP3 in autumn (48 mmolAd ™ and 25 per meg fdf4).

In DP1 and DP3, a negative north-to-south gradient'’4 and G was observed
within the PFZ, SACCZ and AZ. A less steep grademats observed along DP2.
During DP1 the higher values 6f (14246 mmol m? d %) were observed, followed
by a decrease by as much as 37 mmdld in DP2 and 44 mmol fAd* for DP3
(112+54 mmol m? d *and 10%45 mmol m? d*, respectively). This trend was also
observed from the latitudinal distribution Bfi, (from the corresponding discrete
samples) with 1612 mmol m? d* for DP1, 1#5 mmol m* d'in DP2 and #4
mmol mi? d* in DP3. For this calculation the negativg, values observed, mainly
in the SACCZ and ACZ during DP3, were not takeo axtcount.

In the next sections are shown the average valweBy,t andG per zones in the
three DP transects. A comparison to previous pripdtyc results in DP is also

shown below.

5.5.6  Estimates of-ratios fromFy, andG
The ratio betweerf,, and G, as analogy to thératio defined by Eppley and
Peterson (1979) was calculated. The latter wase@fby the authors from nitrate
assimilation and is an indicator of the ability af ecosystem to retain or recycle
organic matter by estimating the relative uptakee# versus total nitrogen (Eppley
and Peterson, 1979).
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Despite in this chapter no corrections due to pafgirocesses were done to better
approximateFyj, to N, this approximation is done in order to calculdief-ratio in
terms of Q (i.e. f(Oy)-ratio = Fyo / G). Here,f(O,)-ratios are based on rates of O
production and consumption (Luz and Barkan, 2009n& highf(O,) values (> 0.5)
indicate high or new ©produced by photosynthesis and Iff@,) values (< 0.5) will
indicate that most of the newly produced © consumed by respiration and a
dominance or grazing pressure by heterotropherghdnDP, thef(O,)-ratios were
generally low (< 0.2). The average values per tensvere 0.180.10, 0.1%0.08
and 0.0%20.02 for DP1, DP2 and DP3, respectively.

5.6  Discussion.
The distribution of,;, andG in the DP are heterogeneous and each zone refgdsen
different environment where physical processes sdeto control the observed

productivity.

In the SAF deep convective mixed layers (>500 mguocduring winter and
relatively shallow mixed layers during summer. Deep mixed layers are subducted
northward moving to subtropical waters and theeefiiis is an important zone for
the ventilation of surface waters. According to MdNet al (2007) the SAF and
SAZ act as sink of C§ controlled mainly by the strength of the merigibkman
transport across the PFZ (McNat al, 2007). From the heterogeneous surface
distribution of 40,/Ar and AO, in the SAZ, the vertical convection might alsoypla

an important role over the productivity of this dynic zone.

In agreement to the hidgh,i, observed in the PF, previous works have charaetri
this area by the presence of phytoplankton bloomsl &igh chlorophyll
concentrations. This is due to cross-frontal mixengd upwelling of subsurface
waters induced by mesoscale structures such asdewsarbringing nutrients into
surface waters (Moore and Abbott, 2002). In the $tlica concentrations are high
during winter and spring and low during summertipalarly north of the front (i.e.
in the PFZ) (Hutchingt al, 2001) where it has been observed a low diatorwigro
(Boyd et al, 2001; Moore and Abbott, 2002).
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In contrast to the PF, the PFZ is characterizeddmyvergence of surface waters and
convective mixing. The surface waters of the PRZ dominated by the AASW and
are generally less productive than the waters éacat the front (Boyet al, 1999;
Moore and Abbott, 2002).

In the AZ, Fy, showed a homogeneous regional distribution evenngluthe
transition from summer to autumn. The AZ is chaaeed by upwelling of warm
and saltier Circumpolar Deep Water (CDW) during tpzst of the year. The typical
divergence in this area is due to the compensatiothe equatorward Ekman
transport. The AZ is also characterized by stabieethlayers which favours the
biological production (Chaigneaet al, 2004; McNeilet al, 2007). Although the
upwelling CDW can bring low oxygen, the delivery lagh content of nutrients to
the surface waters of the AZ appeared to be a daorhiprocess to sustain the high
productivity during summer and towards autumn. Dhserved deepening of the
mixed layer from DP2 to DP3, appear to not haveang influence over the marine
productivity in this zone; however, this processgimi help to sustain the late
growing season in this zone. McNeil al (2007) observed that in the AZ is where
much of the C@ outgases to the atmosphere due to the wintertiemdilation of
deep waters. Contrary, the AZ acts as an impodiaitof CQ during summer. The
results here presented agree with this observalgading to a high net oxygen
production by photosynthesis observed during thet@Rsects from summer to

autumn by the biological assimilation of €O

From the results in the PFZ and AZ two main obs@&ma can be drawn: 1) during
mid summer, despite the presence of more stableltbw mixed layers, the PFZ
PF and AZ exhibit a heterogeneous distributiorhagurface oxygen concentrations.
Low biological production is present in the PFZ,ilhhigh productivities are
located in the PF and AZ; 2) towards the beginraficautumn, the mixed layer
deepened in the SAZ, PFZ and AZ favoured by thengthening of winds. An
increase in turbulence and delivery of nutrientarfrdeep waters leads to “new
production” in a homogeneous mixed layer. The olz&ns here presented support
that the dynamics of the mixed layer play an imgatrtrole to sustain the
productivity and late growing season in the PFZ AZdtowards the beginning of

autumn.
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South of the AZ the increase in productivity, agegi by Fyi, in the SACCF, might
be due to the presence of mesoscale structureddésseThe latitudinal distribution
of SST along the DP transects in the present wiookved the probable presence of
eddies in this zone. From chlorophyll satelliteadatahruet al. (2007) observed an
enhanced accumulation of phytoplankton biomasstdube presence of cyclonic
eddies in the SACCF. The accumulation of high apbwyll a particularly occurred
within the eddy (Kahret al, 2007).

According to previous works, in the DP there istirgy seasonal cycle of solar
radiation and mixed layer depths. A direct effeeerothe light and nutrients
availability, as well as the grazing pressure, thee main controls for the biomass
accumulation (Boyabt al, 2001; Hutchingt al, 2001; Moore and Abbott, 2002). In
1996, Banse found no relationship between the deptlhe mixed layer and

chlorophyll concentration in the PF (Banse, 1996)s might be true only for the PF
in the results presented here, where the obsemepething of the,x might had a

negligible effect over the high productivity enctened in the PF in all transects.

However, this is not true for all the other zonad &onts. The results presented in
this study, show that the variability afix plays an important role for biological
oxygen fluxes where a deepeningzgi is observed. If negligible deepening nix
occurs, heterotrophy might be the main reason égativeF;, values. North of the
DP, in the SAZ, PFZ and AZ, the mixed layer was pdeetowards April
accompanied with the increase in turbulence anticaémixing. As a respons€y,
increased with respect to the value encounterechglUfebruary. The import of
nutrients from deeper waters and the further homiagéon in the mixed layer,
could maintain the productivity of photosynthetiygen to sustain the late growing
season in April.

In contrast, in the SAACZ and ACZ, the mixed laglpth did not change from
February to April according to the climatologicata.Fyi, is generally high close to
the coast during summer due to the stability of tater column, light and
availability of nutrients from melting ice. As tleeason progresses,, decreases
towards autumn due to net heterotrophy or mixintp\deep low oxygenated waters.
In the ACZ, formation of the Antarctic Bottom Wa{&fABW) takes place. Cold and
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denser waters sink due to the formation of ice sailtl rejection, this occurs during
autumn and winter. From the results here presergedonfirmed the lack of
biological G production in this area towards autumn, where gxpo@duction or net

heterotrophy cause a negathg, during autumn.

Despite the @consumption and lack of replenishment of nutri¢otgards the end
of the growing season (particularly in the southBi), the latitudinal patterns for
Fuic and G remain similar in the DP zones for the three teats A clear inter-
seasonal change upon the end of summer and begiohiautumn was observed,
particularly from DP1 to DP3. As the latitudinakttibution of Fni, andG in DP2
was homogeneous in contrast to the strong gradianBP1 and DP3, this is an
indication of the fast changes that the produgtiintthe DP faces in a timescale of
weeks. The homogeneity in DP2, might mark the itemal stage from summer to
autumn. The @budget method used here proofed to be adequatkentify these
changes. However, it must be complemented to tlantdication of the physical
contribution particularly by upwelling and lateralddvection. For this purpose,

vertical profiles of @ and Q/Ar are recommended.

Although the observations made above meant to exfile observed distribution of
Fuio in the DP, with the method used here to estiratenot possible to differentiate
the contribution of processes (biological or phgbicresponsible for observed
negativeFypj,, unless physical processes are directly quantifié@ negative-pj, in
the PFZ during March and in the ACZ during Februamg April could be due either
to net heterotrophy, degassing of surface watetBg@tmosphere or entrainment of
low oxygenated subsurface waters, leading to amarepp consumption of the
photosynthetic oxygen to negative values. Furtheemthe lateral advection of
waters from the coast can play a substantial mi¢hie distribution of phytoplankton

and further estimates of this physical processeremmended.

Finally, the total error in th&y andFyi, estimates relies mainly in thg estimates
and is about 15 %. The total error fGris about 53 % relying on the individual
uncertainties foky, *"Zeq, 1’4, *"Amax values. According to Luz and Barkan (2000)
the *"Ana had an uncertainty of 15 per meg. Following Lud &arkan (2009) the

uncertainty in the”Aeo| at 3.5 °C was about 3 per meg. The uncertainkygiser as
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the temperature of the seawater decreases. Atteere measured for air-equilibrated

waters had an uncertainty of 9 per meg.

5.6.1 Comparison to previous ocean productivity data framygen
measurements.

a)  '’Aand Q/Ar measurements
In order to contrast the results obtained hereréwipus productivity measurements,
first a comparison to other results in the DP, iteté from measurements B# and
O,/Ar ratios, is done next. The only previous worktlre literature offering these
results is Reueet al (2007a and 2007b) (presenting an amended veo$itire data
published by Hendrickst al.,2004). The authors showed tNeandG from discrete
samples collected along six DP transects betwe8f aad 2004 (see Table 5.1 for
details of the transects subject of Reuer’s work)nty during the summer months
(from January to March). For consistency and sifigaliion, Reuer’s transects are
referred as to RO1 to R06 hereinafter. The crusatification as given originally in
Reuer’'s work is shown in parenthesis in column Irable 5.1. The geographical
location together to the three DP transects ofptlesent work are shown in Figure
5.7. s
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Figure 5.7 — Geographical location of the DP tratssérom the present work (DP1
to DP3) and DP transects published by Reetenl (2007a) (RO1 to R06). The
direction of the cruise track during each transscin the legend indicated in
parenthesis. For identification of each transex#, Bable 5.1 for specific dates.
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Table 5.1 — Average: 1 standard deviation (were appropriate) of biaabiO, flux and gross oxygen productionB,f, and G) from discrete
samples. Included also data published by Retieal, 2007b with values o6 recalculated for best comparison c:onsideringlflz[eq atin situ

temperature.
Fuio G
Transect -2 -1 -2 -1
ID Dates Season (mmolm “d ) (mmolm “d )

(direction) SAZ PFz AZ SAACZ SAZ PFz AZ SAACZ
DP1 (N) 13&%50/5 € | summer | 1441 24+13 21+31 | 13464 15855 158:25
DP2 (S) 032/7\22?%%7 summer 11 842 95 99 223 98t5 88:12 7#14
DP3 (N) 12'2%5(’)/?“ autumn 7+4 Q+0 1917 10661 10414 6733

Reueret al., 2007b

(Re-calculate®)
009 25290V | spring 21415 @9 14301 9342
RO2 (N) 29/Nov to late
(LMG0209) 22/Dec 2002 | spring 17£10 -4:8 68+35 7127
(RL%”,\A(SEM) 03-26/Jan/2004  summer* 28+15 54 12651 11576
RO4 (N) 27/Jan to
(LMG0401) 04/Feb 2004 | Summer* -3+3 8352
i‘ﬁé%‘%m) OG/F%?)-/2003 summert | 3:8 [19t4 13t6 57+44 7235 359
RO6 (S) (NBPOOL) | /sz}zooo summer 20¢16 129+61
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All transects were located west of the Shackletan3verse Ridge and most of them
from the tip of South America to the Bransfieldagtwest of the tip of Antarctic

Peninsula.

The values ofFp, G andf(O)-ratio averaged by zone during each transect were
compared to the results of the present work. Aedtabove, théQIeq is a sensitive
parameter for the calculation Gf In the work by Reuegt al, the authors used 8 per
meg as an average value Hﬁeq from the analysis of air-equilibrated water.
Therefore, to compare the present results to tHeoesl results, a re-calculation was
done for theilG values using the temperature dependeﬂﬁ[da;t1 as suggested by Luz
and Barkan (2009). From this calculation, an unsteration ofG in the PFZ and
AZ by as much as 17 and 50 %, respectively (egentab: 1&4 mmol m?d* and
2629 mmol m? d*, respectively) was identified due to the usage dixed *"Ze,
instead of the one obtained from finesitu temperature. The average vallgg, G
andf(O,)-ratios per zone on each transect obtained in riagept work and by Reuer

et al are shown in Tables 5.1 and 5.2.

b) Seasonal variability of f and G

With the intention to construct a seasonal tramsidf productivity values from O2-
budget method in the DP, the results from the #etssfrom the present work and
the results published by Reuer al. were arranged by the month on which were
sampled. The seasonal transition starts from lat@g (end of November, transect
RO1), trough early autumn (end of March, transeé@®)Rand extends to mid autumn
(April, transect DP3) (Figure 5.6 and Table 5.1 fimther details on specific dates).
For this seasonal arrangement, DP1 was not takeragtount since it was located
west of Weddell Sea and off the region of the DRenglthe rest of the transects were
located.

According to Sprintall (2003) from observationst@perature variability in the DP,
most of the seasonal variation in this region ogdarthe upper 200 m. A seasonal
cycle in the DP is represented mainly by: duringtes, the AASW reaches its lower
temperature limits in the southern surface layegrsspring, the distribution of the
AASW becomes patchy at 150 m depth and finally ugummer, the AASW is
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capped in the south while in north DP the surfaeteve become warmer (Sprintall,
2003).

From the previous arrangement of transects in tReif expected to observe a
seasonal trend in th&,;, (here also approximated &) andG. The latter was true for
the PFZ, where an inter-seasonal trend in net camtynuand gross oxygen
productions was observed. High values were ideutiiuring spring (21 mmol Th
d* and 143 mmol if d, respectively), when the phytoplankton bloomststar
form. Towards the peak of the growing season (betwdanuary to February), high
productivity values were still present (28 mmolrd *and 126 mmol if d* for N
andG) followed by a decrease towards mid autumn (4 mmdld* and 56 mmol
m 2 d™%). This pattern is probably due to the evolutiorihef biological community in
the surface mixed layer. The production in the Sdimited by Fe rather than
nitrogen (Martinet al, 1991; de Baaet al, 1999). If an early bloom occurs during
spring, it depletes the Fe concentrations so dursagnmer, the growth of
phytoplankton is limited by grazing until nutrieratee replenished from below.

A decrease in both net and gross oxygen produciiontte PFZ, was observed
towards the end of spring (transect R02; 18 mmdldn in N and 68 mmol rif d*

in G). This decrease was also observed at the enceqgebk of growing season in
transect R04 with negativé (-19 mmol m? d*) and the lowes6 value (35 mmol
m 2 d%) before they peak again towards the end of sumifiee presence of
undersaturated biological,Q@luring the R04 transect could be due to the domtina
vertical mixing and increase i,@egasification to the atmosphere, or to the irgzea

in the respiration of @towards the end of the growing season.

Despite the analytical uncertainties and the dffiee in sampling times, it was

identified an inter-seasonal variability in the guwativity estimates from oxygen

measurements north of the DP. In contrast, in tB& Ahe seasonal transition from
spring to autumn is less evident. In this zone,spiat processes such as vertical
mixing, lateral advection and the influence of ¢abapwelling and sea-ice melting

waters appear to play a major role over the pradtict For the RO1 to RO6 data, no

distinction was made between the SACCZ and ACZ.
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Table 5.2 — Average 1 standard deviation 6fO,)-ratios and calculated net community productid(Q)) in terms of carbon fro, as
approximated tdN. Recalculated(O,)-ratios for Reueet al, 2007b from the new& value shown in Table 5.1.

- N(C) = (Fpio/1.4 )x 12
Tralrlljsect Dates Seasonal f(O2) = FuiolG (mg Cm?d?
. . stage

(direction) g SAZ PFZ AZ SAZ PFZ AZ SAACZ
DPL (N) 13-15/Feb 200f summerf 0.12:0.07  0.1%0.13 204r113
DP2 (S) 032/7\2';?25%7 summer 005 0.020.03 0.180.04 11862 7218 7843 7981
DP3 (N) 12'210%/7Apr autumn 0.08:002  0.00 97 60£33

Reueret al., 2007b
(Recalculatedf(O,)-ratios)

(L NG0209) 25290V | spring 0.78:156  0.3%0.78 184128 7k76
RO2 (N) 29/Nov to late
(LMG0209) 221Dec 2002 | spring 0.150.27 -0.0%0.10 148:86
?L(?M(gzm) 03-26/Jan/2004  summer 0.23:0.14  0.0&0.05 030:132 4132
RO4 (N) 27/Jan to
(LMG0401) 04/Feb 2004 | SUmmer* -0.05£0.04
(RL(,)VIE’G(B'%OD 05-06/Feb/2003 summery 0.05:0.07 -0.330.28 -0.360.24 24470
RO6 (S) 25-
(NBP0O1) 29/Mar/2000 summer -0.21+0.26
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For transects DP2 and DP3, the highest biologixkggien production in the AZ was
observed during summer (9.1 mmol“d* for DP2) followed by a decrease during
autumn (5 mmol nf d”*in DP3). For the AZ, the seasonal variabilityGndid not
show a clear tendency, with values between 35 mmbdld ™ in summer (RO5) to
130 m? d *during autumn (DP3).

C) Seasonal variability of f(g)-ratios

Before discussing the seasonal variability betw#enresults from Reuest al, a
discussion solely of the ratios encountered forQRetransects subject of the present
work is done below. The range of values f{,)-ratio in the three DP transects
were as expected for areas with low productivitynpared to other oceanic regions.
In the Southern Ocean, areas influenced by Antafitvergence or in the ice-edge
systems such as in the Weddell and Ross Seas,aflgrteve highf-ratios (0.4 —
0.7) resembling a large portion of produced orgamidter exported into deep waters
(Jacques, 1991).

Despite the individual gradients within the trarisembserved fronf,j, and G, the
f(O,)-ratios indicates a lack of meridional gradierftke results here presented are
comparable to the observations by Reeteal (2007a). The authors suggested that
the lack of latitudinal variability ifi(Oy)-ratios is due to an equilibrium between the
regenerated or exported productivity from the DRadilayer. Here is suggested that
due to the high vertical mixing in the DP, a fastyrcling of nutrients (in the order of
few days) from the mixed layer to waters below ipradominant characteristic,
leading to unclear dominance between heterotropdyaatotrophy.

In the comparison betwedfO,)-ratios from all the transects, a decrease frormgp

to summer was observed. This agrees with the oasengs made by Dickson and
Orchardo (2001) during spring and autumn of 199@ 2898 along the 170° W
meridian during the Joint Global Ocean Flux Studi@QFS) program (Dickson and
Orchardo, 2001). The authors us&® bottle incubations and surface oxygen
supersaturations to quantiyandG. Despite the difference to the method used here,
the N values obtained by Dickson and Orchardo were aseclagreement (0.34 to
0.77) with the recalculated ratio using Reeeal (2007b) data for spring (0.78).
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A decrease irf(Oy)-ratios towards summer, with values from negativeclose to
zero shows low export production during summer.hH(@,)-ratios during spring
comparing to summer, is a common feature not amthe SO, but in other regions
of the world’s oceans (i.e. Equatorial Pacific dgrispring and fall in 1992, Bender
et al, 1999; during summer in the Ross SRanderet al, 2000; and other regions
of the SO,Williams, 1998; Dickson and Orchardo, 2001). Thagtern indicates that
despite the lower levels of productivity in diffateregions, a high(O,)-ratio in
springtime shows dominant autotrophy at the begmwoif the growing season.

A study published in 1998 by Mengesttaal revealed a differential nitrogen uptake
by phytoplankton from spring to summer in the Imdsector of the Southern Ocean
(Mengesheet al, 1998). Large spatial and seasonal variations stdaviead of new
production due to the uptake of nitrate duringreptihat will resemble highratios.
Contrary during summer, regenerated production mase dominant due to the
preferential uptake of ammonium by the phytoplanidacommunities despite the
nitrate availability. The latter will lead to lowalues forf-ratios. Therefore, th€O,)-
ratio here are in good agreement with the seasmmaparison between transects and

is a good indicator of the state of the euphotitezo

d) Comparison to production measurements frdf®-incubation and ©
saturation measurements.

The N and G values here presented are compared to marine groithu estimates
from other methods. From the results of Dickson @nchardo (2001), integratesl
from *®0-assimilation method during summer was lower tinaspring. The highest
rates of production were observed in the SAZ and @#ér G, 229 and 258 mmol
m 2 d?). In the DP transects from the present work, noftthe PF theG values
determined from’Awere from as low as 40 mmol fnd* (during DP3) and up to
223 mmol m? d* (during DP1). Although DP1, DP2 and DP3 transectsevall
sampled during summer, a decrease from the firshd¢olast north of the PF was
observed. These pattern and values, agree wittoliBervation by Dickson and
Orchardo with a decrease in productivity as thessegrogresses from spring to
summer. However, a higher overestimation betwesnlte was found for the PF.
The G values here presented were about four times higl®® mmol m? d *in DP2
to 162 mmol i* d”*in DP3) than then vitro 0 estimates (38 mmol Thd™)

measured by Dickson and Orchardo.
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In agreement with Juranek and Quay (2005) and Quat, (2010), the gross O
production determined fror{A tends to be equal or greater (by as much as 125 to
times) than the results obtained frdf®-incubation method. Each method has its
own analytical uncertainties such as the bottleatftharacteristic in than vitro
methods (i.e. captured phytoplanktonic communitieat do not represent the
heterogeneity in natural environment, photoinhdsitand photorespiration caused by
light stress due to the continuous exposure to sdmme irradiance) and in the
preparation process for the, @otopic analysis. The determination @&f by %0
incubations measures the total @oduction; therefore the results obtained frorma th
method tend to overestimate the Gross Productiorenwlconverted by a
photosynthetic quotient to in terms of carbon. Heevein the comparison between
G obtained by @ measurements this conversion is irrelevant to ampkthe
discrepancy between results from both methods.

Perhaps, the discrepancy betwéznalues from both methods is due to systematic
biases due to violation of steady-state assumpatiwhneglection of transport effects
in the'’4 method, especially if vertical exchange ofti2tween the mixed layer and
waters below is important. In additio®, values from'’4 and from'®0O method are
integrated over differente time and space scale.fiFst integrates production over a
much longer time period (on the order of weeks,edelng on the wind speed and
mixed layer depth), while the last represe@ten the order of 24 h and for a small
volume (Juranek and Quay, 2005; Qedal, 2010).

Despite the discrepancy i@ values from*’4 and from*?0 method, theG values
here presented are within the range of values wvedein different regions of the
world’s oceans. In 2010, Juranek and Quay madergitation of oceanic values

at different latitudes, both from oxygen and froarlmn measurements. In the case
of the G from oxygen measurements (usirig), the range of average values is from
as low as 67 mmol ©Om 2 d* in the northern subtropics (10° to 30° N) during
August 2004 to as high as 408 mmael @2 d* in the tropics (2° N to 2° S) during
February in 2005. The authors concluded that tiggon@l variability of values is
also as high as the uncertainty in tH&l method (30 to 40 %), being also an

important part of the discrepancy compared to atiethods for estimation @3.
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The uncertainty inG estimates front’4 method would decrease as the spatial
resolution of'’A increases. The results obtained in this thesis Bicison and
Orchardo’s rely strongly in the scarcity of sampteiected along the transect. Here,
from 7 and up to 10 samples were collected peséetn while the authors made their
estimates based on only 5 samples distributed atbegDP. Thus, in order to
improve the previous observations and resolve bétee distribution ofG and its

heterogeneous nature in the DP, more data poiatsesded.

In the case oN, the average values estimated frd@, by Dickson and Orchardo
along their DP transects were from +B1 mmol m? d. Here, all the DP transects
for the present work averaged® mmol m? d* from AO./Ar estimates. This

translates to a wider range of values obtained ioikddn and Orchardo with 2 times
overestimation and 9 times underestimation withpees to the values from

biological G supersaturation.

The spatial distribution from thd0, method was in excellent agreement with the
A40,/Ar method and both methods integrate the obsamstin the mixed layer. In
good agreement, during late summer high rates, @r@duction were observed north
of the PF and undersaturation south of the PF. Meweéhe higher uncertainty dv
estimates from @ supersaturation relies on the lack of use Ar tscrilininate
between the biological from the physical contribos of Q in the mixed layer such
as in the biological @supersaturation method.

The latitudinal distribution of productivity valudeom the authors during summer
was in clear disagreement to the DP transectsigfstindy. Dickson and Orchardo
found the lowest productivity values within the HR;contrast, the results here
presented here show an increase of groege@luction within the PF associated with

the continuous upwelling of nutrients-rich subsoefavaters (Figure 5.6).

Other estimates ofN in the Pacific sector of the Southern Ocean hagenb
previously reported and were estimated from theécdleh CO, and nutrients (i.e.
phosphate, nitrate, silicic acid). Rutkehal. (1998) observed a range of values from
80 to 290 mg C if d * estimated in autumn and end of summer (Rebial, 1998).
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In 2002, Ishii reported a range of values from 6 ®00 (Ishiiet al, 2002). These

results are in close agreement to the results pi@s$én this thesis.

In the Ross Sea, as representative of anotherragithe Southern OceaN, values
estimated from deficit of nutrients (i.e. nitrogand silicon) falled from 130 mg C
m2d*to as high as 2600 mg Chd™* as average daily annual production. The
extreme levels encountered in this region are drgesince the Ross Sea continental
shelf is perhaps the most important carbon sinRntarctica, thus large biological
productivity is expected (Smitht al, 2011) in comparison to the Drake Passage.
High N values (but lower than Smitit al. 2011 values) were also observed but 11
years before by Sweenest al. (2000). The values were estimated from the
drawdown of CQ@ and nutrients and the higheétwas about 1100 mg Cd ™ in

the Ross Sea from mid-October to mid-February (8eset al, 2000).

In the case of the Weddell Séé,has been previously estimated from depletion of
total CQ, nitrate, phosphate and silicate during early @uatin 2005. TheN values
are in close agreement to the ones observed inthbsss (Table 5.2), being 1.8 and
3.5 mol C m? yr* (equivalent to 59 to 115 mg Cfro %) for the interior and near-
margin region respectively (Hoppened al, 2007). In the Scotia Sea, Shien al.
(2006) estimated\ values from measurements @O, during summer (December)
in 2001 and were of about 1.0 to 1.2 moFmouth of the Polar Front (~ 480 mg C

m2d™?).

Despite the differences in results by differentimet due to analytical artifacts (i.e.
bottle effect, integration time) thHe values obtained in this thesis fall into the range
of observed values, not only in the SO, but inwloeld’s oceans. To mention some:
in 2005, Juranek and Quay obser@P values using @Ar measurements from
~120mg C i d*to 180 mg C nf d* (-12.5 to 18.8 mmol ©m™2 d* using 1.25

as PQ) in the North Pacific gyre at the HOT sation.

Only as reference, other results dfin the world ocean’s are mentioned. In the
Sargasso Sea, at the North Atlantic, Mourifio-Céidzaland Anderson (2009)
reportedN data obtained from a 1-D model using @rofiles and from in vitro
incubations. The average values were on averagendlm, m2 d ! integrated
during a period of 43 days (Mourifio-Carballido axtblerson, 2009).
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5.6.2 Net community productions from carbon and obseovati from
space.
a) Comparison to productivity from traditional cam measurements
From N, the net community production in terms of carbhifQ)) is calculated. For
this, Fpio is divided by 1.4N(C) = Fpio / 1.4) where the factor 1.4 corresponds to the
photosynthetic quotient suggestecilaws, 1991. Results from this calculation are
shown in Table 5.2.

For the JGOFS study during 1997 and 1998, Hisebdcl, (2003) published results
corresponding to carbon productivity rates from tleotincubations for **C

assimilation in discrete samples collected from 8%&Z to the ACZ in the DP
(Hiscocket al, 2003). A common feature with the data from thespnt study was

the rapid productivity decrease from mid Februargnd of February.

In the present work, the net carbon productionnesded from oxygen was nearly
four times higher than the results obtained by btiket al, from *‘C incubations.
During late summer in the AZJ(C) was estimated to be 97 mg C’nd™*, while
Hiscocket al obtained a mean value of 25 mg C’mi*; in the PFZ, was obtained a
value of 73 mg C if d* while the authors obtained 21 mg C?d ™. Finally, in the
SACCZ it was estimated a value of 79 mg C oi* compared to 18 mg C hd*

observed from th&'C incubation experiments.

Besides the difference in the methodological apgres, the main difference relies
in the depth the results are representing andepehdntegrated. As in the case of the
180 incubation methods, tH&C method integrates production over a timescalthen
order of 24 h in the euphotic layer. In contrabg tmarine productivity estimates
from Fpip represent the productivity integrated on the oafeweeks depending on
the equilibration time of the £n the mixed layer at a specific mixed layer degutid
wind speed. The method used here allows the irtiegraf various episodic events
of in situ productivity, while the incubation methods only iagée event per day.
Therefore, the results between these methods aredinectly comparable and
represent the productivity over different timessale
b) Comparison to modelled primary productivity d&tam satellite ocean colour
Finally, the results ofN(C) were compared to satellite and modelled deriMed
primary productionPP, in mg C n¥ d*%).
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5.6 Discussion

The NPP values, corresponding to the same sampling monthyaar of the DP
transects of this study and were extracted froma daublicly available
(http://www.science.oregonstate.edu/ocean.prodtigtiat 8 days resolution over a
spatial grid of 1/6 of a degree (108@160). The phytoplankton carbon biomass for
this data set was obtained from the Carbon-basaduptivity model (CbPM) using
chlorophyll and particulate backscattering coedfits from GSM v5 from SeaWiFS.
Detailed description of the model and origin of ttega is provided iBehrenfeldet

al., 2005.

In Figure 5.8 is shown the spatial distributionirtegratedNPP for the 10 to 17 of
February (Figure 5.8a) comparable to the dates vibieh was occupied. Figures
5.8b and 5.8d correspond to the interval of datigsinvthe sampling time for DP2
and DP3 (26 February to 5 March and 15 to 22 ofilAmspectively). The location
of the DP transects are plotted (full black lines)top of the spatial distribution of
NPP. The SO fronts, according to their climatologigaisition, are also plotted

(dashed black and white lines).

Several differences in the analytical approachésden the estimates frodMPP by
remote sensingNPP-RS) andN(C) from oxygen measurements are important to
mention. TheN(C) represent the productivity, not only by physgtton (net
community production) in the mixed layer depth.

The NPP-RS observations are based on chlorophyll estimates satellite ocean
colour. As suggested by Mengesttaal. (1998) in the Indian sector of the Southern
Ocean, the measurements of chlorophglldo not fully elucidate the total
phytoplankton biomass with a shift between chlogdipldistribution and cell
abundance. Furthermore, the chlorophyll surfactibligion can show low levels in
a high biomass area, leading to underestimatigraductivity values. According to
previous observations, the primary production estia® derived from remote sensing
models range over a factor of 2 in comparisomtsitu productivity measurements
(Carret al, 2006). Reueet al. (2007a) confirmed that estimates®ffrom models

based on remotely sensed chlorophyll underestithateesults from’A.
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Figure 5.8 — Spatial distribution of net primarpguction NPP, mg C m?d ™) from
model output based on remote sensing chlorophyéhf@nfeld et al., 2005),
corresponding to 8 day averages; a) 10 to 17 ofuae, 2007, b) 26 of February to
5 of March, c) 7 to 14 of April, and d) 15 to 22Aybril. White (c and d) and black (a
and b) dashed lines are the climatological locadibimonts.

In the next figure (Figure 5.9), a quantitative gamson betweermN(C) and the
correspondingNPPRS for the same month and geographical locatioshmwn.
According to the geographical location of the D&nfects in this study, théPP
from remote sensing are generally in disagreentethein situ estimates oN(C).
During summer and at the beginning of February, higgd productivity observed
north of the PF against the low apparent phytoptamlbiomass in the AZ (Figure
5.4d) can be, at first sight, comparable for bakutts. However, the quantitative
comparison shows lower productivity values, by asimas 400 mg C thd ?, than

thein situvalues (Figure 5.9a).

238



5.6 Discussion

For DP2, the trend of the observed and satellitta damains similar and with
constant offset of about 200 mg Cd * between results. A general overestimation
of the satellite results is observed in this c#seloser agreement between satellite
and data derived fromAAr is observed in the ACZ close to the Antarctiastline,
where high accumulation of phytoplankton led tohhgroductivity (Figure 5.9b).
Unfortunately, in theNPP-RS data it was not possible to compare with K{€E)
observations south of 60° S during DP3 due to laicklata in the first by cloud
coverage (Figure 5.8d). This is a common analytiddadvantage on the

observations from space.
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Figure 5.9 — Comparison of net community productioy C m? d %) from OyJ/Ar
ratios (N(C)) and satellite observations of sea surface wo(BbPP-R$ for three
transects in the Drake Passage during summer 20@P1, b) DP2 and c) DP3.

Finally, the best agreement between N from spadeirasitu observations can be
observed in for DP3 (Figure 5.9c) where a very elagreement between
productivity values is found during the period wdebiological productivity

decreased towards the end of the growing season.
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5.6 Discussion

Due to the inherent differences in the methods litaio N(C) and NPP-RS, a

quantitative comparison betwed¥(C) and NPPRS results must be done with
caution, and as observed above, no clear differbeteeen results (i.e. over and
underestimation) is observed. Visual inspectioredasn similarities on the spatial

distribution in productivity results from both mets is then encouraged.

Perhaps the most important output from the comparid the spatial distributions of
productivity between both methods is to corrobortite presence of mesoscale
features, such as eddies, by the accumulation gfoplankton as given by the
patchiness of high chlorophyll levels. As previgusliggested from the patchiness in
the SST and the latitudinal distributionfj,, in the PFZ, AZ and SAACZ from mid
February to beginning of March, an apparent accatiaul of phytoplankton biomass
was associated with the presence of mesoscaldwstacin Figure 5.8a and b, can
be observed patches of high productivity as given the accumulation of
chlorophyll, indicating the presence of eddies aggssted by Kahret al (2007).
The location of the phytoplankton blooms during #anpling period are in good
agreement to the sites of the maxif@ observed here, such as at 58 °S for DP1
(i.e. location of the PF) and at 67 °S for DP2 eltwsthe coast.

The contrasting differences between tileP as given by the 8 days averages are
also an evidence of the rapid changes that occuhenDP as observed in the
transects DP1 to DP3.

The estimation of primary production from spacesiindeed a reliable method due
to the advantage of visualize the spatial distrdyutin wide coverage of data in
almost real time for different locations. Howev@mprovements in the current
algorithms are needed and high resolutiositu productivity measurements, such as

the ones presented here, will contribute to achileigegoal.

c) Continuous productivity estimates from freeilog drifters

In order to improve the productivity estimates doethe disagreement between
observations from traditional incubation methodscent attention of the scientific
community has been centred on developing and ingonewnt ofin situ methods.

With this intention, a new method has been testedhe estimates of productivity
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5.6 Discussion

from dissolved inorganic measurements (DIC) madéh Viiee-floating drifters.
During 2006 and 2007, net community productionanrs of carbonN(C)) was
estimated in the South Atlantic and Indian Oceasspart of the CARIOCA
(CARbon Interface OCean Atmosphere) experiment {iBoand Merlivat, 2009).
The integratedN(C) values during December were between 30 to 5@Inan d 2,
with the maximum value observed in April equivalént120 mmol i d*. The
values from the three DP transects presented snatbik are consistently lower than
those, ranging from 6 mmol ™d ™ (in the AZ) to 17 mmol if d* (PFZ) during
summer and 5 mmol thd* during April (all values in terms of mmol of C)eBpite
both methods rely on high resolution estimatesracticomparison between them is
still not possible. First, the latitudinal range thie drifters from the CARIOCA
project did not cover the DP region; second, thghhiemporal variability of
biological processes across the SO lead to widgerahvalues. However, this is the
first time that productivity results fronid and Q/Ar measurements are compared to
drifter measurements, and future comparisons ageatkin order to improve both

methods.
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5.7 Conclusion

5.7  Conclusion.

The distribution of biological © flux, approximated to the mixed layer net
community production N), was heterogeneous along three Drake Passage (DP)
transects during summer and autumn 2007. This wasilge to observe due to the
high spatial (on the order of 0.1 km) and tempdifalv minutes) resolutions
achieved from continuous surface measurements/@fr @atios. These results were
complemented with discrete observations of grogsp@duction G) from the
measurements of the isotopic abundance on diss@ed

From sharp changes in the latitudinal distributtdrsST and-,, were identified the
main fronts and zones in the region; most of thepated near the climatological
position. The differences observed in the spai&tridution of productivity between
the frontal zones might be controlled by differphtysical processes along the DP.
During summer, high biological {production was observed in the upwelling areas
such as the PF, AZ and SACCZ due to continuouenggiment of nutrients in a
stratified water column with shallow mixed layerppgarent net heterotrophy and
degassing of oxygen was observed in the convergaress north of the PF (i.e.
SAZ).

The differences between sampling time of the tib@etransects investigated here
allowed the identification of the seasonal changeke productivity from summer to
autumn. In the PFZ and AZ an increase of biologi®al production was well
associated with the deepening of the mixed layex.cAnsequence, the input of
nutrients from waters below could sustain the ppigiokton growth during mid
April.

Contrary, in SACCZ and ACZ the mixed layer dynantiesl less influence over the
distribution ofFy;,. During autumn, apparent net heterotrophy or dg@ggdrom the
ocean to the atmosphere, were dominant processie isouthern part of the DP.
This could be due to the consumption of nutrientisind summer and lack of
replenishment during the beginning of the ice fdram the vertical transfer of low
oxygenated waters, lateral advection and conveatixéng.
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5.7 Conclusion

From the observations in the present work, the chiager variability seems to play
an important role but only in northern DP (north tok SACCF). Due to the
similarity in some zones and the strong seasoraigds, lateral advection of waters
and upwelling driven by favourable wind directioraynplay also a key role. The
patchiness of the productivity distribution was Masociated with the location of

phytoplankton blooms confirmed by ocean produgtifibm satellite data.

In agreement with previous observations from otherks, thein vitro productivity
estimates from previous studies tend to be lowan tihein situ data. The gross O
production determined froHO anomaly was four-fold higher than previous result
from *®O-incubation method in the DP. The estimates of awhmunity carbon
production N(C)) from oxygen measurements were nearly four-fogher than the
results obtained from'C incubations in past studies by other authorstiersame

region.

The QJ/Ar and oxygen isotopes method to estimate prodigtis a reliablein situ
method forN andG estimates. With the high resolution achieved litei® possible
to identify the fast changes in productivity asated with the heterogeneity and low
productivity in the dynamic DP. The results presdnhere, are an invaluable
contribution to the currently available and scarcsitu productivity data in the DP
and can also contribute to the improvement of eurreegional and global
productivity models, observations from space, al agenew observations from free-

floating drifters.

Upwelling, as well as lateral advection, can alsotcbute greatly td\ estimates
from Fyjo in the DP and have to be evaluated in future prtdty estimates from @
budget in this area. In order to elucidate the mountion of physical (i.e. vertical
mixing, upwelling, lateral advection) over biologigrocesses (i.e. net heterotrophy)
in regions were negativé,, was observed (i.e. SACCZ and ACZ) a more complete
sampling scheme including vertical sampling fofAD and*’O anomaly, as well as
the estimate of physical processes such as upge#imd lateral advection are
strongly recommended in future works. Parallel meawents such as nutrients
distribution, phytoplankton abundance and proditgtigstimates by other methods

for direct comparison are also desirable.
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Chapter 6

Conclusions and future work

6.1 Conclusions.

The objective of this research was to investigaagime biological production in two

regions of the Southern Ocean: Bellingshausen Swh Rrake Passage. Net
community production N, from biological Q@ flux, Fpi,) and gross oxygen

production ) were estimated from £A\r ratios and Qisotopes respectively. This is
the first time a large data set for productivityireates on high spatial and temporal

resolution is presented for two important regianthie Southern Ocean.

In contrast to previous studies using oxygen trip@opes forG estimates in the
Southern Ocean, a temperature-dependent valu&ddf@ anomaly in equilibrium

with the atmospheré@ea) was used, as suggested by Luz and Barkan (2009).

Because the results presented here represent fikayuealues integrated over the
mixed layer, the criterion used to define the milager depth (MLD) is important.
In order to improve the gas exchange flux calcafetj a criterion to define mixed
layer depth (MLD) based on the vertical distribatiof oxygen was proposed. The
criterion suggested here defines the depth wheraligsolved @ concentration has
changed by at least 0.5 % compared to its vald® am. MLD-Q, agreed better with
the MLD derived from visual inspection of the oxygprofile in the mixed layer
than MLD criteria based on temperature or potenti@hsity. The latter tend to
overestimate MLD and been generally located aieoehth the oxycline. As a result,
underestimate the average CGbncentration in the MLD for considering lowep O
waters from the oxycline. The use of MLD-@ suitable for air-sea gas exchange
studies and marine productivity estimates fropmn@asurements in the coastal area

of the Southern Ocean.

The best agreement between MLDR-@nd MLD based on criteria using potential
density properties was observed for a change & Kgam with respect to the value
at 10 m depth. The latter is used in the monthlyeailayer climatology published
by de Boyer Montégugt al.(2004). In the absence of verticad frofiles, the use of
this criterion would therefore seem appropriate.
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6.1 Conclusions

Frio approximates net community productidd) under steady-state conditions and
assuming that physical mixing processes can beeoa&gl. However, in both
Bellingshausen Sea and Drake Passage physical ssescalo actually play an
important role for the distribution of mixed-lay@roductivity. To evaluate the
contribution of vertical mixing td-i,, the diapycnal flux of oxygenF() and the
entrainment of oxygenF{) by vertical convection of subsurface waters after

deepening of the mixed layer were estimated ontihénBS.

In the Bellingshausen Sea, the distribution &, was heterogeneous. High
biological G production was found along the coast, while negatialues were
located off shore in the Permanent Open Ocean ZBO®Z). About 86 % of the
negative Fpi, value could be accounted for by entrainment of-tosygen deep
waters. A further 8 % were caused by diapycnal mgixiThis means that the actual
net community production in this area was closeaim or slightly heterotrophic. As
the mixed layer deepened and the water columnrdéfigd due to the strengthening
of winds, the entrainment of low-oxygenated WinWater exerted an important
contribution to the mixed layer Omass balance. Not only low oxygen waters
entrained due to this process, but the waters ladsb apparently high’A values
formed during the previous growing season and dtamethe upper thermocline,
leading to apparently high values G&f which, however, probably do not reflect
actual in-situ production. In order to corroborties hypothesis, vertical samples for
74 analysis would have been desirable, particuladynfwaters below the mixed

layer, but could not have been measured for lagikteasons.

In the Drake Passage region, the distributionFg§ was in agreement with the
location of the Antarctic fronts and zones for theee transects evaluated here. Due
to the lack of vertical @ concentrations, the effect of physical mixing meges
could not be evaluated as in the Bellingshausen Heaever, the role of the
deepening of the mixed layer upon the seasonasitiam from summer to autumn
was investigated. Taking advantage of the closeeament between MLD-Cand the
MLD from monthly climatology (de Boyer Montéget al., 2004), the depth at the
sampling time and 30 days before was extracted filtese data sets. A north-to-
south gradient i, and G was observed with higher productivities towards th

south during late summer and an opposite patteeaity autumn. The deepening of
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the mixed layer seemed to play an important roleéhis pattern. The deepening of
the MLD was more evident in the northern part af P (the Subantarctic Zone,
SAZ). Even though the entrainment of deep watermsulsh have lowered the
biological Q@ content of the mixed layer, it would have alsougiat nutrients to the
surface. This seems to have fuelled @oduction since light levels were still
sufficient towards the beginning of autumn. In cast, in the southern DP a
deepening of the MLD was not observed. A considerdbcrease from positivi,io

in summer to negative values in the SACCZ and A€kkely due to limited light
availability and the consumption of nutrients a #nd of the growing season, thus

net heterotrophy seems to dominate in this region.

To deriveN from Fy, it is strongly recommended to estimate the coutidin of
physical effects to the mixed layep Gudget. The quantification of the contribution
of oxygen by upwelling and lateral advection isiddde for future applications. If
no physical processes are evaluated, the biolo@icflux should be referred as it is
and not approximated a&¢ unless it is known that in the study region thgsatal

contribution might not play an important role.

Using the Q/Ar method, it was possible to obtam situ productivity estimates in
high spatial (on the order of 0.1 km) and tempdi@ the order of minutes)
resolution. This is the main advantage in comparisothe sparse sampling that can
only be achieved by incubation methods. Howeventlter important advantage
attributed to the @approach over the traditional incubation methaddhat it is free
of analytical artefacts such as bottle effectss Hlso relatively easy to maintain and
easy to use in the field despite the daily attentiat it requires.

Another important advantage of the/& and'’4 method is the depth and time that
productivity estimates from this method represantamparison tan vitro methods.
Firstly, the given productivity values represent 1, produced by photosynthesis
over the order of a couple of weeks which resemtbledifetime of Q in the mixed
layer depth and under certain wind speed condititmgontrast, the productivity
estimates from incubation methods represent thdugtovity in the euphotic zone
during a period of time of only 12 to 24 h. Duetle difference in time integration,
the Q approach represents an average of episodic piedyavents rather than a

daily event, leading to a more complete pictureh& productivity in the area of
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6.1 Conclusions

interest. In the DP th& values from'’4 were nearly four times higher tha®
obtained by Dickson and Orchardo (2001) from @ incubation method. In the
case ofN, it was also nearly four times higher when estedafrom in situ GQ/Ar
measurements than the primary productivity resabitained by Hiscockt al. (2003)
from the **C incubation method. Productivity estimates based satellite
observations of chlorophyll or particulate carbaonass offer large spatial coverage
compared to the results from the &proach used here, which is limited to transects
along cruise tracks. However, maresitu data are necessary to offer an alternative
way of calibrating the satellite-based productivityodels, which are usually
validated using **C-primary production measurements. A direct quativié
comparison between the,Qapproach and observations from space should be
performed, taking into account the integration Hepft the G method (MLD) and
that of the optical measurements (optical thicknesthat is true is that the results
from satellite observations provide valuable infation of high spatial coverage
useful for inspection of oceanic features that camplement the observations from
in situ O, observations. In addition, more data fromsitu productivity estimates will
help to improve the model based productivity values

The G budget method also has important limitations andettainties. Analytical
errors during the isotopic analysis and the esenoditgas transfer coefficient are the
most important to mention. In this work, the unasrty estimated foFy, is about
15 % and forG is 53 % due to uncertainties in the gas transbefficient and*’A
and'’4, in the case of. When correctingryi, to deriveN (consideringe, andF),
the uncertainty oN amounts to about 35 %. As more physical contrashsas
upwelling and lateral advection are added to theedhilayer @ mass balance, the
uncertainties in the productivity estimates wilciease. Therefore more work to
improve the inherent uncertainties for each compboéthe mass balance should be
done.

It is still challenging to obtain reliable produadty estimates in the field and so far
no definitive method can be suggested. Efforts mprove the uncertainties on
productivity estimates and to validate them by cangmn to other methods are still

needed in the face of future environmental changes.
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6.2 Future work

6.2 Future work.

Despite its inherent complexity and uncertaintitee Q/Ar and *’4 method is
becoming more popular. It has been adopted by mes@arch groups and applied in

several oceanic regions around the world.

From the current work, important suggestions fdure applications can be made.
The vertical oxygen concentration from CTDRD-@ optical sensors such as optodes is
recommended in order to identify a suitable MLD. damstrain the physical effects
in the productivity estimates, vertical samples f@s/Ar ratios and '4
determinations are desirable. Taking advantageheffast time response of the
MIMS method (i.e. on the order of seconds), veltizater samples from Niskin
bottles can be sampled and immediately measuredn Enis approach, the vertical
distribution of oxygen photosynthetically produazah provide a valuable insight of

the vertical transfer from or to upper waters.

Finally, physical and biological complementary ahies from other techniques are
desirable. Underway measurements of active fluotgmiey the FRRF technique
(Fast_Repetition_Rate Huorometer) have been used to measure active fiuetry in
order to estimate the abundance of phytoplankt@urface waters from fluorometry
measurements over high spatial and temporal réesnlabmpatible to the continuous

measurements of Ar ratios by MIMS.

Other common oceanographic measurements such a€PA@coustic Doppler
Current _Rofiler) for better estimates of lateral water ach@n, traditional
quantification of macro and micro nutrientsiorsitu chlorophyll determinations are
also ideal in order to have a more complete petsfgeof the state of the mixed
layer at the sampling time. Parallel marine promhigtestimates from traditionah

vitro methods can be suitable.

248



Appendix A

In this appendix, is explained how equation 4.Evapter 4, was derived in order to
estimate the entrainment of oxygdr)(by vertical transport of water due to the
change in the mixed layer depth.

In 2008, Emersomet al. represented the entrainment flux of a tracer toeupyaters
due to the change in mixed layer depth over the {dr/d) as:

dz
E=—"(cr-cC
dt(T )

Wherecr represents the concentration of oxygen in thentbeline below the mixed
layer depth andc is the concentration of oxygen before the deemerément
(Emersoret al, 2008).

In this thesis, the flux of oxygen due to deeperihgixed layer depthH) is given
by the change of the concentration of oxygen ovettime (Ic/dj in the mixed layer
(znix) due to entrainment of subsurface waters aftepel@ag of the mixed layer in
30 days @t). It is also considered here the slope of the limgcdm) given by the
oxygen profile during sampling time. The explanatiof the calculation of Fe
according to equation 4.2 (Chapter 4) is givenwwelo

As the deepening of the mixed layer depth occurer ahe time @hvdt), the
concentration of oxygen decreases due to spredaingrevious concentration in the
mixed layer ¢) over a greater depth; and it increases due tdiawdaf tracer from
the upper oxycline below. Thus, the resulting com@ion of oxygen 1) after
deepening of the mixed layer to a final deptf) {rom an initial depthz) is given
by:

40y = 7o + 4zCr (A1)

Where, 4z is the change in depth of the mixed layer @le= z; — z,) andcr in this
case represents the average O©oncentration in the oxycline given by:

Cr :%(co +c,). The termc, is the concentration of oxygen at the base of the

oxycline observed during sampling time. Expandirig A
20 = (2~ 42)Cq + Lz6r (A2)

The change in the oxygen concentration due to gepehingdz is expressed agic
= C1 —Co ; thus replacing this expression in A2 and sinyphfy:

z4c = 420t - Go) (A3)

The slope of the oxyclinen) at the sampling day is given bm:% , and the
z

Zy

concentration at a deptiz belowzis given by:

m= % ~C (A4)
Az
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Thus, the average concentration over the depthveiltdz is then given by:

1 1 1
Cr =§(Co+0b)=co+§AC=Co+§mAZ

(A5)
Replacing equation A5 in A3:
1

7 A4c = Az(cy + > mMAZ - cg)
zAc = % m(Az)2 (A6)

Thus, the entrainment flu¥{) of oxygen is given by:

dc 1 o dh

Fe = Znix — = ——=mM(4z)" — A7
e mix dt 2 ( ) dt ( )

Note that the minus sign is added in order to ezfee the flux of the tracer to the

waters below the mixed layer (i.e. positive valuepresent an influx of ©Ofrom

subsurface waters into the mixed later).

In order to use the equation A7 there must be densd the slope of the oxycline
(m) is constant. This assumption relies on the unknelepe of the oxycline at any
time before the sampling day. Therefore, it is megblhere that the rate of oxygen
consumption below any given mixed layer depth resm#ne same at any given time

t.
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ECMWF
IRMS
MIMS
MLD

MS
NCEP
QMS
QSCAT
TSG
USwW
USW-SS
WOA
WOCE

List of acronyms

European Centre for Medium Range Weatherdaste
Isotope Ratio Mass Spectrometry

Membrane Inlet Mass Spectrometry
Mixed Layer Depth (referred also aszqx for equations
and in mass balance)

Mass spectrometer

National Centre for Environmental Prediction
Quadrupole Mass Spectrometer

QUIKSCAT

Thermosalinograph sensor

Underway Surface Seawater

Underway Surface Seawater - Sampling System
World Ocean Atlas

World Ocean Circulation Experiment

! Acronymns used in specific sections are not inetlidere
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cco(02)
Ce(O2)

02/ Ar
(O/Ar)sa
(02/ Ar) CcTD

(OZ/Ar) eq

(02/ A r) Cair
(O2/Ar) Equat
C(Ar)

Cso Ar)
Ceq(AT)

o0

oo

A0,
Asa(OZ)
Acto(02)
it (O2)

AOzl Ar
A{O:AT)

ACTD(OzlAr)
it (O/ Ar)

List of variables

1’0 anomaly in dissolved oxygen (per meg)

"0 anomaly for pure photosynthetic oxygen (per meg)

"0 anomaly (per meg)

Ostwald solubility coefficient (dimensionless)

mi>§ed-layer dissolved £concentration (continuous calibrategdjn(ol
kg™)

dissolved @ concentration in discrete samples from USW measure
by Winkler method gmol kg*)

dissolved @ concentration of discrete samples from CTD-surface
Niskin bottle measured by Winkler methqa(ol kg")

O, concentration at equilibrium with the atmospheteira situ
temperature and salinityuol kg?) (Benson and Krause, 1984
Garcia and Gordon, 1992)

continuous @Ar ratio from shipboard USW measurements

OJ/Ar ratio for discrete water samples (after solpitorrection)

OJ/Ar ratio for discrete water samples (after soltpilcorrection)
from Niskin bottle corresponding to surface water

O./Ar ratio at saturation, estimated from the induadl saturation
concentration for @and Ar €s{O-) andcs{Ar) respectively) at in situ
temperature, salinity and pressure

O./Ar ratio for compressed air aliquots, representirgQ/Ar ratio in
atmospheric air (22.42)

OJ/Ar ratio from air-equilibrated water aliquots

mixed layer Ar concentrationu(nol kg?)

Ar concentration for discrete samples collectieom USW and Niskin
surface bottlesymol kg?)

Ar concentration at equilibrium with the atnpbere atin situ
temperature and salinityiiol kg') (Hamme and Emerson, 2004).

30 relative abundance referenced't0 in sample with respect to a
working reference (%o)

70 relative abundance referenced't0 in sample with respect to a
working reference (%o)

O, supersaturation (%)

O, supersaturation in discrete samples from USW (%)

O, supersaturation in discrete samples from surfaskifNbottle (%)
4s{Oz) minus Actp(O2) for comparisons between surface water
discrete samplegitnol kg?)

Biological O, supersaturation from USW continuous measurements
(%)

Biological O, supersaturation from USW discrete sample (%)
Biological O, supersaturation from surface Niskin sample (%)
As{Oo/Ar) minus Actp(O2/Ar) for comparisons between surface water
discrete samples (%)

! Most symbols are included here except specific tm@isare explained in the
corresponding location.
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A{Ar)

AAr

fbuoy
f

f(Oy)-ratio
h

SST
Bt

tsa
tevbot

tfiring
11mr
Ga

6%a

7]
é%pt

éijTE

brsc
T
Ttrue
u
Uship
\Y
Vship

Uio
Uz

Ar supersaturation for discrete samples ceddcfrom USW and
Niskin surface bottles (%)

Ar supersaturation for continuous USW sampli#ig (

buoyancy correction (1.00105)

volume ratio of water to headspace in samplingémt/s,/Vy)

net community productiomj / gross oxygen productios)

ship’s anemometer and barometer height aboviegebl(m)

internally calculated phase (DPhase) Aanderaaoptode based on
manufacturer coefficients angghy

Raw DPhase fronAanderaaoptode corresponding to the time at
discrete samples collection for dissolvegadalysis

acceleration of the gravity; 9.80665 i s

Gross photosynthetic oxygen production (mmdldi)

Net Community Production (mmolfrd™)

Atmospheric pressure at the barometer height (mba

Atmospheric pressure at the sea surface (mbar)

density of air (1.2 kg Mat 20 °C)

Density of water (kg )

Density of seawater (kg )

Density of fresh water (kg #) (= 1000 kg i at 20 °C)

Sea surface salinity

Salinity of discrete samples extracted from 8% corresponding to
each discrete samples collection tirgg,

Sea Surface Temperature calibrat&) (

Sea Surface Temperature from USW intake sefi€)r (

time at which the discrete samples for Winklerlgsia were taken
from the USW flow (Julian days)

time at which the discrete samples fofAD analysis were taken from
the USW flow (Julian days)

firing time of Niskin bottles

Air absolute temperature (K)

Temperature of the sample at pickling tin®,(for USW samples
and &,s for surface Niskin sample), calibrated

Temperature calibrated extracted from 8&T(°C), corresponding to
each discrete samples collection timg,

Temperature°C)

Sea Surface Temperature from optotie) ((continuous raw, used as
the temperature of the sample for the Winkler mesments)
Temperature from surface Niskin given by the CTdnperature
sensor (SBE-35fC)

Sea Surface Temperature from TSG)(

Underway wind direction given by ship’s anemométimgrees)

True wind direction relative to ground (degrees)

east / west component of the wind velocity rekato the ship

east / west ship’s velocity component

north / south component of the wind velocity tiekato the ship

north / south ship’s velocity component

Wind speed at 10 m above mean se leveltn s

Voltage from the ion beam intensity fo/z32 (V)
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Uao
Uzg
V2o
V1

V>
Vblank
Vflask

Vkios
Vthio
Vevbot
VSW
Vg
Znmix

Voltage from the ion beam intensity fo/z40 (V)

Voltage from the ion beam intensity fovz28 (V)

volume of Winkler flask at calibration temperatés, = 20 °C) (ml)
initial volume of $Os* during blanks titration (first volume
discharged) (ml)

final volume of $Os during blanks titration (second volume
discharged) (ml)

Volume difference between thég andV, of the $SOs*, discharged to
titrate the blanks (ml)

final volume of Winkler flasks after buoyancy atiermal correction
(ml)

volume of the aliquot of the standard solution ¢®K(ml)

volume of NaS;0;s (titrant) discharged (ml)

volume of the evacuated bottles (ml)

Volume of seawater in evacuated sampling bottles

Volume of headspace in evacuated sampling bottles

mixed layer depth (m); referred as to MLD asoagmn
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